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Bratislava, Slovakia

10 - Herpetological Collection, 1st Zoological Department, Natural History Museum Vienna, Burgring 7, 1010
Vienna, Austria

*Corresponding authors; e-mails: christophe.dufresnes@mnhn.fr; daniel.jablonski@uniba.sk
ORCID iDs: Dufresnes: 0000-0002-8497-8908; Monod-Broca: 0000-0002-9133-5548;
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Abstract. The olm, Proteus anguinus, is one of the most iconic vertebrates of Europe. Since its scientific description in
1768, its extreme adaptations to subterranean life in the enigmatic underground waters of the Dinaric Karst have fascinated
scholars and naturalists worldwide for more than two centuries. Yet, the evolution and taxonomic diversity of its populations
remained largely unresolved, as complex patterns of phenotypic differentiation and molecular variation collide with an
intricate nomenclatural history. In this work, we review recent biogeographic advances, notably based on range-wide
phylogeographic analyses implementing genomic data, and combined with distributional data, species distribution modelling,
red list assessment, morphological analyses and a critical species delimitation evaluation, recognize nine species in immediate
danger of extinction. Based on an extensive nomenclatural search, we determined that six correspond to available names and
three are newly described in this work. These species all exhibit highly restricted distributions within the Dinaric karst,
collectively representing an exceptional example of subterranean microendemism among European vertebrates. Linking
influential historical research with modern zoological methods, this revision provides an up-to-date science-based taxonomic
framework for future studies of comparative evolution and ecology of Proteus, while establishing a sound basis for species-
level conservation management of one of Europe’s most remarkable vertebrate diversifications.
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Introduction

Few animals have attracted as much fascination
as the olm (Proteus anguinus Laurenti, 1768).
This paedomorphic salamander, typically blind
and depigmented, is restricted to underground
rivers and lakes of the Dinaric Karst in south-
eastern Europe, where it has long been regarded
as a flagship groundwater species (Kostanjšek
et al., 2023). Proteus Laurenti, 1768 is the
first cave-dwelling vertebrate to have been
described, and the study of its natural history
spans more than 350 years (Aljančič, 2019).
Such prominence was already reflected in early
taxonomic work, culminating in the recogni-
tion of seven species by Leopold Fitzinger
(Fitzinger, 1850), and is sustained today by
extensive research on its remarkable biology,
including exceptional longevity (Voituron et al.,
2010), a gigantic genome (Kostanjšek et al.,
2022), and striking adaptations to the extreme
conditions of groundwater life such as a loss of
complete metamorphosis (obligate paedomor-
phosis; Denoël et al., 2005; Bonett et al., 2022),
magnetic sensing that partly compensates for
blindness (Schlegel, 2008), low metabolism
(Bizjak Mali et al., 2013), arrhythmic physiol-
ogy (Hervant et al., 2000) and high tolerance
of de-oxygenated water (Issartel et al., 2009).
Despite the olm’s importance across multi-
ple fields, establishing a coherent evolutionary
framework has remained a persistent challenge,
and its systematics have historically struggled to
keep pace with our understanding of its diver-
sity.

For much of its recent taxonomic history, the
olm has been treated as a single species, with
only the black olm – a melanistic, non-blind
form known only from surface aquifer springs
from south-eastern Slovenia – currently recog-
nized as a distinct taxon, the subspecies P. a.
parkelj (Sket and Arntzen, 1994). This appar-
ent uniformity, whereby morphological differ-
ences noted in early descriptions (Fitzinger,
1850) were repeatedly re-examined and re-
interpreted (Cope, 1866; Grillitsch and Tiede-
mann, 1994; Arntzen and Sket, 1997), has

masked substantial phylogeographic structure.
Deeply divergent lineages are associated with
the complex subterranean hydrographic sys-
tems of the Dinaric Karst, as substantiated by
allozyme (Sket and Arntzen, 1994), mitochon-
drial (Gorički and Trontelj, 2006; Gorički et
al., 2017), microsatellite (Vörös et al., 2019)
and genomic evidence (Recknagel et al., 2024),
and further appear almost impermeable to gene
flow even when occurring in close geographic
proximity (Recknagel et al., 2024). Together,
these patterns are consistent with the recurrent
hypothesis that the olm represents a species
complex, as previously suggested by biogeo-
graphic synthesis (Sket, 1997), and in this
respect echo earlier taxonomic classifications
(Fitzinger, 1850).

Deep divergence and absence of contem-
porary introgression are hallmarks of long-
term isolation and reproductive barriers, and
the identified phylogeographic lineages have
accordingly been explicitly proposed as distinct
species (Recknagel et al., 2024). However, this
diversity remains unacknowledged within the
Linnaean classification system, which requires
the formal assignment of available names, and if
necessary, the description of new taxa. Although
often perceived as cumbersome, taxonomic
revisions are essential, particularly as unnamed
diversity remains largely invisible to conserva-
tion policy and biodiversity assessments (Gar-
nett and Christidis, 2017; Pollock et al., 2020;
Liu et al., 2022). This is particularly impor-
tant for a flagship organism such as the olm,
for which scientific nomenclature ensures clear
and consistent communication among both the
scientific community and the public. More-
over, translating evolutionary lineages into tax-
onomic units requires careful evaluation in the
framework of species concepts and their associ-
ated criteria, while considering the evolutionary
specificities of the focal organism and prevail-
ing taxonomic practices in the region of interest.

Revising the taxonomy of the olm entails
several important developments. First, reassign-
ing known occurrence records (e.g., Sket, 1997)
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using molecular and hydrogeological informa-
tion will refine the distribution of each candidate
species, providing a necessary basis for their
future assessment in red lists. At present, the
P. anguinus complex as a whole is classified as
Vulnerable by the IUCN, primarily due to habi-
tat fragmentation and degradation, particularly
water pollution (Miaud et al., 2024; Crnobrnja-
Isailović et al., 2025). In parts of its range, it
is considered as Endangered (e.g., Croatia; Jelić
et al., 2015), suggesting that lineages within
the complex likely face an even greater risk of
extinction. This must be especially the case for
lineages with highly restricted distributions and
low levels of genetic diversity, which may indi-
cate demographic bottlenecks and limited adap-
tive potential (Spielman et al., 2004). In paral-
lel, an updated occurrence dataset could then be
used for species distribution modelling in order
to predict putatively suitable areas, which has so
far never been attempted for the olm.

Second, knowledge of lineage distributions
and divergence provides an opportunity to
assess phenotypic variation from georeferenced
museum specimens within a robust evolution-
ary and taxonomic framework. Despite the
inherent difficulties of sampling such secretive
species, the longstanding scientific interest in
the olm has made it relatively well represented
in museum collections (Mattes, 2018), enabling
re-investigation of whether morphological pat-
terns align with phylogenetic divergence, geo-
graphic gradients or ecological habits. Such
analyses may further reveal stable diagnostic
criteria between the candidate species, relevant
for their field identification and to understand
potential adaptations.

In this article, we summarize the evolution-
ary history of the P. anguinus complex and
assess the distribution, extinction risk and phe-
notypic variation of identified lineages, and re-
examine the evidence supporting their species
delimitation under different concepts. To pro-
pose a stable taxonomic revision, we then inves-
tigated the nomenclatural history of the olm,
assigned available names, and provided the

formal description of species that remained
unnamed. By integrating centuries of Linnaean
systematics with decades of phylogeographic
research on Proteus, we build a new taxo-
nomic foundation that will hopefully offer a
deeper evolutionary and conservation perspec-
tive on one of the most emblematic vertebrates
of Europe.

Historical biogeography and diversification

The olm represents an ancient Miocene-Plioce-
ne diversification deeply shaped by the frag-
mented hydrography and complex geological
history of the Dinaric Karst, where extant sub-
terranean populations have persisted in long-
term isolation while retaining signatures of
episodic historical connectivity. This view, long
anticipated from biogeographic interpretations
(Sket, 1997) and molecular studies based on few
loci (Sket and Arntzen, 1994; Gorički and Tron-
telj, 2006; Gorički et al., 2017; Vörös et al.,
2017), was more recently refined by genomic
analyses (Recknagel et al., 2024). Integrating
mitochondrial sequences (four genes; n = 299)
and ddRAD-seq markers (29 145 loci; n =
32) in what is currently the most comprehen-
sive phylogeography of P. anguinus, Recknagel
et al. (2024) identified nine evolutionary lin-
eages, labelled according to geographic ori-
gins and current subspecific taxonomy: (i) Istra;
(ii) Krajina; (iii) Para-littoral; (iv) Kras/Carso;
(v) Lika; (vi) Stična; (vii) Dolenjska; (viii)
Ljubljanica; and (ix) Parkelj, the dark form
corresponding to the subspecies P. a. parkelj
(fig. 1). Based on paleogeographic calibrations
bounded by the divergence with the North-
American relative Necturus Rafinesque, 1819,
divergence times ranged from 16 Ma for the
oldest lineage (Istra) to 4 Ma for the youngest
pair (Stična/Dolenjska), with additional within-
lineage diversity (e.g., Para-littoral, Dolenjska).
Some lineages seem to have hybridized in the
past, as highlighted by deep cyto-nuclear discor-
dance among geographically adjacent lineages:
the Lika lineage carries mtDNA derived from



4 C. Dufresnes et al.

Figure 1. Diversification of Proteus based on genomic and mitochondrial data by Recknagel et al. (2024). (A) Phylogenomic
relationships and past mitochondrial and nuclear introgression (dashed arrows). (B) Distribution of genetic samples; those
analyzed by genomics are highlighted by black dots; the admixed Dolenjska sample is highlighted by an asterisk.

Para-littoral – and also incorporated nuclear

alleles from that lineage; the Kras/Carso lineage

carries mtDNA derived from Ljubljanica; and

the Parkelj lineage carries mtDNA derived from

Dolenjska. This phylogeographic picture estab-

lished by Recknagel et al. (2024) is illustrated

in fig. 1.

While Necturus is the closest extant rela-

tive of Proteus, a more closely related lin-

eage according to current paleontological evi-

dence is the extinct genus Mioproteus Estes and

Darevsky, 1977, which is widely represented

throughout the Miocene and Plio-Pleistocene

fossil record of Europe (fig. 2) and com-

prises three described species (Macaluso et

al., 2022; Syromyatnikova, 2022). Divergence

between the Necturus and Proteus-Mioproteus

clades has been associated with the fragmen-

tation of widespread freshwater systems fol-

lowing the breakup of Laurasian land bridges

during the Late Cretaceous and Paleogene

(Bonett et al., 2013; Brikiatis, 2014). Fur-

thermore, a third European proteid, Euronec-

turus Macaluso, Villa and Mörs, 2022, which

branches much deeper in the proteid phy-
logeny, has recently been discovered in Mid-
dle Miocene sediments from Germany, sug-
gesting additional and older Laurasian connec-
tions between European and North American
proteids (Macaluso et al., 2022). Another fos-
sil genus, Orthophyia von Meyer, 1845, was
described from Upper Miocene deposits in Ger-
many based on a single specimen (von Meyer,
1845). However, the holotype was subsequently
lost, preventing meaningful comparisons with
Euronecturus, Mioproteus, or even Proteus, and
leaving its phylogenetic affinities (and potential
synonymy) unresolved (Macaluso et al., 2022).

Unlike Mioproteus, the nearly complete ab-
sence of Proteus from the fossil record (see
below) is consistent with an early restriction
of the genus to the Dinarides (Sket, 1997;
Recknagel et al., 2024). From the Eocene to
the Early Miocene, the Dinarides and adjacent
regions (Balkans, Rhodopes) formed a quasi-
insular landmass surrounded by the marine
and brackish waters of the Mediterranean Sea
and the Peri-Tethys/Paratethys system, respec-
tively, which constrained faunal exchanges with
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Figure 2. Biogeographic hypotheses of Proteus evolution and fossil record of its extinct sister genus Mioproteus. Geological
maps were adapted from Popov et al. (2005)’s maps 4, 6, 8 and 10. Fossil records were compiled from fosFARbase (https://
www.fosfarbase.org/). Ranges of Proteus lineages are colored as in fig. 1. Putative ranges of ancestor lineages are shown in
transparent white. Arrows indicate hypotheses for the colonization of the Dinarides, and for a range expansion that would
explain the occurrence of an Upper Pleistocene fossil attributed to Proteus in southeastern Germany.

northern and eastern Europe (Palcu and Kri-
jgsman, 2022). Proteids likely colonized the
Dinarides via Anatolia, as suggested by Burdi-
galian (Early Miocene, ca. 19 Ma) fossils from
the northeastern Aegean (Lesvos). A northern
route, either through the Moesian Platform or
the proto-Alps, appears less likely, as these
pathways were largely impeded by Paratethyan
marine transgressions, such as the Birladsky
Strait and the Alpine-Carpathian Basin (fig. 2).
The generally isolated setting of the Balkan
Peninsula during much of the Miocene likely
promoted the divergence between Proteus and
Mioproteus, either through allopatric diver-
gence of their common ancestor or through the
emergence of Proteus as a southern vicariant of
European Mioproteus populations (Sket, 1997).
Given that the oldest known Mioproteus fossils
date to the Early Oligocene (Rupelian, approx.
30 Ma), the first hypothesis implies that the Pro-
teus-Mioproteus split is at least this old.

The robustly built Mioproteus was proba-
bly an epigean, permanently aquatic freshwater
salamander, perhaps ecologically more compa-
rable to Necturus than to the currently troglo-
bitic Proteus. Its remains accordingly occur in
lacustrine deposits and in association with typi-
cal epigean amphibian assemblages, including
aquatic newts and frogs (Estes and Darevsky,

1977; Młynarski et al., 1984). This was prob-
ably also true of proto-Proteus, as their present-
day subterranean habitats were not yet avail-
able (Sket, 1997; Recknagel et al., 2024). Much
of the Dinaric Karst is developed from thick
Mesozoic limestone and dolomite successions
deposited on extensive shallow-marine carbon-
ate platforms, but the main development of the
modern karst landscape likely followed Ceno-
zoic, particularly Oligocene-Miocene neotec-
tonic uplift and exposure of these carbonates
to water erosion, eventually leading to major
conduit expansion and underground drainage.
The Dinaric Karst in its present geographic
and hydrographic configuration is probably no
older than approximately 20 Ma old, whereas
the complex systems observed today developed
and were repeatedly reorganized much more
recently (Mihevc, 2007; Hrvatin et al., 2020).
Early Proteus ancestors may thus have dis-
persed across the Dinarides through epigean
freshwater habitats, particularly in association
with the development of the Dinaride Lake
System, a series of long-lived intramontane
lakes that was widespread during the Early
to Middle Miocene, between 18 and 13 Ma
(Krstić et al., 2005; Mandic et al., 2011; de
Leeuw et al., 2012). This period of expanded

https://www.fosfarbase.org/
https://www.fosfarbase.org/
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surface-freshwater availability may have facil-
itated wider ancestral ranges and set the stage
for subsequent allopatric diversification, which
appears to have begun at approximately the
same time, around 16 Ma.

The Middle Miocene splits within Proteus
are plausibly attributable to a chain of paleo-
geographic events unfolding during the short
Badenian interval (16.3-13 Ma), which drasti-
cally affected the Dinaric region. Around 16
Ma, a major marine transgression known as the
Badenian Flooding connected Adriatic and Pan-
nonian waters (fig. 2), potentially via a gateway
running across present-day Slovenia, thereby
re-establishing marine exchange with the brack-
ish Paratethys (Palcu and Krijgsman, 2023).
This was followed by progressive restriction
of marine gateways due to tectonic reorganiza-
tion, preconditioning Paratethys for the Bade-
nian Salinity Crisis (13.8-13.4 Ma). The cri-
sis, further triggered by a major sea-level drop
(Mi3b event), was marked by evaporite depo-
sition, elevated salinity, and severe ecological
disruption (de Leeuw et al., 2010; Palcu et
al., 2017). These events broadly coincide, both
temporally and geographically, with the earliest
divergences inferred within Proteus (e.g. Istra
approx. 16 Ma; Krajina/Para-littoral ancestor
approx. 13.5 Ma), and may have contributed to
these splits by creating physical or ecological
discontinuities through marine incursions, tec-
tonically driven hydrographic shifts, and deteri-
oration of freshwater conditions.

Later splits in the Miocene and Pliocene
likely resulted from disruptive hydrogeologi-
cal restructuring of karst networks and tectonic
uplift (Mihevc, 2007; Špelić et al., 2021). For
instance, continued orogenesis of the Snežnik-
Risnjak massif was proposed to explain the
separation between the Kras/Carso and Lika
lineages (Recknagel et al., 2024). Another
process that may have contributed to com-
plexify the subterranean hydrographic systems
is the Messinian Salinity Crisis (5.96-5.33
Ma). The dramatic lowering of Mediterranean
base level likely steepened regional hydraulic

gradients, forcing groundwater circulation to
deeper levels and promoting conduit enlarge-
ment, deep cave development, and reorgani-
zation of major underground river systems
throughout the coastal Dinaric karst (e.g. Mo-
cochain et al., 2006). Later, climate cooling
during the Pliocene and Pleistocene, notably
during Quaternary glaciations, further modi-
fied cave formations and rejuvenated under-
ground rivers, many of which do not predate the
Holocene. These changes probably contributed
to the present structure and compartmentaliza-
tion of karst aquifers, promoting population dis-
connection among subterranean populations.

In parallel, it cannot be excluded that olms
expanded beyond the Dinarides following the
retreat of Paratethys during the Late Miocene
and Plio-Pleistocene. The only fossil ever at-
tributed to Proteus was accordingly discovered
in Upper Pleistocene sediments of southeast-
ern Germany (Pottenstein) and described as a
distinct species, Proteus bavaricus (Brunner,
1956). Although the validity of this taxon has
been questioned because of its limited osteolog-
ical differentiation from the P. anguinus com-
plex (Estes, 1981; Bailon, 1995), Bailon (1995)
considered its assignment to Proteus plausible,
based on the element used for the description
(a parasphenoid). If this interpretation is cor-
rect, Proteus would have extended north of the
Alps and occupied non-karstic habitats until the
last glacial stage, long after the diversification
of all extant lineages. These extinct popula-
tions may therefore represent northern relicts
of either the Stična, Dolenjska and Ljubljanica
lineages (which currently occupy the northern
fringe of the extant distribution), or correspond
to an independent north-alpine lineage that sub-
sequently went extinct.

One difficulty in identifying recent biogeo-
graphic drivers of diversification is the uncer-
tainty of the timing when Proteus lineages
shifted from surface to subterranean habitats,
a transition that should have profoundly influ-
enced their ecology and phenotype. As dis-
cussed by Recknagel et al. (2024), the eight
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mostly subterranean lineages could have inde-
pendently and relatively recently converged
from surface toward troglomorphic forms, with
only Parkelj retaining ancestral surface-dwell-
ing traits. Alternatively, if habitat transitions are
reversible, a scenario involving fewer events
may be invoked, namely one or a few shifts
toward cave-dwelling in common ancestors, fol-
lowed by a secondary transition back toward
surface-associated habitats in Parkelj (Ivanović
et al., 2013; Sessions et al., 2015). This scenario
is not necessarily more parsimonious, however,
given that (i) cave habitats were not exten-
sively available at the time of the earliest splits
(see above) (ii) specialization to either habi-
tat may evolve repeatedly and over relatively
short timescales, and (iii) the German Proteus
fossil (“P. bavaricus”) indicates that olms may
have inhabited non-karstic (surface) environ-
ments as recently as the Pleistocene. Moreover,
cave adaptation and habitat transitions may have
been facilitated by paedomorphosis and asso-
ciated hormonal regulation, as shown in other
salamanders (Bonett et al., 2022, 2025).

In this respect, the boundary between troglo-
morphic and non-troglomorphic lifestyles ap-
pears less discrete than traditionally assumed.
For instance, individuals of the otherwise trog-
lomorphic Kras/Carso lineage regularly exploit
surface habitats such as small pools hydrauli-
cally connected to the aquifer (Manenti et al.,
2024), where they can derive trophic bene-
fits (Barzaghi et al., 2026). Occasional sur-
face behavior was also observed in the Dolen-
jska lineage (Premate et al., 2022). Olms seem
generally plastic in some key traits underlying
ground vs. surface life, notably the retention
of basic photosensitivity despite pronounced
ocular regression – depigmented specimens
respond behaviorally to illumination and retain
visual pigments in the degenerate retinal and
pineal photoreceptors, while the integument
itself also contributes to light detection (Hawes,
1945; Kos et al., 2001; Schlegel et al., 2009).
Ecological transitions may therefore have oc-
curred more readily than generally assumed,

with olms alternating between surface and sub-
terranean habitats – or even occupying both
simultaneously – in response to environmen-
tal change. Supporting this view, dark epigean
individuals of the Parkelj lineage are found in
the same aquifer as depigmented subterranean
individuals (Recknagel et al., 2022), a pattern
that may reflect sympatry between Parkelj and
the Dolenjska lineage (Gorički et al., 2017),
and potentially also the persistence of both eco-
types within the Parkelj lineage itself. Under
such scenarios, surface populations may have
persisted until relatively recently before being
progressively extirpated during the Pliocene
desiccation and the Pleistocene glacial cycles
(Gorički and Trontelj, 2006; Recknagel et al.,
2024). Adapted to cold water, Proteus might
have even thrived in surface habitat during
glacial periods, and only retreated into sub-
terranean waters as recently as the Holocene
(Sket, 1997), with remaining epigean popula-
tions being eventually extirpated by post glacial
expansion (or human introduction) of preda-
tory fishes, except for the dark olm (Parkelj) –
and potentially a few historical observations
of abnormally pigmented individuals elsewhere
(e.g. Freyer, 1846; but see below). Collectively,
these hypotheses imply considerable ecological
flexibility and rapid local adaptation (potentially
involving pleiotropic traits and simple genetic
architecture), which, together with the availabil-
ity of subterranean habitats, may help explain
the persistence and diversification of Proteus in
contrast to extinct European proteids such as
Mioproteus.

Lineage ranges and distribution modelling

Occurrence records of Proteus have been exten-
sively documented in the historical literature
(e.g., Freyer, 1847; Fitzinger, 1850), more
recently compiled (e.g., Kranjec, 1981; Sket,
1997; Hudoklin and Aljančič, 2017), and com-
plemented by field surveys, notably using
eDNA (e.g., Gorički et al., 2017; Vörös et
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Figure 3. Occurrence and ranges of Proteus lineages overlayed by hydrogeology of the Dinaric Karst. (A) Localities colored
by lineages with dashed lines delineating their extent of occurrence (EOO). (B) EOO, and areas of occupancy (AOO)
estimates per lineages, ranked from highest to lowest. (C) Contact zones between parapatric lineages, with location of mtDNA
syntopy, genomic introgression and morphotype co-occurrence. Map backgrounds show hydrogeological properties of the
Dinaric karst inferred by DIKTAS; in the key, + designates increased water permeability.

al., 2017). We assembled an updated occur-
rence dataset that, starting from the records
compiled by Sket (1997), integrates additional
localities reported since then in scientific pub-
lications or the grey literature. After valida-
tion and cross-referencing, we obtained pre-
cise georeferenced information through manual
searches of topographic maps and speleolog-
ical databases (e.g., https://www.katasterjam.
si/; https://grottomap.org/). A total of 355 ver-
ified and accurate localities were retained and
assigned to species based on molecular results
(fig. 1) and the hydrogeology of the karst region,
as mapped by the DIKTAS initiative (http://
diktas.iwlearn.org/). The inferred distributions
are shown in fig. 3.

The most widespread lineages are Para-
littoral, Dolenjska and Ljubljanica. The Istra
lineage has a comparably extensive range but
is known from far fewer localities, which may
reflect limited prospection. An historical record
from Rijeka, made during excavation of the
refinery, is tentatively attributed to this lin-
eage based on geographic proximity, but this
requires confirmation through renewed surveys.
If extant, this population could alternatively
belong to peripheral extensions of the Lika or
Ljubljanica lineages or even represent an undoc-
umented lineage.

The Lika and Kras/Carso lineages have com-
paratively more restricted distributions but are
relatively-well known across their range. Kras/

https://www.katasterjam.si/
https://www.katasterjam.si/
https://grottomap.org/
http://diktas.iwlearn.org
http://diktas.iwlearn.org
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Carso has been well documented along the
Isonzo River, as well as in accessible caves of
the underground Timavo, notably near its mouth
and north of Trieste, where the river flows up
to 300 m below ground. Additional localities
will almost certainly be reported between these
areas as new cave systems along the Timavo are
explored by speleologists. For Lika, new range
extensions continue to be reported as caves
are increasingly surveyed, suggesting that the
present range may still be underestimated.

Two lineages – Stična and Parkelj – can be
considered micro-endemics. They occur in only
a few water resurgences of a single aquifer net-
work (Višnjica and Dobličica, respectively) and
unlikely extend further than their known occur-
rence: Parkelj is surrounded by the Dolenjska
lineage, and Stična lies at the northern margin of
the Dinaric Karst. For Stična, a historical record
farther east (Škavba, Mačji Dol) is tentatively
assigned to this lineage based on geographic
proximity; however, it belongs to an entirely
distinct river system (Temenica), and its identity
requires genetic confirmation. Stična nuclear
alleles and mtDNA were also detected fur-
ther south, namely in Poltarica Jama and Bob-
nova Jama, likely due to recent introgressive
hybridization, both localities being attributed to
Dolenjska as per their main nuclear ancestry
and predominant mtDNA (fig. 1).

Finally, the Krajina lineage extends over a
relatively large part of northwestern Bosnia and
Herzegovina, but known sites remain currently
scattered, which reflects insufficient prospec-
tion – monitoring efforts, including eDNA sur-
veys, are ongoing (D. Jelić pers. data). Sur-
rounding areas include permeable karst aquifers
that, although locally fragmented, extend more
than a hundred kilometers farther south and
west, reaching the range of the Para-littoral and
Lika lineages. Mapping and genotyping olms
across distribution gaps would be particularly
informative for defining the respective limits of
these lineages.

Our occurrence dataset provides an unprece-
dented opportunity to obtain a preliminary

overview of the potential distribution of the
olm through species distribution modelling
(SDM). To this end, we first developed a
model using all Proteus occurrences (n = 295
after removal of duplicate occurrences within
1 km2 cells) and a random forest approach
implemented in the R package randomFor-
est (Liaw and Wiener, 2002), which is rec-
ognized for its strong predictive performance
(Valavi et al., 2023). Four environmental vari-
ables recommended for subterranean species
(Mammola and Leroy, 2018; Pavlek and Mam-
mola, 2021) and relevant to fully aquatic organ-
isms were selected: mean annual temperature
(bio1) – an excellent proxy for mean cave
temperature (Smithson, 1991; Badino, 2004,
2010); two precipitation variables describing
its mean and variability, namely annual pre-
cipitation (bio12) and precipitation seasonal-
ity (bio15); soil organic carbon content (SOC),
which affects the chemistry and organic matter
input of groundwater ecosystems. Bioclimatic
variables were obtained from CHELSA (Karger
et al., 2017). SOC was obtained from the Soil
Grids initiative (https://soilgrids.org/).

The modelling workflow followed published
recommendations by Valavi et al. (2021, 2023).
Pseudo-absences were generated at a ratio of
10:1 relative to presences within buffers located
10-100 km from occurrence records, and a
down-sampling procedure was applied. Model
performance was assessed using internal cross-
validation, with 70% of the data used for train-
ing and 30% for testing. Random Forest param-
eters (the number of variables considered at
each split (mtry), the number of trees (ntree),
and the minimum node size (nodesize)) were
optimized using the R package caret (Kuhn,
2008) and then used to fit the final model. Model
performance was evaluated using the area under
the receiver operating characteristic curve (ROC
AUC, hereafter AUC), the true skill statistic
(TSS), and the Boyce index. Variable impor-
tance was assessed using the Mean Decrease
Accuracy (MDA), calculated by measuring the
increase in classification error following the

https://soilgrids.org/
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Figure 4. Species distribution modelling of the genus Proteus. (A) Range projection under current environmental conditions
(dots show occurrence). (B) Response curves of each variable. (C) Relative importance of each variable in the model based
on the MDA approach. bio1, mean annual temperature; bio12, annual precipitation; bio15, precipitation seasonality; SOC,
soil organic carbon content.

removal of each predictor (Han et al., 2016).
Response curves were generated by predicting
across the range of each variable while hold-
ing all remaining variables at their mean val-
ues.

The model showed excellent predictive per-
formance (Boyce index = 0.93), with bio1
and bio12 contributing most strongly to model
performance (fig. 4; table S1 in the Supple-
mentary material). The projected distribution
closely matched the known range of Proteus,
identifying the highest habitat suitability in
southern Slovenia, northeastern Italy, and south-
ern Dalmatia, where most records originate
(fig. 4). Beyond these areas of known pres-
ence, the model also highlighted highly suit-
able habitats in northern Albania, a region
without Proteus records but with compara-
tively limited survey coverage. These areas,
particularly karst springs and aquifers in the
Prokletije region (Dinarides), represent promis-
ing targets for future field surveys, notably using
eDNA.

Environmental variation, as assessed by a

PCA, varied markedly among lineages, notably

between coastal and inland ones (fig. S1 in the

Supplementary material), and we subsequently

applied the same SDM approach to each Pro-

teus lineage separately. Because these lineage-

specific models were necessarily based on sub-

stantially fewer occurrence records, predictive

performance was correspondingly lower (Boyce

index = 0.21-0.88; table S1 in the Supplemen-

tary material). Nevertheless, most projections

closely recovered the currently known distri-

butions without predicting excessively broad

areas of additional suitability, except for the

Istra, Lika and Parkelj lineages (fig. S2 in

the Supplementary material). Among the best-

performing models (Boyce index ⩾ 0.80), the

Para-littoral lineage was predicted to occupy

most of the karstic Adriatic coast from Istria

to northern Albania, the latter being identi-

fied only for this geographically proximate lin-

eage. In contrast, the Kras/Carso lineage was
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predicted to occupy only its present distribu-
tion, suggesting relatively specific environmen-
tal requirements. Although the remaining mod-
els were less robustly supported (Boyce index ⩽
0.80), they likewise predicted comparatively
restricted suitable areas, consistent with narrow
environmental niches and ecological differen-
tiation among lineages. This result highlights
the importance of developing lineage-specific
SDMs, particularly when sampling is imbal-
anced among lineages and environmentally dis-
tinctive lineages are represented by relatively
few occurrence records. For example, the Kra-
jina region appears to represent a distinct envi-
ronmental space (fig. S1 in the Supplementary
material), and it is predicted as largely unsuit-
able in the model pooling occurrences from
all lineages – except in the immediate vicin-
ity of the few known Krajina localities (fig. 4).
In contrast, the Krajina-specific model correctly
identifies this region (and northwestern adjacent
areas) as suitable (fig. S2). Variable contribu-
tion and model fit estimates of each model are
given in table S1 in the Supplementary mate-
rial.

These models, the first developed for Pro-
teus and among the few available for subter-
ranean vertebrates (Mammola and Leroy, 2018),
illustrate the considerable potential of SDMs
for this genus. Combined with hydrogeologi-
cal information, they may help prioritize future
surveys for this highly secretive amphibian and
provide a framework for forecasting extinction
risk under future climate scenarios – especially
since olms are restricted to a narrow window of
cold groundwater (generally 8-12°C). Expand-
ing species-specific occurrence datasets, partic-
ularly in under-surveyed regions such as Bosnia
and Herzegovina, Montenegro, and Albania,
together with the incorporation of cave-specific
environmental variables (e.g. groundwater tem-
perature, dissolved oxygen, or hydrochemical
parameters) instead of indirect surface prox-
ies, should substantially improve future models
and provide new insights into the environmental

processes underlying diversification within the
complex.

Extinction risk assessment

The distribution data provide a basis for deter-
mining whether lineages qualify for a threat-
ened category under IUCN Criterion B, which
assesses extinction risk arising from restricted
geographic range in combination with fragmen-
tation, few locations, and continuing decline
(IUCN, 2012). Under this criterion, species may
be listed as Vulnerable, Endangered, or Crit-
ically Endangered when either their extent of
occurrence (EOO; B1) or area of occupancy
(AOO; B2) falls below defined thresholds, pro-
vided that at least two additional conditions
are met. These include occurrence in a limited
number of locations (subcriterion “a”) and evi-
dence of continuing decline (subcriterion “b”),
here particularly in habitat quality (subcriterion
“b(iii)”).

In the case of Proteus, individual cave and
surface river systems may each be interpreted
as a single “location” in the IUCN sense, i.e.,
areas that could be rapidly affected by a single
threatening event such as a pollution incident.
Different karst systems are therefore expected
to function as largely independent locations
with little demographic connectivity. Moreover,
the olm inhabits subterranean waters that are
increasingly affected by industrial and agricul-
tural pollution, to which it appears particularly
sensitive. Trace elements, including toxic met-
als such as mercury and arsenic, as well as
PCBs, have been detected in tissues of indi-
viduals representing different lineages (Bulog
et al., 2002; Pezdirc et al., 2011). Fertilizer-
derived compounds (nitrates and phosphates)
have increased by up to threefold over recent
decades in streams inhabited by the Parkelj lin-
eage (Năpăruş-Aljančič et al., 2017) and can
reach concentrations exceeding levels consid-
ered safe for the species (Glavan and Cvejić,
2024). Furthermore, although quantitative evi-
dence for population declines remains scarce,
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Table 1. Range estimates and IUCN assessments of the nine
Proteus lineages.

EOO
(km2)

B1
(EOO)

AOO
(km2)

B2
(AOO)

Istra 1115 EN 48 EN
Krajina 718 EN 32 EN
Para-littoral 8617 VU 252 EN
Lika 442 EN 64 EN
Kras/Carso 169 EN 116 EN
Ljubljanica 1297 EN 208 EN
Dolenjska 1379 EN 248 EN
Stična 15 CR 36 EN
Parkelj 3 CR 24 EN

EOO, extent of occurrence (km2) with associated threat
status under criterion B1; AOO, area of occupancy (km2,
computed from a 2 × 2 km grid) with associated threat
status under criterion B2.

decreases in sightings have been reported from
several localities (e.g. Postojna Cave), and local
population extirpation has been documented
in others (e.g. the Kočevsko region; Aljančič,
2019). We therefore infer that subcriteria “a”
and “b(iii)” are met for Proteus, such that the
final threat category primarily depends on the
range parameters EOO and AOO.

Based on our data, we calculated EOO and
AOO for each lineage. EOO was computed as
the area (km2) of a convex hull encompassing
all occurrence points, adjusted to exclude large
impermeable aquitards and the Adriatic Sea.
AOO was estimated as the area covered by
occupied 2 × 2 km grid cells.

The resulting estimates are summarized in
table 1. All nine lineages fall below the B1
threshold for Vulnerable (EOO < 20 000 km2),
and all but the Para-littoral lineage (approx.
8600 km2) fall below the Endangered thresh-
old (EOO < 5000 km2). Moreover, the Parkelj
and Stična lineages, which exhibit extremely
restricted distributions (EOO < 15 km2), meet
the Critically Endangered threshold under B1
(EOO < 100 km2). All lineages also fall below
the B2 threshold for Endangered (AOO <

500 km2).
Based on these values, together with the

inferred continuing decline in groundwater hab-
itat quality and the occurrence of lineages in

few independent locations, all lineages plau-
sibly qualify as Endangered under Criterion
B1ab(iii) + B2ab(iii), except the Para-littoral
lineage, for which only Criterion B2ab(iii)
applies. Moreover, the two most restricted lin-
eages, Parkelj (one location) and Stična (one or
two locations), plausibly qualify as Critically
Endangered under Criterion B1ab(iii). Future
reassessments should incorporate improved es-
timates of habitat degradation, demographic
trends (e.g. from capture-mark-recapture stud-
ies), and population connectivity (e.g. inferred
from conservation genomics) for each lineage.

Phenotypic diversification

Distinctions among olm populations were noted
early on from observations of variation in mor-
phology, skin coloration, and other anatomical
features, such as the presence of eyes, provid-
ing the basis of the first revisions (Michahelles,
1830; Freyer, 1846; Fitzinger, 1850). In the
past decades, multivariate analyses of museum
specimen measurements have likewise empha-
sized some geographic patterns of differentia-
tion, interpreted in various manners, especially
in respect to their grouping in statistical analy-
ses according to prior phylogeographic and tax-
onomic hypotheses (Kranjec, 1981; Grillitsch
and Tiedemann, 1994; Arntzen and Sket, 1997;
Gorički, 2006; Ivanović et al., 2013).

To quantify differences and test for diagnos-
tic characters among the Proteus lineages, we
compiled a dataset of 14 characters assessed
from 259 specimens of known geographic ori-
gin representing eight lineages (Parkelj speci-
mens were not accessible), curated in the fol-
lowing institutions: Muséum national d’His-
toire naturelle (MNHN), Paris, France; Hrvatski
prirodoslovni muzej (HPM), Zagreb, Croa-
tia; Hrvatsko Društvo za Biološka Istraživanja
(HDBI), Zagreb, Croatia; Naturhistorisches
Museum Wien (NHMW), Vienna, Austria; Pri-
rodoslovni muzej Slovenije (PMS), Ljubljana,
Slovenia; Univerza v Ljubljani, Biotehniška
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Figure 5. Measurements and variation at individual morphological traits among Proteus lineages. (A) Landmarks used for
morphological measurements, adapted from Kranjec (1981). (B) Variation of each trait, shown in raw values or as body ratios
(division by TBL). TBL, total body length; SFD, snout-forelimb distance; HL, head length; MHW, maximum head width;
HH, head height; MSW, minimum snout width; WST, width of the snout tip; MGL, maximum gill length; HCD, hindlimb-
cloaca distance; TL, tail length; DFH, interlimb distance; FLL, forelimb length; HLL, hindlimb length; WI, Wolterstorff
Index; NM, number of myomeres.

fakulteta (ULBF), Ljubljana, Slovenia; Zemalj-
ski muzej Bosne i Hercegovine (NMBH), Sara-
jevo, Bosnia and Herzegovina; Museo Civico di
Storia Naturale, Trieste (MCST), Trieste, Italy;
Museo Civico di Storia Naturale di Milano
(MSNM), Milano, Italy. The dataset initially
incorporated raw data from Kranjec (1981), and
to ensure comparability, we first re-measured
NHMW specimens from various series to repli-
cate the methodology. Measurements of addi-
tional specimens were all obtained within a few
weeks, thereby minimizing recording drift. To
avoid bias from juveniles, only specimens above
100 mm of total body length were considered.

We considered 13 metric variables measured
with a ruler (1 mm precision) or a digital caliper
(0.1 mm precision): total body length (TBL),
the distance between the snout tip to the tail tip
(ruler); head length (HL), the distance between
the base of the skull and the snout tip (caliper);
tail length (TL), the distance between the poste-
rior end of the cloaca and the tail tip (caliper);
maximum head width (MHW), the maximum

width between the skull edges (caliper); head
height (HH), the maximum distance between
the lower and upper part of the skull (caliper);
minimum snout width (MSW), the minimum
width of the snout (caliper); width of the snout
tip (WST), the width of the rostrum (caliper);
maximum gill length (MGL), the length of the
longest gill from root to tip (caliper); hindlimb-
cloaca distance (HCD), the distance between
the anterior end of the cloaca and the poste-
rior junction of the hindlimb (caliper); snout-
forelimb distance (SFD), the distance between
the anterior junction of the forelimb and the
snout tip (caliper); interlimb distance (DFH),
the distance between the posterior junction of
the forelimb and the anterior junction of the
hindlimb (ruler); forelimb length (FLL), the
length of the forelimb from anterior junction to
fingertip (caliper); and hindlimb length (HLL),
the length of the hindlimb from the posterior
junction to toetip (caliper). One meristic vari-
able, the number of myomeres (NM) was visu-
ally counted from forelimb to hindlimb. Fig. 5A
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Table 2. Average morphometric measurements of eight Proteus lineages based on 259 specimens.

Istra Krajina Para-littoral Lika Kras-Carso Ljubljanica Stična Dolenjska

n 10 5 27 14 15 125 30 33
TBL 191.2 ± 46.9 208.6 ± 39.1 204.2 ± 43.9 183.9 ± 29.8 191.8 ± 33.8 205.6 ± 38.7 219.9 ± 43.9 197.2 ± 50.6
HL 30.7 ± 7.1 26.2 ± 3.9 28.2 ± 6.3 25.9 ± 3.9 29.3 ± 4.7 26.4 ± 5.3 27.6 ± 5.7 24.5 ± 6.3
TL 45.5 ± 10.5 60.0 ± 7.6 58.4 ± 15.1 56.3 ± 9.5 51.7 ± 11.7 59.3 ± 11.3 65.2 ± 14.0 60.4 ± 14.9
MHW 13.3 ± 3.7 15.5 ± 2.9 14.3 ± 4.4 12.9 ± 2.3 14.0 ± 2.9 13.8 ± 3.1 15.3 ± 3.5 12.4 ± 3.8
HH 8.4 ± 3.0 11.0 ± 2.5 9.5 ± 2.9 7.7 ± 1.8 8.2 ± 2.0 8.4 ± 2.3 10.0 ± 2.7 7.7 ± 2.5
MSW 6.1 ± 1.6 8.5 ± 1.2 7.6 ± 1.9 7.4 ± 1.4 7.2 ± 1.4 7.8 ± 1.9 8.1 ± 1.8 6.6 ± 1.9
WST 5.2 ± 1.7 6.8 ± 1.1 6.2 ± 1.8 5.6 ± 1.7 5.9 ± 1.5 7.0 ± 2.1 6.5 ± 2.0 5.6 ± 2.2
MGL 1.8 ± 1.1 3.1 ± 0.7 4.6 ± 1.1 3.7 ± 2.6 4.2 ± 1.8 3.8 ± 1.7 5.9 ± 2.7 4.4 ± 1.9
HCD 3.3 ± 1.7 4.9 ± 1.5 4.5 ± 1.4 4.5 ± 1.3 3.9 ± 1.8 3.9 ± 1.2 4.3 ± 1.4 4.0 ± 1.5
SFD 38.1 ± 9.3 36.1 ± 6.3 34.3 ± 6.6 33.6 ± 4.8 36.0 ± 5.6 33.1 ± 6.2 34.5 ± 5.4 31.1 ± 7.8
DFH 88.0 ± 17.9 103.0 ± 21.4 104.0 ± 20.4 87.7 ± 15.1 93.3 ± 15.6 102.2 ± 19.8 109.5 ± 25.0 96.4 ± 25.7
FLL 18.1 ± 3.3 17.8 ± 2.3 15.9 ± 3.5 16.0 ± 2.0 17.8 ± 3.0 17.3 ± 3.4 18.5 ± 3.1 16.8 ± 3.7
HLL 17.0 ± 3.1 15.2 ± 1.8 13.8 ± 3.6 13.6 ± 2.8 15.6 ± 2.7 16.1 ± 2.8 16.6 ± 2.3 15.6 ± 3.3
WI 0.21

(0.19-0.22)
0.18

(0.15-0.19)
0.15

(0.12-0.19)
0.19

(0.13-0.22)
0.19

(0.16-0.22)
0.17

(0.13-0.25)
0.17

(0.13-0.22)
0.18

(0.13-0.25)
NM 23.8 (23-25) 24.8 (24-27) 24.4 (23-26) 23.6 (23-25) 23.7 (23-28) 25.7 (21-29) 25.6 (24-27) 25.6 (24-27)

For each lineage, mean and standard deviation are given for metric characters (in mm); mean and range are given for the ratio
(WI) and meristic (NM) characters. Parkelj could not be measured. TBL, total body length; SFD, snout-forelimb distance;
HL, head length; MHW, maximum head width; HH, head height; MSW, minimum snout width; WST, width of the snout tip;
MGL, maximum gill length; HCD, hindlimb-cloaca distance; TL, tail length; DFH, interlimb distance; FLL, forelimb length;
HLL, hindlimb length; WI, Wolterstorff Index (FLL/DFH); NM, number of myomeres.

illustrates character measurements. Finally, we
computed the Wolterstorff index as the ratio
between forelimb length and interlimb distance.

Analyses of the morphological datasets were
conducted with the R package groupstruct2 1.2
(Chan and Grismer, 2026). Descriptive statistics
(mean and standard deviation) for each trait are
reported in table 2, and variation among and
within lineages are illustrated as body ratios in
fig. 5B. Statistical analyses of metric variables
were conducted after scaling by TBL using
the multispecies allometric growth correction
of groupstruct2, which assumes independent
allometry between pre-defined groups, while
TBL was log10-transformed.

Lineages broadly overlap in the morphospace
summarized by the first two PCA axes, with
only the Istra lineage showing a relatively dis-
tinct position (fig. 6A). Nevertheless, the cen-
troids of all but three lineage pairs (25 of
28 pairwise comparisons) differed significantly
from one another (PERMANOVA on PCA
scores; 10 000 permutations), while the assump-
tion of homogeneity of multivariate dispersions
was violated in only one comparison (table S2

in the Supplementary material). Accordingly,
lineages significantly differed at one or more
individual traits in nearly all instances (26 of
28 pairwise comparisons; Kruskal-Wallis or
ANOVA tests; table S3 in the Supplementary
material). Thus, although substantial within-
lineage variation in body shape largely obscures
among-lineage differences, these remain statis-
tically detectable. Moreover, these differences
were not randomly distributed: Euclidean dis-
tances between lineage centroids increased sig-
nificantly with genomic divergence (Nei’s Dxy

computed from ddRAD-seq data; Recknagel et
al., 2024), but showed no relationship with envi-
ronmental divergence estimated from species
distribution models (Schoener’s D) (fig. 6B).
This phylogenetic signal is also reflected in the
number of myomeres, which is generally lower
in the earliest-diverging lineages (approx. 24)
than in the more recently diverged Slovenian
lineages (approx. 26).

To further test whether lineages form distinct
morphological groups, we performed a super-
vised Gaussian Mixture Model (GMM) cluster-
ing analysis. The best-supported model, based
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Figure 6. Multivariate morphological variation among Proteus lineages. (A) Principal Component Analysis (PCA) of 13
metric characters measured in 259 specimens. Polygons show convex hulls. TBL, total body length; SFD, snout-forelimb
distance; HL, head length; MHW, maximum head width; HH, head height; MSW, minimum snout width; WST, width of
the snout tip; MGL, maximum gill length; HCD, hindlimb-cloaca distance; TL, tail length; DFH, interlimb distance; FLL,
forelimb length; HLL, hindlimb length. TBL was log10-transformed and other variables were transformed by allometric
size correction. (B) Relationship between pairwise Euclidean distances at morphological traits and phylogenomic and niche
divergence among lineages. Correlation coefficient (r) and significance (p) are assessed by a Mantel test.

on the Bayesian Information Criterion (BIC),
recovered only two clusters, separating the Istra
lineage from all remaining lineages. Models
that included additional clusters received over-
whelming support against them (Bayes factor >

106 relative to the best model), indicating that
no further discrete groupings are supported by
the morphometric data.

We next evaluated the relative importance
of metric characters for discriminating Pro-
teus lineages using a Random Forest machine-
learning approach with the Boruta feature-
selection algorithm, using default settings. All
variables except total body length (TBL) consis-
tently outperformed randomly permuted “shad-
ow” variables, with interlimb distance (DFH)
emerging as the most informative character, fol-
lowed by tail length (TL), head length (HL),

hindlimb length (HLL), snout-forelimb distance
(SFD), maximum head width (MHW), and the
remaining measurements (fig. S3 in the Supple-
mentary material). Consistent with these results,
the most distinctive lineage, Istra, is character-
ized by a relatively elongate head with a nar-
row snout, a shorter tail, longer hindlimbs, and
a higher Wolterstorff Index than the remaining
lineages (fig. 5).

These observations broadly corroborate pre-
vious studies of Proteus, which concluded that
morphological differences among populations
were too subtle to justify taxonomic distinction
(e.g., Grillitsch and Tiedemann, 1994). How-
ever, the present analyses show that this mor-
phological variation is not random but phy-
logenetically structured, indicating that phe-
notype evolution has tracked the historical



16 C. Dufresnes et al.

diversification of the complex. Such a pat-

tern is consistent with morphological evo-

lution proceeding within a constrained mor-

phospace, where strong functional selection

associated with subterranean life limits pheno-

typic divergence while mutation and genetic

drift gradually generate lineage-specific differ-

ences. Morphological conservatism in Proteus

should therefore not be interpreted as evidence

against evolutionary independence, but rather as

the expected outcome of diversification under

persistent stabilizing selection, where subtle yet

statistically detectable differences accumulate

over millions of years.

Beyond its older evolutionary age, the elon-

gated Istra phenotype may also relate to eco-

logical specialization. Although environmental

variation and species distribution models do not

indicate a particularly distinct habitat, this lin-

eage appears to be encountered more frequently

in comparatively deeper groundwaters, often

associated with sandy substrates rather than

the rocky conduits typically occupied by the

remaining species (D. Jelić pers obs.). This pat-

tern may point to occupation of a distinct hydro-

logical niche. Interestingly, in the Kras/Carso

populations, individuals inhabiting deep cave

environments tend to exhibit a more elongated

and slender head profile, whereas specimens

recorded from springs and other groundwater-

surface ecotones generally displayed a rela-

tively broader parietal region, giving a more

expanded appearance to the head, especially

posteriorly to the orbital area (R. Manenti and

B. Barzaghi pers. obs.). Whether elongated head

profiles convey an ecological and functional sig-

nificance, and reflects phenotypic plasticity or

local adaptation remains an open question.

Finally, our morphometric dataset included

47 specimens examined by Fitzinger (1850),

allowing us to assess whether the morpholo-

gical differences recovered here correspond to

those underlying his milestone recognition of

seven species of olms. Using the average val-
ues he reported for six measurements, we pro-
jected Fitzinger’s species’ means into the mul-
tivariate morphospace derived from our data.
Several taxa showed a close correspondence
(e.g. freyeri, laurentii), whereas others exhib-
ited more pronounced deviations (e.g. zoisii,
schreibersii) (fig. 7A). A detailed comparison
across traits (fig. S4 in the Supplementary mate-
rial) indicates that agreement is generally better
for larger measurements than for smaller ones,
as expected from the greater relative influence
of measurement error on the latter. Moreover,
Fitzinger based his diagnoses on substantially
larger specimen series than those represented by
the surviving museum material examined here.
Likewise, the differences in head shape illus-
trated by Fitzinger’s original drawings (pub-
lished by Grillitsch and Tiedemann, 1994)
broadly correspond to those observed in repre-
sentative specimens of the respective lineages,
although this comparison necessarily remains
qualitative (fig. 7B). Given the variation in each
population, it is not surprising that Fitzinger
(1850) concluded on different taxa, although
this assessment ultimately proved to be only
partially correct (see below).

Species delimitation

Delimiting the nine phylogeographic lineages
of Proteus as distinct species or subspecies
depends on whether they meet the criteria asso-
ciated with the species concept(s) adopted.
Under the general lineage species concept
(GLC), species are viewed as independently
evolving lineages, typically identified through
strong phylogenetic structure and genetic cohe-
sion (de Queiroz, 1998, 2007). In Proteus,
all nine lineages were statistically delimited
as “species” using sequence partitioning ap-
proaches (for mtDNA) and the multispecies
coalescent (for genomic loci) (Recknagel et
al., 2024). In simple terms, these approaches
either identify groups of sequences showing a
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Figure 7. Re-assessment of the NHMW specimens used in Fitzinger (1850)’s taxonomic revision. (A) PCA on five body
ratios (morphometric traits divided by total body length TBL) measured in 47 specimens given as “types” of the seven species
delimited by Fitzinger; allometric size correction was not possible given the small sample sizes of some species. Small and
large circles represent individual specimens and species centroids. Average measurements of each species given by Fitzinger
(1850) are projected on the PC axes (asterisks), with lines showing deviation from the centroids of our measurements. (B)
Comparison of head shape from Fitzinger’s drawings (adapted from Grillitsch and Tiedemann, 1994) and photographs taken
from representative specimens (credit: D. Jablonski). See fig. S4 in the Supplementary material for further assessment.

clear discontinuity between within-group vari-
ation and between-group divergence (sequence
partitioning), or evaluate whether samples are
better explained as belonging to a single evolu-
tionary lineage or to distinct lineages evolving
independently over time, while accounting for
incomplete lineage sorting (multispecies coa-
lescent). Although widely applied, these meth-
ods have sparked criticisms for delimiting
species complexes, as they are sensitive to sam-
pling design and may recognize recently struc-
tured populations as distinct species (Suku-
maran and Knowles, 2017; Campillo et al.,
2020; Dufresnes et al., 2020). This can lead
to taxonomic inflation, i.e. an artificial increase
in species numbers due to oversplitting of
widespread and genetically diverse taxa, which
is a frequent concern when molecular data
form the primary basis for species delimitation
(Gippner et al., 2026).

Under the more conservative biological spe-
cies concept (BSC), only lineages that are
(at least partly) reproductively isolated are
regarded as species (Mayr, 1942; Coyne and
Orr, 2004), ideally identified by an absence

or strong limitation of introgressive hybridiza-
tion in secondary contact zones (Dufresnes et
al., 2020, 2023). This view is typically favored
for the European herpetofauna, being followed
by the taxonomic committee of the Societas
Europaea Herpetologica (Speybroeck et al.,
2020), and is thus particularly relevant here. In
Proteus, only a single genomic sample showed
signs of contemporary introgression (fig. 1),
implying that, if lineages do come into con-
tact, reproductive barriers effectively constrain
gene flow, in support of species status under the
BSC. In the northern part of the range, several
of the youngest lineage pairs exhibit parapatric
distributions across continuous, highly perme-
able karst aquifers (fig. 3). Direct contact is evi-
dent between the Kras/Carso and Ljubljanica
lineages, whose mtDNA haplotypes co-occur in
several localities near the Italo-Slovenian bor-
der along the Timavo underground river (figs. 1,
3). Potential contact may also occur between
the Parkelj and Dolenjska lineages. Depig-
mented (“white”) olms have been observed
within the aquifer inhabited by Parkelj (Reck-
nagel et al., 2022), and both lineages were
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detected within the same spring by lineage-
specific eDNA (Gorički et al., 2017) (fig. 3).
Further north, the Dolenjska and Stična lin-
eages are separated by only a few kilome-
ters within the same hydrographic network
(fig. 3) and seemingly hybridized recently: fee-
ble ancestry from Stična (approx. 15%) was
retrieved in a parapatric Dolenjska genomic
sample from Poltarica Jama (see Figure 4a in
Recknagel et al., 2024), while one Stična mito-
type segregates within the Dolenjska range in
Bobnova Jama (OQ296736; fig. 1; not men-
tioned by Recknagel et al., 2024). Recipro-
cally, the distribution of the same lineages in
distinct river systems (e.g., Dolenjska, Para-
littoral) suggests that their present isolation is
evolutionary ephemeral, as the dynamic biohy-
drographic history potentially involves recur-
rent exchanges between populations.

Since assessing contact zones is often unfea-
sible – either because they do not exist or have
not yet been located – an alternative approach
in the spirit of the BSC is to interpret genetic
divergence in light of the pace at which repro-
ductive barriers evolve in respect to the “grey
zone of speciation”, i.e., the divergence window
separating conspecific from reproductively iso-
lated lineages (Roux et al., 2016; Dufresnes et
al., 2021, 2023). In amphibians, when repro-
ductive isolation primarily arises from hybrid
genetic incompatibilities that accumulate grad-
ually with genomic divergence, speciation can
be approximated as clock-like. Consequently,
divergence times and genetic distances corre-
late with reproductive isolation and can pro-
vide useful benchmarks (Dufresnes et al., 2021,
2023; Gippner et al., 2026) – as recently applied
in other European salamandrids, such as the
Mesotriton alpestris complex (e.g., Koster et
al., 2026). Most candidate species of Proteus,
dated at 4-16 Ma in nuclear timetrees and 3-
17 Ma in mitochondrial timetrees, fall well
above the grey zone observed for European anu-
rans (2-6 Ma), where gene flow is consistently
restricted above 6 Ma and pervasive below 2

Ma (Dufresnes et al., 2021); a similar win-
dow (2.6-7 Ma) was retrieved when extend-
ing comparisons to other amphibians, includ-
ing Caudata (Gippner et al., 2026). This argu-
ment alone should, however, be treated with
caution because (i) divergence estimates depend
on calibration schemes and datasets, limiting
direct comparisons across studies; (ii) it remains
unknown whether speciation in Proteus follows
a clock-like process; and (iii) if so, whether this
process occurs at a comparable rate to other
amphibians. It is, in fact, expected to be slower,
given the species’ long generation times that
should lower the rate of molecular evolution,
thus potentially delaying the accumulation of
reproductive isolation for a given timeframe.

Complementary insights may be obtained
from sequence divergence directly, notably at
mitochondrial barcoding genes commonly used
in amphibian taxonomy, such as 16S (Vences
et al., 2005). At this marker, excluding com-
parisons affected by cyto-nuclear discordance,
only the youngest (hybridizing) lineage pair
(Stična/Dolenjska) shows less than 3% diver-
gence (n = 78, 1367 bp aligned; fig. 8;
sequences from Recknagel et al. (2024), ana-
lyzed with MEGA 11, Tamura et al., 2021).
A threshold of 3% divergence in 16S is con-
sidered conservative (e.g., Vieites et al., 2009),
above which amphibian lineages typically cor-
respond to valid species under the BSC (Malone
and Fontenot, 2008; Dufresnes et al., 2021). The
lower divergence observed for Stična/Dolenjska
(1.8%) falls within the grey zone but still cor-
responds to a higher probability of represent-
ing distinct species than subspecies; equal prob-
ability was estimated at 1.6% at this marker
(Dufresnes et al., 2021). As above, whether
such thresholds apply to Proteus depends on the
comparability of substitution rates. To explore
this, we examined the relationship between 16S
pairwise distances and divergence times in Pro-
teus and compared it with that of other Euro-
pean amphibians delimited under the BSC (data
from Dufresnes et al., 2021). The relationships
are remarkably similar, suggesting that 16S
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Figure 8. Pairwise 16S distances (% of sequence differentiation) among Proteus lineages in the context of species
delimitation. (A) 16S distance matrix; values above and below the commonly used amphibian threshold of 3% are shown
by dark and light grey respectively; lineages with historically introgressed mtDNA are indicated by asterisks – their 16S
divergence reflects evolution since the introgression event, and thus underestimates true lineage divergence. (B) Relationship
between 16S and divergence time in Proteus (red triangles) compared to other Western Palearctic anuran amphibian lineages
delimited from evidence for reproductive isolation (RI), as inferred by analyses of their contact zone (circles); for the latter,
circle darkness shows the degree of RI, allowing to define the grey zone of speciation (grey square) – the divergence window
that contain both subspecies-level and species level lineages (data from Dufresnes et al., 2021). A refinement of the amphibian
temporal grey zone inferred from a broader taxon set is also highlighted (Gippner et al., 2026).

evolves at a comparable rate in Proteus (fig. 8).
By extension, and assuming similar patterns in
the nuclear genome, the grey zone of specia-
tion defined for other amphibians should thus
be applicable to Proteus (fig. 8).

An older but historically important metric
of divergence is allozyme distance, which was
shown to correlate with DNA divergence and
divergence times (Maxson and Maxson, 1979),
and with Nei’s D > 0.15 considered indicative
of genetic isolation underlying distinct species
in Plethodon salamanders (Highton, 2000). In
Proteus, three lineages were surveyed using
allozymes by Sket and Arntzen (1994) – Ljubl-
janica (as “Planina”), Parkelj (as “Jelševnik”),
and Stična (as “Vir” and “Rupnica”). All three,
while corresponding to the shallowest phyloge-
nomic and mitochondrial divergences, exhibit
D ⩾ 0.25 from their closest relatives, which is
thus well above the proposed threshold.

In summary, there is unequivocal support for
recognizing the nine Proteus lineages as dis-
tinct species under the GLC (Recknagel et al.,
2024). Support under the BSC is more indi-
rect but broadly consistent: (i) lineages in direct

or potential contact (parapatry) show no or

restricted evidence of ongoing hybridization;

and (ii) their levels of divergence, based on

commonly used metrics in amphibian systemat-

ics, are comparable to or exceed those observed

between reproductively isolated species.

Moreover, the increase in morphological

differentiation with phylogenetic divergence

(fig. 6) indicates that stable phenotypic differ-

ences accumulate progressively during lineage

divergence, even though they remain largely

non-diagnostic and often imperceptible to the

human eye. Such a pattern is common in Euro-

pean amphibians, where speciation frequently

precedes conspicuous phenotypic diversifica-

tion, particularly for conservative traits sub-

ject to strong stabilizing selection. As a result,

recently diverged species often remain mor-

phologically cryptic despite long histories of

independent evolution (e.g. Ambu et al., 2025;

Koster et al., 2026). Rather than arguing against

species hypotheses, these subtle but progres-

sively diverging morphotypes should therefore
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be regarded as signatures of ongoing evolution-
ary divergence and the gradual emergence of
independently evolving species.

Accordingly, we provisionally recognize all
nine Proteus lineages as distinct species. Fur-
ther confirmation should come from expanded
genomic sampling in parapatric zones, which
will help refine the grey zone of speciation in
this genus.

Nomenclature review

The tumultuous history of early Proteus re-
search was reviewed in detail by Aljančič
(2019: see also Mattes, 2018). Olms had been
known long before their taxonomic recogni-
tion, as illustrated by carving on 15th cen-
tury medieval tombstones (stećci) in the Boljuni
necropolis near Stolac, Bosnia and Herzegov-
ina (Mulaomerović, 2012). In the literature, the
olm was first mentioned by Valvasor (1689)
as a lizard-like earthworm, based on local tes-
timonies, and later by Steinberg (1758), who
documented the capture of “white, four-legged
fishes” by a fisherman in 1751 from the Malnj
spring of the Planinsko polje, which is linked
to Postojna Jama. The first reported hypogeous
observation is a 1752 drawing of a cave iden-
tified as Črna Jama (Postojna-Planina cave sys-
tem), with mentions of locals purportedly catch-
ing and exporting Proteus (“snakes”) to Venice
(Shaw and Čuk, 2015). In the following decade,
Scopoli (1762), based on specimen(s) brought
to him from a different area (Stična) by his as-
sociate, the botanist Wulfen, proposed to Lin-
naeus that the olm be included as a new Lacerta
species in the next edition of Systema Natu-
rae. Although convinced of the novelty of the
animal, Linnaeus (1766), assuming Scopoli’s
specimen was a larva, refrained from naming
it until an adult was found. Instead, it was
Laurenti (1768), who recognized a category of
amphibians with lungs and gills, who formally
described the species as Proteus anguinus Lau-
renti, 1768.

Laurenti’s description, accompanied by a
drawing of an olm in swimming position (Lau-
renti, 1768: Pl. 4, Fig. 3), states “Habitat
verno tempore in lacu Tschirnicensi Carnioliae
[It lives in the springtime in Lake Cerknica,
Carniola], and indicates that both the speci-
men and the drawing were provided by Father
Hohenwart (Sigismund Ernst von Hohenwart
1745-1825) (Laurenti, 1768: p. 37). The diag-
nosis succinctly describes the animal’s gen-
eral characteristics, namely an elongated white
body, coral-like external gills, a compressed
tail, and the absence of eyes. The illustrated
and examined specimen thus corresponds to the
name-bearing type (holotype), and according to
Laurenti’s account, its origin was Lake Cerknica
(star 0 in fig. 9).

The origin of Laurenti’s specimen has never-
theless been questioned (Sket, 2007; Aljančič,
2019). Olms do not directly inhabit Lake
Cerknica – an open karstic aquatic environ-
ment which partly dries every year – although
washed-out individuals are occasionally found
in the area after floods (Aljančič, 1966; Aljančič
et al., 2016), notably at its source (Drole, 2017).
When Scopoli (1772) eventually published his
own description of the species, he explicitly cor-
rected Laurenti’s type locality, stating “non in
lacu Zirchizenfi, sed prope Sittich e crypta sub-
terranea, aeslivo tempore una cum aquis exit
quandoque [not in Lake Cerknica, but in an
underground cave near Stična, in summer it
sometimes comes out with the waters]”, sug-
gesting he knew of the origin of the few Pro-
teus specimens that circulated at the time (Mat-
tes, 2018). Supporting this interpretation, Con-
figliachi and Rusconi (1821) narrated that the
first olms described were not from Cerknica but
from near the mouth of caverns close to Stična,
where peasants found them in small puddles, as
they had been cast out after heavy rains. Like-
wise, Freyer (1847), in reviewing the history of
research on the olm, recounted that Scopoli first
learned of the species from the people of Stična,
and that it was Scopoli who provided Hohen-
wart with the specimen from which Laurenti
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Figure 9. History of Proteus systematics and taxonomic revision. (A) Phylogeny of Proteus species and assignment of
available names according to the Principle of Priority. (B) Identity of type localities based on species distributions (range
adapted from fig. 3). (C) Timeline of name availability and delimitation history; for each nomen, numbers refer to type
localities on the map; the red line shows the cumulated number of available names over time; names in grey emphasize
objective synonyms; on the arrow, light and dark shading emphasizes whether the olm was considered as a single species
or multiple species, respectively. For the nomen anguinus, two type localities are shown: the one given by Laurenti (1768;
white star “0”) and the one corresponding to the putative origin of the holotype (filled star “1”) according to Aljančič (2019),
which corresponds to the valid type locality. For the nomina freyeri and carrarae, restricted type localities through lectotype
designation are shown in colored stars, while white stars show the alternative origin of some paralectotypes.

prepared his description, a statement with which
other authors agreed (e.g., Duméril et al., 1854).

As investigated by Aljančič (2019), a shared
origin of Laurenti’s and Scopoli’s material is
also quite plausible given the relationships
among the scholars involved. Specifically, the
Carniolan-born Hohenwart was a student of
Wulfen (Scopoli’s associate and collector), ac-
companied him on natural history expeditions,
and as Jesuits, both were likely aware of olms
being kept captive by monks at Stična Abbey.
Collected specimens were rare by then (Mat-
tes, 2018), and the late 18th and early 19th
century scientific literature suggests that Stična

was the only area where olms could be easily
observed. In contrast, the presence of Proteus
in the Postojna-Planina cave system was not
specifically reported before the mid-19th cen-
tury (Hochenwart, 1838). Laurenti, who resided
in Vienna, may have referred to Lake Cerknica
as an approximation, as the lake was already
a famous place and was considered the source
of all smaller lakes and interconnected sub-
terranean waters of the whole Carniolan karst
(Schreibers, 1801).

Whether Laurenti’s specimen came from
Lake Cerknica or Stična has important nomen-
clatural consequences, as these regions are
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inhabited by different candidate species of olms
(Ljubljanica and Stična, respectively). After
careful evaluation of the evidence, Aljančič
(2019) concluded that it was more parsimo-
nious to assume that Stična was the true area
of origin, and suggested that Virski studenec,
the only karst spring in the area of Stična where
olms may be observed outside caves, should be
regarded as the type locality of Laurenti’s taxon
(star 1 in fig. 9). Under this interpretation, which
we follow here, the Stična lineage thus corre-
sponds to Proteus anguinus sensu stricto.

Similarly acknowledging that surface waters
are not the primary habitat of the olm, Fejérváry
(1926) had proposed to amend the type locality
of P. anguinus to “Magdalenen-Grotte [Mag-
dalena Cave]”, a confirmed place of occurrence
conveniently chosen for its geographic proxim-
ity to Lake Cerknica (Fejérváry, 1926: p. 231).
However, this action is not valid in the absence
of neotype designation, and appears inappropri-
ate if Laurenti’s specimen is considered to have
been collected from Stična.

After Laurenti’s and Scopoli’s descriptions,
Proteus was eventually included in the 13th
edition of Systema Naturae (Gmelin, 1789: p.
1056). The species was then studied in detail
for the first time in the late 1790s by Schreibers
(1801), who, with the support of Baron Sig-
mund Zois (a philanthropist nobleman and nat-
uralist from Carniola), provided unprecedented
details on its anatomy and demonstrated the
paedomorphic nature of the species, thereby
stimulating strong interest among early 19th-
century zoologists. This prominence, in turn,
gave rise to numerous alternative classifica-
tions. Shaw (1802) transferred P. anguinus
to Siren Österdam, 1766, and several authors
placed it in newly erected genera: Larvar-
ius Rafinesque, 1815; Platyrhynchus Leuckart,
1816; Hypochthon Merrem, 1820; Caledon
Goldfuss, 1820; Phanerobranchus Leuckart,
1821; and Apneumona Fleming, 1822. Anoth-
er genus, Hemitriton Van der Hoeven, 1833,
included Hypochthon as a subgenus and was
later restricted to Proteus through designation

of P. anguinus as the type species (Dubois
and Raffaëlli, 2009). Several family-rank taxa
were also proposed – see discussion on family-
group nomenclature of Proteidae in Dubois and
Ohler (2015), who demonstrated that the cor-
rect authorship of Proteidae is Bonaparte, 1831.
In addition, several variant names arose through
subsequent misspellings, such as Protaeus in
Oppel (1811: 79), Hypohton in Cuvier (1829:
p. 129), Hydochton in Gray (1831: p. 108),
Protheus in Hochenwart (1838: p. 37), Catedon
in Duméril et al. (1854: p. 185), and Proteus
anguineus in Mertens and Müller (1940: p. 14)
when citing Schreiber (1912), who had never-
theless spelled the name correctly.

As part of these generic reassignments, two
additional specific nomina were introduced.
The first, Hypochthon laurentii Merrem, 1820,
has sometimes been interpreted as a distinct
taxon and associated to a holotype specimen
(Brame and Gorham, 1972). This interpreta-
tion is erroneous, however, as Merrem clearly
referred to Laurenti’s species: “Proteus angui-
nus. Laur. rept. p. 37. t. 4. f. 3” (Merrem,
1820: pp. 187-188). The second, Phanero-
branchus platyrhynchus Leuckart, 1821, reused
the author’s previously proposed genus name
Platyrhynchus (Leuckart, 1816) as a species
epithet under the new genus Phanerobranchus,
likewise with explicit reference to “Prot. angui-
nus Laur.” (Leuckart, 1821: p. 260). Thus, both
Hypochthon laurentii and Phanerobranchus
platyrhynchus are replacement names (objec-
tive synonyms) and have the same name-bearing
type and type locality as Proteus anguinus Lau-
renti, 1768.

By the mid-19th century, the genus name
Hypochthon was preferred over Proteus (e.g.
Bonaparte, 1831; von Tschudi, 1838), with
Hypochthon laurentii in widespread use (e.g.,
Freyer, 1842). At the time, a major focus of olm
research was on the understanding of its distri-
bution (Hochenwart, 1838; Freyer, 1847), and
as new populations were discovered, notable
variation in morphology, coloration, and gill
shape began to be recognized (Michahelles,
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1830; Freyer, 1846). Synthesizing the accumu-
lating knowledge, Fitzinger (1850) published
an extensive taxonomic revision based on an
impressive collection of 479 specimens (includ-
ing 140 living individuals) from 11 localities.
He distinguished seven species, and for each,
provided names, localities, and detailed diag-
noses, including morphological measurements,
which we revisited and illustrated in fig. 7.

(1) Hypochthon laurentii from “Magdalena-
Grotte [Magdalena Cave]”, one of the
largest and best-studied olm popula-
tions, part of the Postojna cave system.
Fitzinger examined 312 specimens (90
living) from this population, 15 of which
are catalogued in NHMW (19957/1-15).
This population belongs to the Ljubljan-
ica lineage.

(2) Hypochthon schreibersii from “Vir” [Vir
pri Stični, Slovenia] (star 1 in fig. 9).
Fitzinger examined 78 specimens (16
living), ten of which are catalogued in
NHMW (19962/1, 19966/2-8, 19967/1-
2). This population belongs to the Stična
lineage.

(3) Hypochthon zoisii from “Rupa” [Rupe/
Rupnica near Stična, Slovenia] (star 2 in
fig. 9). Fitzinger examined 11 specimens
(10 living), four of which are catalogued
in NHMW (19959/2-5). This population
belongs to the Stična lineage.

(4) Hypochthon xanthostictus from “Bedén
[near Laze, Slovenia]” (star 3 in fig. 9).
Fitzinger examined 12 living specimens
from this population, one of which is
catalogued in NHMW (19959/1). This
population belongs to the Ljubljanica
lineage.

(5) Hypochthon haidingeri from “Klein-
häusler-Grötte [Planinska jama, Slove-
nia]” (star 4 in fig. 9), which is directly
connected to the Postojna cave system.
Fitzinger examined 40 specimens (2 liv-
ing), seven of which are catalogued in
NHMW (19963/1-7). This population
belongs to the Ljubljanica lineage.

(6) Hypochthon freyeri from “Kumpole
[Kompoljska jama, Slovenia]” and “Po-
tiskavz [Potiskavška jama, Slovenia]”
(stars 5 in fig. 9). Fitzinger examined
16 specimens (9 living) from Kumpole,
12 of which are catalogued in NHMW
(19969/1-12), and one specimen from
Potiskavz (not present in NHMW). Both
populations belong to the Dolenjska lin-
eage.

(7) Hypochthon carrarae from “Sign [Sinj,
Croatia]” and “der Narenta [Neretva
River, Croatia and Bosnia-Herzegovi-
na]”. These correspond to the only two
olm populations known in Dalmatia at
the time. Fitzinger (1850: 296) provided
additional details: “der Bach Gorizizza
bei Sign [Gorizizza spring near Sinj]”
and “eine Quelle an der Narenta . . . nahe
an der Strasse die nach Mostar führt”
[a spring on the Narenta near the road
to Mostar] (stars 6 in fig. 9). He exam-
ined four specimens from Sinj (one in
NHMW: 19980/1) and one from the
Narenta (none identified in NHMW).
Both populations belong to the Para-
littoral lineage.

Fitzinger’s Historia Hypochthonum having
been in preparation for years, his findings were
circulated prior to their publication. As a con-
sequence, most of his names had already been
introduced by Freyer (1847, 1849), raising the
question of whether some were made avail-
able. In particular, Freyer (1846) reported an
unnamed species sighted in 1836 and 1845 in
underground caves at “Bedén near Lase [Bedenj
ponor, northern slope of the Jakovški grič,
about half a kilometer west of Laze]” follow-
ing floods in the Planinsko polje, character-
ized by dark coloration, golden spots, distinc-
tive head and gill morphology, for which he
provided illustrations and a detailed diagnosis,
also noting that live specimens had been sent
to Schreibers for examination. In a subsequent
review of known olm localities, Freyer (1847)
applied Fitzinger’s forthcoming taxonomy and
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listed the Laze population as “Hyp. xanthostic-
tus Fitzinger [H. schreibersii Freyer]” (Freyer,
1847: p. 39). By honoring Schreibers, and else-
where recounting the 1845 discovery of the
dark golden-spotted olm at Laze (Freyer, 1847:
p. 38), Freyer clearly linked these names with
his earlier diagnosis (Freyer, 1846). Accord-
ingly, xanthostictus must be regarded as avail-
able from Freyer (1847). In contrast, schreiber-
sii, proposed only in synonymy and not sub-
sequently used for that taxon, was never made
available for it. Instead, when commenting on
the species’ unusual coloration, Freyer (1849)
introduced a replacement name, chrysostictus,
writing “Hypochthon xanthostictus Fitz. besser
chrysostictus mihi” and listed the Laze popula-
tion as “Hypochthon chrysostictus”. By explic-
itly favoring chrysostictus over xanthostictus,
Freyer (1849) thereby made chrysostictus avail-
able, although it remains a junior (objective)
synonym of xanthostictus under the Principle of
Priority.

Another four names traditionally attributed
to Fitzinger (1850) also appear in these ear-
lier publications. Freyer (1847) associated them
with localities as follows: (i) “Rupa bei Sit-
tich [Rupa near Stična] (Hyp Zoizii FITZ.)”;
(ii) “Vir, die Quelle bei Sittich [the spring near
Stična] (Hyp. Schreibersii MICHACHELLES)”;
(iii) “jenseits Potitkaviz bei Strug [beyond
Potiskavec near Strugah] (Hyp. Freyeri FITZIN-
GER); and (iv) “Hyp. Carrarae FITZ. bei Sign in
Dalmatien [near Sinj in Dalmatia]”. As no diag-
noses were provided, the three names attributed
to Fitzinger were not made available by Freyer
(1847).

For the Vir species, however, Freyer (1847)
attributed schreibersii to Michahelles (although
he misspelled his name). Michahelles (1830)
had reported that olms from the surroundings
of Vir differed morphologically from those
of the Magdalena cave, notably in having a
shorter head, snout and tail, and concluded
that they represented a distinct species; he also
noted color differences in a subsequent publi-
cation (Michahelles, 1831). Michahelles praised

Schreibers for his scientific achievement based
on specimens from this population (Schreibers,
1801), which explains the intended tribute by
Freyer (1847) and Fitzinger (1850). By explic-
itly referring to Michahelles’s indications when
listing schreibersii from Vir, Freyer (1847)
thereby made this name available for that taxon.

Freyer (1849) again distinguished the same
taxa, but in a slightly different manner. He
listed “Hypochthon Schreibersii Michahelles”,
“Hypochthon Freyeri Fitz” and “Hypochthon
carrarae”, still without diagnosis – and thus
without making the latter two available – and
attributed zoisii to Michahelles as “Hypochthon
Zoisii Michahelles”. However, Michahelles
(1830, 1831) had only discussed differences
between olms from Vir and the Magdalena cave.
Although Rupa (zoisii) and Vir (schreibersii)
are geographically close (“one hour apart”),
they were treated as separate localities by
Fitzinger (1850), and Michahelles made no
statement regarding the nature of specimens
from Rupa, merely noting that such material had
been sent to Baron Zois (Michahelles, 1831).
Consequently, zoisii was not made available by
Freyer (1849), as it was not explicitly linked to a
diagnosis or a previously published indication.

In these publications, the mention of Hypoch-
thon laurentii, particularly when attributed to
Fitzinger as “Hypochthon laurentii Fitz” (e.g.,
Freyer, 1842, 1846), has sometimes been inter-
preted as the establishment of a new taxon and
thus as a junior homonym of Merrem’s lau-
rentii (Frost, 2026). However, it appears that
Freyer and Fitzinger used this name simply to
designate or circumscribe the then-recognized
species of olm. This is evident in Freyer (1846),
who, when reporting his new species from
Laze, compares it to “Hypochthon Laurentii”
and refers to the populations of that “known
species” (“den bekannten”). More generally, as
noted above in relation to the credits to Micha-
helles and to himself, Freyer preferentially cited
authors who first distinguished the delimited
species (taxonomic status) rather than those
who coined their names (nomenclatural status).
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Accordingly, “Hypochthon laurentii Fitz” refers
to Fitzinger’s taxonomic framework – particu-
larly his restriction of that species to Magdalena
Cave – rather than to a new name.

From this point of view, the authorship and
dates for the seven species listed by Fitzinger
(1850) and mentioned by Freyer (1846, 1847,
1849) should be corrected as follows:

(1) Hypochthon xanthostictus Freyer, 1847,
with objective synonym Hypochthon
chrysostictus Freyer, 1849

(2) Hypochthon schreibersii Freyer, 1847
(3) Hypochthon freyeri Fitzinger, 1850
(4) Hypochthon carrarae Fitzinger, 1850
(5) Hypochthon zoisii Fitzinger, 1850
(6) Hypochthon haidingeri Fitzinger, 1850
(7) Hypochthon laurentii Merrem, 1820

Based on distributions and type localities,
three taxa – H. xanthostictus, H. chrysostictus
and H. haidingeri – belong to the Ljubljanica
lineage. As xanthostictus is the oldest avail-
able name, that lineage should be referred to
as Proteus xanthostictus (Freyer, 1847), with
H. chrysostictus and H. haidingeri treated as
junior synonyms. While Freyer’s xanthostictus
type specimen clearly seems atypical for Ljubl-
janica, it likely stems from riboflavin-induced
yellow blotches (Istenič and Zigler, 1974) – as
frequently observed in “white” Proteus speci-
mens – that must particularly contrast against
a pigmented skin following prolonged light
exposure or alcohol preservation, as acknowl-
edged by Freyer (1842) himself to explain the
dark coloration of such specimens. Accord-
ingly, Fitzinger (1850) applied this name on typ-
ical depigmented specimens, as represented by
NHMW 19959/1 (fig. 7).

Hypochthon carrarae belongs to the Para-
littoral lineage and represents the oldest (and
only) available name for this lineage, as Hy-
pochton carrarae Fitzinger, 1850. Because its
syntypes originate from two distinct ranges
(Sinj and the Neretva River), and that the
species may be phylogeographically structured
(Recknagel et al., 2024), we here restrain the

type locality to Sinj, Dalmatia, Croatia by des-
ignating NHMW 19980/1 as the lectotype of
Hypochton carrarae Fitzinger, 1850.

Hypochthon freyeri belongs to the Dolen-
jska lineage and likewise represents the oldest
(and only) available name, as Proteus freyeri
(Fitzinger, 1850). Although its syntypes origi-
nate from sites separated by only a few kilo-
meters, we here anticipate on any future tax-
onomic subdivision of this genetically diverse
species (Recknagel et al., 2024) by designat-
ing NHMW 19969/7 from Kompoljska jama,
Dobrepolje, Slovenia as the lectotype of Proteus
freyeri (Fitzinger, 1850).

Finally, H. schreibersii and H. zoisii belong to
the Stična lineage and are therefore junior syn-
onyms of Proteus anguinus (and of its objective
synonym H. laurentii).

In his review of a decade of zoological
progress in Croatia, Brusina (1880) acknowl-
edged the recent discovery of the olm in north-
eastern Croatia – previously known only from
Carniola and Dalmatia – and based on a sin-
gle specimen from Otočac that he considered
distinct from Slovenian and Dalmatian forms,
proposed the name Proteus croaticus. Brusina
(1908) later mentioned his taxa as a subspecies,
Proteus anguinus croaticus and recounted the
discovery by reproducing a 1899 letter from
the donor Mihovil Jurković, a schoolteacher. In
this letter, the origin of the specimen is more
precisely given as “Gackoj vodi kod Otočca”
[Gacka brook near Otočac], captured in the
summer of 1879. The original find is attributed
to a woman washing laundry in a branch of the
Gacka River behind the old town, where water
emerges among rocks and disappears under-
ground; she reportedly retrieved the animal
with her washing paddle, after which Jurković’s
pupils, bathing nearby, recognized its unusual
nature and brought it to their teacher.

While this taxon has been acknowledged
in some works (e.g., Sket, 1997), others have
treated it as unavailable (“Proteus croaticus
nom. nud.” in Gottstein Matočec et al., 2002),
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presumably because Brusina (1880) did not pro-
vide any diagnosis or indication (only mention-
ing that his taxon is “distinct” from other olms).
Likewise, Jurković’s letter featured in Brusina
(1908: p. 250) includes little descriptive ele-
ments, but it does comment on the coloration
of the specimen, specifying that the body had a
beautiful fine flesh coloration (“lijepe putenaste
boje”) that became paler in alcohol. Before
1931, coloration details were considered as an
“indication” that was sufficient for nomenclat-
ural availability. We therefore consider Pro-
teus anguinus croaticus as made available by
Brusina (1908), with the 1879 Otočac specimen
as the holotype (initially presumably curated at
HPM, but subsequently lost; Karaman, 1921),
and the Gacka river near Otočac as the type
locality. This taxon belongs to the Lika lin-
eage and represents the oldest (and only) avail-
able name for that lineage, as Proteus croaticus
Brusina, 1908.

Since the second half of the 19th century, the
olms’ systematics was marked by a progressive
taxonomic deflation and the re-instatement of
Proteus and anguinus through application of the
Principle of Priority. Based on skeleton exami-
nation, Cope (1866) concluded on the validity
of Proteus zoisii, P. carrarae, P. xanthostictus,
P. schreibersii and P. anguinus, but not of P.
freyeri (synonymized with P. xanthostictus) and
P. haidingeri (synonymized with P. anguinus);
he nevertheless examined only a single speci-
men per taxon. In his catalog of BMNH amphib-
ians, Boulenger (1882) considered carrarae and
zoisii as varieties, P. anguinus var. carrarae and
P. anguinus var. zoisii, and grouped all other
Fitzinger’s taxa under the nominal P. anguinus.
Brusina (1908) followed this trend by down-
ranking his croaticus as a subspecies. Fejérváry
(1926), who examined specimens from two ori-
gins, recognized Fitzinger’s freyeri as a distinct
subspecies, P. anguinus freyeri. In their Euro-
pean list of amphibians and reptiles, Mertens
and Müller (1928) considered Proteus angui-
nus without subspecific distinction, but rec-
ognized two subspecies in the second edition

(Mertens and Müller, 1940), P. a. anguinus
and P. a. zoisii; the latter was even still men-
tioned (although with expressed doubts) as a
species in some work (e.g., McCrady, 1954).
Throughout the second half of the 20th cen-
tury, Proteus was once again universally con-
sidered as a monotypic genus and P. anguinus
as a monotypic species, as notably emphasized
by a morphological re-assessment that included
Fitzinger’s types, which concluded on clinal
variation among proposed taxa to justify their
synonymy (Grillitsch and Tiedemann, 1994).

Within this conservative framework, the
“black olm” – so named for its melanistic pig-
mentation, expressed even in the absence of
light – discovered in the 1980s, was described as
a distinct subspecies, Proteus anguinus parkelj
Sket and Arntzen, 1994, with holotype ULBF
J8 and type locality “Na Trati, Jelševnik near
Črnomelj, Slovenia”. In addition to its non-
troglomorphic behavior and pigmentation, the
authors demonstrated proteic (allozyme) and
phenotypic differentiation from the “white”
populations, regrouped as P. a. anguinus, while
also discussing the paraphyly of the latter (Sket
and Arntzen, 1994). The status of P. a. parkelj
subsequently prompted debate, due to conflict-
ing interpretations of the morphological and
genetic variation among Proteus populations
(Grillitsch and Tiedemann, 1994; Goricki and
Trontelj, 2006; but see Arntzen and Sket, 1996,
1997). As assigned by Recknagel et al. (2024),
the type locality of P. a. parkelj corresponds to
the Parkelj lineage, which should therefore be
recognized as Proteus parkelj Sket and Arntzen,
1994.

Finally, Proteus bavaricus Brunner, 1956,
described from an Upper Pleistocene fossil from
southeastern Germany, may either designate a
distinct extinct species or correspond to one
of the extant Proteus lineages, in which case
it would represent a northern population per-
sisting outside the present range of the genus
during the last glacial stage. Under the lat-
ter hypothesis, the most parsimonious inter-
pretation is that this population belongs to
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either the Stična, Ljubljanica, or Dolenjska lin-
eages, which occupy the northernmost por-
tions of the current Proteus distribution and are
therefore geographically closest to southeastern
Germany. In such a case, the nomen bavari-
cus would become a junior synonym of either
anguinus, xanthostictus, or freyeri. Resolving
this issue will require a reassessment of the
evolutionary distinctiveness of P. bavaricus,
notably through the discovery of additional fos-
sils from older deposits – which would sup-
port an earlier origin and potential species-level
distinction – and through detailed osteologi-
cal comparisons with extant lineages. As the
available evidence does not allow to settle on
this case, we leave P. bavaricus unassigned,
especially as this nomen does not threaten the
nomenclatural stability of the three candidate
extant species with which it may potentially
prove conspecific.

Considering extant populations, the 12 avail-
able names identified here thus correspond to
six species (Stična: P. anguinus; Ljubljanica:
P. xanthostictus; Dolenjska: P. freyeri; Para-
littoral: P. carrarae; Lika: P. croaticus; and
Parkelj: P. parkelj), while the remaining three
(Istra, Krajina, Kras/Carso) are newly described
in the following section.

Taxonomic revision

Zoobank article LSID

urn:lsid:zoobank.org:pub:9EE06D32-44D5-
48DB-A34E-A9BB7849433D

Based on the above, we provide a taxo-
nomic revision of Proteus, by recognizing nine
species, six with available names, and three
newly described. To provide molecular diag-
noses, SNPs fixed between species were iden-
tified in the 16S (1367 bp) and COI sequences
(660 bp) with MolD (Fedosov et al., 2022),
based on the sequences published on GenBank
by Recknagel et al. (2024). To confirm their
identity, newly-collected type specimens were
barcoded at a short portion of 16S following

Vences et al. (2005), with primers 16S-A/B,
and sequences (517 bp aligned) were deposited
on GenBank. For external diagnoses, we refer
to the analyses of phenotypic morphological
traits conducted in the above section, noting
that no single character is fully diagnostic (i.e.,
without overlap), and that one species (Parkelj)
could not be measured. Instead, we report the
most important average differences (based on
data scaled by total body length), notably with
closely related species (table 2, fig. 5). Note
that, apart from Istra, field identification is
only possible through geographic and molecular
information. Brief species-specific life-history
information is provided.

Proteus anguinus Laurenti, 1768 (fig. 10)

Identity

The Stična lineage.

Etymology

anguinus is a latin construct meaning “snake-
like”, which refers to the elongated cylindrical
body of the olm.

Vernacular names

Stična’s olm (English), Stički močeril (Slove-
nian).

Type series

Holotype, the specimen provided and pictured
by Hohenwart, used for diagnosis and figured
in Laurenti (1768). While given as “in lacu
Tschirnicensi Carnioliae [in Lake Cerknica,
Carniola]” by Laurenti (1768), the type local-
ity is more likely Virski studenec near Stična,
Slovenia (see Aljančič, 2019 and the previous
section).
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Figure 10. Proteus anguinus Laurenti, 1768 – the Stična species. (A) Laurenti (1768)’s drawing of the type specimen of
P. anguinus, which most likely originated from Vir pri Stični. (B) Schreibers (1801)’s drawing of P. anguinus, examined
for the first comprehensive work on the biology of the species, based on specimens from Stična area, which was the only
population known by scholars at the time. (C) MNHN-RA 0000.4770, the specimen mentioned by Cloquet (1826: p. 394) as
being donated by Baron Zoïs – and thus potentially among those used for Schreibers’s research – reportedly when the French
troops retreated from the Austrian provinces during the Napoleonic wars in 1813 (B Kryštufek pers. comm.), making it one
of the oldest Proteus specimen still curated. (D) Wax specimen MNHN-RA 1986.0996, purportedly donated in the early 19th
century – a common practice as biological specimens of olms were rare at the time. (E) Virski studenec in Vir pri Stični, the
type locality of P. anguinus according to Aljančič (2019), the only place where olms could be easily observed in the area
of Stična – from where the specimens studied by Scopoli and Laurenti supposedly originated; the site is monitored for olm
activity by cameras. Type specimens of the junior synonyms Hypochthon schreibersii and Hypochthon zoisii are displayed in
figs. S5 and S6 in the Supplementary material. Photo credits: C. Dufresnes (C-E).

Synonym(s)

Hypochthon laurentii Merrem, 1820 (objec-
tive); Phanerobranchus platyrhynchus Leuc-
kart, 1821 (objective); Hypochthon schreiber-
sii Freyer, 1847 (subjective; type locality: Vir

pri Stični, Slovenia – potentially same as P.

anguinus; type series: 78 syntypes examined by

Fitzinger, including NHMW 19962/1, 19966/2-

8, and 19967/1-2, illustrated in fig. S5); Hy-

pochthon zoisii Fitzinger, 1850 (subjective; type
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locality: Rupe/Rupnica near Stična, Slovenia;
type series: 11 syntypes examined by Fitzinger,
including NHMW 19959/2-5, two being illus-
trated in fig. S6 in the Supplementary material).

Molecular diagnosis

At 16S, P. anguinus can be distinguished from
other members of the genus Proteus by: ‘A’ in
the site 19, ‘T’ in the site 39, ‘A’ in the site 519.
At COI, it can be distinguished by: ‘T’ in the
site 102, ‘T’ in the site 156, ‘A’ in the site 255.

External diagnosis

According to our morphological analyses, P.
anguinus most resembles the other two white
olm species from Slovenia, P. xanthostictus and
P. freyeri, to which it is phylogenetically close.
It can be diagnosed from these species through
a combination of characters including, on aver-
age, a higher and wider head, longer gills, as
well as shorter hindlimbs (fig. 5).

Distribution, life-history and threats

Proteus anguinus is restricted to the low Dolen-
jska karst of central Slovenia, where it is
known from a narrow west-east belt extend-
ing from the Višnjica valley through the sur-
roundings of Stična and Vir pri Stični to Šent-
pavel and Mačji Dol (Sket, 1997; Hudoklin and
Aljančič, 2017). Most records originate from
karst springs, estavelles (karst openings that
alternately discharge or absorb water) and inter-
mittent overflow outlets connected to subter-
ranean groundwater (Sket, 1997; Hudoklin and
Aljančič, 2017). Although the known localities
form a geographically coherent cluster, direct
hydrological connections among them remain
uncertain. Historically, P. anguinus was the first
olm lineage to be studied, notably through the
pioneer anatomical investigations of Schreibers
(1801). With an extent of occurrence of only
15 km2 and an area of occupancy of 36 km2,
P. anguinus is among the most range-restricted
members of the genus, and we recommend that

it be classified as Critically Endangered under
IUCN Criterion B.

Proteus xanthostictus (Freyer, 1847) (fig. 11)

Identity

The Ljubljanica lineage.

Vernacular names

Ljubljanica’s olm (English), Ljubljaniški moče-
ril (Slovenian).

Etymology

xanthostictus is a Greek construct, meaning
“yellow-spotted”, in reference to the first obser-
vation of this species by Freyer (1846), which
probably results from high concentrations of
riboflavin yielding yellow markings, especially
on darker (e.g. light-altered) individuals.

Type series

Holotype, the specimen pictured by Freyer
(1847), which originates from Bedén ponor,
near Laze in the Planinsko polje, Slovenia. Its
fate is unclear – it was potentially part of the
specimen series mentioned to have been sent
to Schreibers, which were subsequently lost in
a fire during the Austrian Revolution of 1848
(Freyer, 1849).

Synonym(s)

Hypochthon chrysostictus Freyer, 1849 (objec-
tive) and Hypochthon haidingeri Fitzinger, 1850
(subjective; type locality: Planinska jama, Slo-
venia; type series: 40 syntypes examined by
Fitzinger, including NHMW 19963/1-7, illus-
trated in fig. S7 in the Supplementary mate-
rial). The specimens considered as “Hypochton
laurentii” by Fitzinger (1850), which origi-
nate from Magdalena Cave, correspond to this
species (312 specimens examined by Fitzinger,
including NHMW 19957/1-15, eight being il-
lustrated in fig. S8 in the Supplementary mate-
rial).
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Figure 11. Proteus xanthostictus (Freyer, 1847) – the Ljubljanica species. (A) Drawing of the type specimen by Freyer
(1846). (B) NHMW 19959/1, the only remaining specimen examined by Fitzinger (1850), while the original series included
12 specimens; remaining type specimens of the junior subjective synonym Hypochthon haidingeri are displayed in fig. S7
in the Supplementary material. (C) Live specimen from Planinska Jama, Slovenia. (D) The type locality, Bedén ponor near
Laze, Slovenia. Photo credits: D. Jablonski (top right; B); S. Voitel (C); C. Dufresnes (D).

Molecular diagnosis

At 16S, P. xanthostictus can be distinguished
from other members of the genus Proteus by:
‘A’ in the site 73, ‘G’ in the site 216, ‘G’ in the
site 326. At COI, it can be distinguished by: ‘T’
in the site 21, ‘T’ in the site 30, ‘A’ in the site
207.

External diagnosis

According to our morphological analyses, P.
xanthostictus generally resembles the other two
white olm species from Slovenia, P. anguinus
and P. freyeri, to which it is phylogenetically
close. It can be diagnosed from these species
through a combination of characters including,
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on average, a longer head with a larger snout tip
and shorter gills (fig. 5).

Distribution, life-history and threats

Proteus xanthostictus is distributed across the
Ljubljanica karst of southwestern and south-
central Slovenia, from the upper Pivka and Lož-
Cerknica basins through the Postojna-Planina
cave system and Planinsko polje to the Ljubl-
janica springs near Vrhnika (Sket, 1997). In
the west of its range, P. xanthostictus meets
the Kras/Carso species along the Timavo under-
ground river system, and the presence of both
mtDNA lineages suggest secondary contact
(Recknagel et al., 2024). Like most members of
the genus, P. xanthostictus is generally depig-
mented, although individuals with darker pig-
mentation and yellowish markings have occa-
sionally been reported (Freyer, 1846). The
species is considered threatened by groundwater
pollution (Aljančič, 2019), and with an extent
of occurrence of approx. 1300 km2, an area of
occupancy of approx. 200 km2, we recommend
its provisional assessment as Endangered under
IUCN Criterion B.

Proteus freyeri (Fitzinger, 1850) (fig. 12)

Identity

The Dolenjska lineage.

Vernacular names

Freyer’s olm (English), Freyerjev močeril (Slo-
venian).

Etymology

freyeri is a tribute to Heinrich Freyer (1802-
1866), a Carniolan naturalist and curator of nat-
ural history collections (in Ljubljana and Tri-
este), who made important contributions on olm
distribution research (e.g., Freyer, 1846, 1847,
1849, 1850).

Type series

Lectotype 19969/7 from Kompoljska jama, near
Kompolje, Slovenia, and 16 paralectotypes,
including 15 from the type locality (including
NHMW 19969/1-6 and 19969/8-12, illustrated
in fig. S9 in the Supplementary material), and
one from the nearby cave of Potiskavška jama,
Slovenia.

Molecular diagnosis

At 16S, P. freyeri can be distinguished from
other members of the genus Proteus by: ‘A’ in
the site 85, ‘C’ in the site 96, ‘T’ in the site
238, ‘C’ in the site 1122. At COI, it can be
distinguished by: ‘G’ in the site 78, ‘A’ in the
site 87, ‘C’ in the site 165, ‘T’ in the site 321.

External diagnosis

According to our morphological analyses, P.
freyeri generally resembles the other two white
olm species from Slovenia, P. anguinus and P.
xanthostictus, to which it is phylogenetically
close. It can be diagnosed from these species
through a combination of characters including,
on average, a longer tail, a smaller interlimb
distance, as well as a narrower head and snout
(fig. 5).

Distribution, life-history and threats

Proteus freyeri is widely distributed through-
out southeastern Slovenia, extending from the
Radensko-Dobrepolje region and the upper
Krka valley through Suha krajina, the Ribnica-
Kočevje region and the surroundings of Dolen-
jske Toplice and Novo mesto to Bela krajina,
with an isolated historical record from Ozaljska
pećina in Croatia (Hudoklin and Aljančič,
2017). In Bela krajina, P. freyeri was also
detected within two sites also inhabited by P.
parkelj according to eDNA and visual obser-
vations (Gorički et al., 2017; Recknagel et al.,
2022). In the north of its range, nuclear and
mitochondrial introgression from P. anguinus
suggest recent hybridization (Recknagel et al.,
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Figure 12. Proteus freyeri (Fitzinger, 1850) – the Dolenjska species. (A) Lectotype NHMW19969/7; remaining paralecto-
types are displayed in fig. S9 in the Supplementary material. (B) Live topotypic specimen. (C) The type locality, Kompoljska
Jama, Slovenia (approx. 50 m from the entrance). Photo credits: D. Jablonski (top right; A-B); C. Dufresnes (C).

2024). In a perennial karst spring, P. freyeri indi-

viduals were observed as emerging regularly

into a shallow surface pool at nighttime (Pre-

mate et al., 2022), indicating that the species

can exploit surface habitats while maintaining

close association with the subterranean environ-

ment. With an extent of occurrence of approx.

1400 km2 and an area of occupancy of approx.

250 km2, P. freyeri should be provisionally con-

sidered as Endangered under IUCN Criterion

B.

Proteus carrarae (Fitzinger, 1850) (fig. 13)

Identity

The Para-littoral lineage.

Vernacular names

Dalmatian olm (English), Dalmatinska čovječja
ribica (Croatian), Hercegovačka čovječija ribica
(Bosnian).
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Figure 13. Proteus carrarae (Fitzinger, 1850) – the Para-littoral species. (A) Lectotype NHMW 19980/1 from Sinj, Croatia.
(B) Live specimen from the Trebišnjica River Basin, Bosnia and Herzegovina. (C) Topotypic live specimen from Vedrine,
Sinj, Croatia. Photo credits: D. Jablonski (top right; A); L. Balazs (Devon Karst Research Society – Proteus Project in BiH)
(B); D. Jelić (C).

Etymology

carrarae is a tribute to Francesco Carrara, a
Dalmatian Italian archaeologist from Split, who
sent olm specimens from the Neretva River to
Fitzinger (1850), on which he based the descrip-
tion.

Type series

Lectotype NHMW 19980/1 from Sinj, Croatia
and four paralectotypes, including three from
the type locality and one from the Narenta river.

Molecular diagnosis

At 16S, P. carrarae can be distinguished from
other members of the genus Proteus by: ‘G’ in
the site 51, ‘T’ in the site 138, ‘A’ in the site
179. At COI, it can be distinguished by: ‘A’ in
the site 270, ‘T’ in the site 318, ‘A’ in the site
321.

External diagnosis

According to our morphological analyses, P.
carrarae can be diagnosed from most other
species through a combination of various char-
acters including, on average, more spaced but
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shorter limbs, which translates into the lowest
Wolterstorff Index of the complex (fig. 5).

Distribution, life-history and threats

Proteus carrarae extends along the coastal
Dinaric Karst from northern Dalmatia to south-
ern Herzegovina and the Dubrovnik hinterland
possibly extending as far south as the Bay
of Kotor if an uncertain eDNA record from
Sopot (Risan) is confirmed (Gorički et al.,
2017). It has a broad elevational range from
coastal springs at or near sea level, includ-
ing the microsprings of the Neretva estuary
(approx. 7 m a.s.l.) and the large Ombla spring
near Dubrovnik, to the upper reaches of the
Trebišnjica drainage near Bileća and the upper
Trebižat drainage above 500 m a.s.l. Through-
out much of its range, the species is occasionally
recorded in syntopy with the semi-subterranean
cyprinid fishes Delminichthys ghetaldii in caves
of the Dubrovnik and Trebinje region, and
Delminichthys adspersus in caves of the Trebi-
žat-Vrljika drainage (Delić et al., 2023). Such
associations appear to be uncommon despite
overlapping distributions, possibly reflecting
competition for limited subterranean food re-
sources, particularly small aquatic cave inverte-
brates. Molecular datasets revealed some phy-
logeographic subdivision between the north-
western and southeastern parts of its range
(Recknagel et al., 2024), suggesting allopatric
isolation and possibly additional (subspecific)
taxa to acknowledge in the future, notably
with range-wide genomic sampling. A long-
term capture-mark-recapture study in Vruljak
1 Cave revealed pronounced site fidelity, with
most recaptured individuals moving less than
10 m between observations and some remain-
ing at virtually the same location for several
years (Balázs et al., 2020). As in other species,
the main threats include groundwater pollution,
hydrological alteration, excessive water abstrac-
tion, and degradation of karst spring habi-
tats. With an extent of occurrence of approx.
8600 km2 and an area of occupancy of approx.
250 km2, P. carrarae is the most widespread

species of the complex, but it remains eligible
for the Endangered category under IUCN Crite-
rion B2.

Proteus croaticus Brusina, 1908 (fig. 14)

Identity

The Lika lineage.

Vernacular names

Croatian olm (English), Hrvatska čovječja ribi-
ca (Croatian).

Etymology

croaticus is a latinized adjective referring to
Croatia. When the name was proposed in
the late 19th century (Brusina, 1880), “Croa-
tia” corresponded to the kingdom of Croatia-
Slavonia (within the Austria-Hungarian em-
pire), which excluded Dalmatia; thus, this
species was the first and only olm documented
in the country boundaries of that time.

Type series

Holotype, the specimen mentioned by Brusina
(1880, 1908), which originates from a spring
of the Gacka behind the old town of Otočac,
Croatia; it was initially curated at HPM, but was
lost by the early 20th century (Karaman, 1921).

Molecular diagnosis

At 16S, P. croaticus can be distinguished from
other members of the genus Proteus by: ‘C’ in
the site 48, ‘C’ in the site 50, ‘T’ in the site 51.
At COI, it can be distinguished by: ‘T’ in the
site 3, ‘G’ in the site 75, ‘T’ in the site 195.

External diagnosis

According to our morphological analyses, P.
croaticus can be diagnosed from most other
species, notably those neighboring its range,
through a combination of various characters
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Figure 14. Proteus croaticus Brusina, 1908 – the Lika species. (A) Representative specimen (HDBI 2965/1) from Ponor
Rupecice, Croatia. (B) Live specimen from Gorski Kotar, Croatia. (C) View on the Gacka river behind the old town of
Otočac, Croatia, the type locality of P. croaticus; the description mentions a brook flowing into the river, many of such have
been canalized underground, as the river underwent dramatic diking since the 19th century. Photo credits: D. Jablonski (top
right; A); P. Kovač Konrad (B); C. Dufresnes (C).

including, on average, a longer tail and weakly
spaced limbs (fig. 5). It also features, like its
sister species Kras/Carso, the lowest number of
myomeres on average (23.6; table 2).

Distribution, life-history and threats

Proteus croaticus is restricted to the hilly karst
of central Croatia, where it is primarily associ-
ated with the aquifer systems of the Lika and
Gorski Kotar regions, occurring across a series
of high poljes situated between approximately
300 and 800 m a.s.l. Although these poljes are
separated at the surface, they remain intercon-
nected through extensive subterranean drainage
networks, with many rivers disappearing into
sinkholes and flowing beneath the surround-
ing massifs. Water temperatures may locally

fall below 5°C, making this one of the cold-
est environments occupied by the genus (Sket,
1997). Within a small part of its distribution,
P. croaticus occurs in syntopy with the semi-
subterranean cyprinid fishes Telestes polylepis
and T. karsticus. At several localities, partic-
ularly the Rupećica River sinkhole, individu-
als exhibit an unusually intense yellow pig-
mentation, which is further accentuated against
the characteristic black bacterial biofilm cover-
ing the limestone walls of the cave system. In
Zagorska peć near Ogulin, cave divers record-
ed adult olms throughout a submerged siphon
as deep as 113 m, representing the deepest pub-
lished in situ record for Proteus (Kovač Konrad
and Koller, 2017). With an extent of occurrence
of approx. 440 km2 and an area of occupancy of
approx. 60 km2, we provisionally recommend
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Figure 15. Proteus parkelj Sket and Arntzen, 1994 – the Parkelj species. (A) Live specimen from Jelševnik, Slovenia. (B)
View on the Dobliška depression, which covers the distribution of P. parkelj, with the type locality (Na Trati, Jelševnik,
Slovenia) in the foreground (arrow). Photo credits: K. Chouchane (top right; A); C. Dufresnes (B).

to list P. croaticus as Endangered under IUCN
Criterion B.

Proteus parkelj Sket and Arntzen, 1994
(fig. 15)

Identity

The Parkelj lineage.

Vernacular names

Black olm (English), Črni močeril (Slovenian).

Etymology

“Parkelj” is the Slovene name for Krampus, a
dark often black-furred, horned figure of the
Saint Nicholas tradition, which is deeply rooted
in Austria and neighboring countries like Slove-
nia; it is notably used to nickname a devil-
looking cookie, parkeljn (plural parkeljni), tra-
ditionally sold in Ljubljana around St. Nicholas
day, which the descriptors found to resemble
black olms (Sket and Arntzen, 1994).

Type series

Holotype ULBF J8 and nine paratypes, includ-
ing six adults (ULBF J1-J3, ULBF J6-J7 and
ZMA Herp. 9239), one embryo (ULBF J10),
one cleared/stained specimen (ULBF J5) and
one skeleton (ULBF J4), all from Na Trati,
Jelševnik near Črnomelj, Slovenia.

Molecular diagnosis

At 16S, P. parkelj can be distinguished from
other members of the genus Proteus by: ‘C’ in
the site 73, ‘A’ in the site 96, ‘C’ in the site 240.
At COI, it can be distinguished by: ‘G’ in the
site 24, ‘G’ in the site 450.

External diagnosis

This species could not be included in our mor-
phological analyses, and the following refers to
previously documented differences between the
dark ecotype associated to the Parkelj lineage
and other (depigmented) Proteus species. Pro-
teus parkelj is externally distinguished by dark
pigmentation due to abundant melanophores
in both the epidermis and the dermis (syn-
thetized even in the absence of light), while
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other species are completely depigmented. Its
skin is thicker and more complex, with more
multicellular mucous glands in dermis and an
increased number of layers of epidermal cells
(Sket and Arntzen, 1994; Aljančič et al., 2021).
Cranial morphology differs markedly, with P.
parkelj exhibiting a shorter, broader snout, a
more angular and robust skull, stronger cra-
nial musculature, and as confirmed by geomet-
ric morphometric analyses, a wider skull with
laterally positioned elements, in contrast to the
elongated, narrow, “duck bill” rostrum typical
of other Proteus species (Sket and Arntzen,
1994; Ivanović et al., 2013). Osteological dif-
ferences include fewer vomerine teeth (16-17
vs. 22-30), larger premaxillae, shorter and more
widely separated vomers, and a more posteri-
orly positioned jaw articulation point (Sket and
Arntzen, 1994; Ivanović et al., 2013). Body pro-
portions also differ: P. parkelj has a longer trunk
with more trunk vertebrae (34-35 vs. 29-31),
a shorter tail with fewer caudal vertebrae that
decrease distally and end in 3-5 rudimentary
elements, and shorter limbs (Sket and Arntzen,
1994; Ivanović et al., 2013). These compar-
isons are however restricted to only some of
the other species, represented by the material
examined (from Slovenia and Italy), and should
be re-assessed. The species retains externally
visible, functional eyes with cornea, lens, and
a well-organized retina containing 3 photore-
ceptor types (versus only 2 in other species
assessed), resulting in more developed visual
capability, whereas other Proteus species have
regressed, often skin-covered eyes with reduced
or absent lenses and simplified retinas (Aljančič
et al., 2021).

Distribution, life-history and threats

Proteus parkelj is restricted to a very small
area of Bela krajina in southeastern Slove-
nia, west of Črnomelj, where it occupies the
Dobličica-Jelševniščica spring system at the
margin of the Kočevski Rog plateau (Sket and
Arntzen, 1994; Gorički et al., 2017). Unlike
the remaining species of the genus, which are

typically associated with extensive cave sys-
tems, P. parkelj appears to inhabit relatively
shallow karst aquifers composed of fissures,
small submerged cavities and spring-connected
groundwaters (Bizjak Mali and Sket, 2019;
Koren et al., 2023). Most records originate
from karst springs, intermittent resurgences,
water-supply shafts and other groundwater out-
lets rather than accessible caves, and much of
the species’ distribution has been reconstructed
through eDNA surveys (Gorički et al., 2017);
direct hypogean observations have only been
made within a large siphon at depths of approx-
imately 15-20 m (Mihajlovski, 2012; Hudok-
lin and Aljančič, 2017). Hydrological moni-
toring indicates rapid responses of the aquifer
to rainfall and suggests hydraulic connectiv-
ity among several springs, although some out-
lets appear to drain independent groundwa-
ter systems (Koren et al., 2023). The ecology
of populations identified as P. parkelj differs
markedly from that of other olms. Individuals
frequently emerge into spring pools and other
surface waters, particularly at night and fol-
lowing rainfall, but rapidly retreat underground
when disturbed or exposed to light (Sket, 1993;
Sket and Arntzen, 1994). The shallow nature of
its habitat probably results in greater exchange
with surface environments and consequently
higher nutrient availability than in typical cave
systems. The species has been observed shar-
ing isolated water holes with the newt Tritu-
rus carnifex and in small spring resurgences,
with the minnow Phoxinus lumaireul, whereas
larger resurgences are inhabited by predatory
fishes (e.g., Perca and Esox), whose presence
may restrict surface activity and explain why
P. parkelj is most frequently observed at the
margins of these pools. Depigmented individ-
uals inhabiting the same groundwater system
(Gorički et al., 2017; Recknagel et al., 2022)
supposedly correspond to sympatric P. freyeri
individuals, although a hypogean ecotype for
the species cannot be excluded. With a cal-
culated extent of occurrence of only 3 km2

and an area of occupancy of approx. 20 km2
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Figure 16. Proteus ikae sp. nov. – the Istra species. (A) Holotype NHMW 19975/1. (B) Live specimen from Baredine Cave,
Croatia. (C) Live specimen from Pincinova jama, Croatia. Photo credits: D. Jablonski (top right; A); C. Dufresnes (B); D.
Jelić (C).

(within the range of previous estimations; Sket

and Arntzen, 1994; Gorički et al., 2017),

P. parkelj is the most geographically restricted

species of the genus. Its small range, occur-

rence in a single karst system, and the rapid

infiltration of agricultural and wastewater pol-

lution into its shallow aquifer make it excep-

tionally vulnerable to localized disturbances

(Koren et al., 2023; Glavan and Cvejić, 2024).

Additional threats include inappropriate han-

dling and collection of individuals for the pet

trade, which may facilitate pathogen transmis-

sion and contribute to population decline. We

therefore recommend that P. parkelj be consid-

ered as Critically Endangered under IUCN Cri-

terion B.

Proteus ikae sp. nov. Jelić, Dufresnes and
Jablonski, 2026 (fig. 16)

Identity

The Istra lineage.

Vernacular names

Istrian olm (English), Istarska čovječja ribica
(Croatian).

Etymology

ikae is a latinized noun dedicated to Ika
(also rendered as Ica), an indigenous Histro-
Liburnian female deity documented by Roman-
era votive inscriptions from Plomin and Pula in
Istria, whose cult has been associated primarily
with springs and water.
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Type series

Holotype NHMW 19975/1, adult collected in
1886 at the coal mine of Carpano near Labin,
Istria, Croatia, and acquired by NHMW from
A. Valle in 1892. Measurements are given in
table 3.

Molecular diagnosis

At 16S, P. ikae sp. nov. can be distinguished
from other members of the genus Proteus by:
‘C’ in the site 64, ‘C’ in the site 97, ‘C’ in the
site 106, ‘C’ in the site 189. At COI, it can be
distinguished by: ‘C’ in the site 18, ‘C’ in the
site 78.

External diagnosis

According to our morphological analyses, P.
ikae sp. nov. substantially differs from all other
species of the genus and can be diagnosed by
its elongated, narrow snout, limited gills, short
tail as well as weakly spaced but longer limbs,
which translates into the highest Wolterstorff
Index of the complex (fig. 5).

Distribution, life-history and threats

Proteus ikae sp. nov. appears to be primar-
ily associated with deep karst aquifer systems
of the Istrian Peninsula and is only occasion-
ally flushed to the surface through large karst
springs. The species has been recorded from
springs and wells at or near sea level, includ-
ing the historic Nimfej spring and the main
water source beneath the Pula Arena, situated
between the Roman amphitheatre and the Adri-
atic coast. Most additional records originate
from deep vertical caves and pits that provide
access to the deeper karstic groundwater net-
work (Polak et al., 2012). Accordingly, unlike
several other Proteus species, P. ikae sp. nov.
predominantly inhabits deep aquifer systems
rather than shallow cave streams. Its habitat is
typically characterized by conspicuous yellow
to reddish clay and mud deposits coating the
cave floor and walls, creating a striking contrast

with the otherwise white limestone bedrock.
The karst aquifers of Istria are subject to
increasing anthropogenic pressures, particularly
intensive groundwater abstraction for public
water supply, tourism-related water demand and
groundwater pollution – as observed in surface
ponds throughout the peninsula (M. Denoël,
pers. obs.). In addition, noticeable reductions in
groundwater levels and cave water bodies have
been observed at several localities during recent
years (D. Jelić, pers. obs.), highlighting the
potential vulnerability of this highly localized
species to ongoing hydrological changes. With
an extent of occurrence of approx. 1150 km2

and a verified area of occupancy of only approx.
50 km2, P. ikae sp. nov. should be provisionally
considered as Endangered under IUCN Crite-
rion B.

Proteus bosniensis sp. nov. Šunje, Jelić,
Zimić, Dufresnes and Jablonski, 2026
(fig. 17)

Identity

The Krajina lineage.

Vernacular names

Bosnian olm (English), Bosanska čovječja ribi-
ca (Bosnian).

Etymology

bosniensis is a latinized adjective meaning
“from Bosnia”. The name itself supposedly
roots back from the ancient hydronym Bosna,
the primary river running through the coun-
try, which means “running water” or “flow-
ing current” in Proto-Indo-European languages.
bosniensis thus conveys both the endemic na-
ture of the species to Bosnia and its association
with freshwaters.

Type series

Holotype NMBH 11568, adult collected on 25th
June 2026 by D. Jelić, E. Šunje, C. Dufresnes
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Figure 17. Proteus bosniensis sp. nov. – the Krajina species. (A) Type series, including the holotype (NMBH 11568; top)
and three adult paratype specimens (NMBH 11569-11571) from Bobijaško Oko, Lušci Palanka, Bosnia and Herzegovina;
five juvenile paratype specimens (NMBH 11572-11576) from Suvaja, Lušci Palanka, Bosnia and Herzegovina (bottom); one
historical adult paratype specimen (NMBH 7867) from Bobijaško Oko (right). (B) Live adult specimen from Bobijaško Oko.
(C) The type locality, Bobijaško Oko, Lušci Palanka, Bosnia and Herzegovina. Photo credits: D. Jablonski (top right; A-C).

and D. Jablonski in Bobijaško Oko, Lušci
Palanka, Bosnia and Herzegovina (GenBank
accession of 16S: PZ748789). Nine paratypes:
NMBH 11569-11571, three adults collected at
the type locality (same date and collectors as
holotype); NMBH 11572-11576, five juveniles

collected in Suvaja, Lušci Palanka, Bosnia and
Herzegovina (same date and collectors as holo-
type; GenBank accessions of 16S: PZ748793-
PZ748797); NMBH 7867, adult collected at the
type locality in August 1913 by an unknown
collector. Measurements are given in table 3.
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Molecular diagnosis

At 16S, P. bosniensis sp. nov. can be distin-
guished from other members of the genus Pro-
teus by: ‘T’ in the site 44, ‘G’ in the site 46, ‘C’
in the site 66. At COI, it can be distinguished
by: ‘G’ in the site 9, ‘A’ in the site 15.

External diagnosis

According to our morphological analyses, P.
bosniensis sp. nov. can be diagnosed from most
other species, notably those neighboring its
range, through a combination of various charac-
ters including, on average, a shorter but broader
and higher head, giving the species a “piggy”
appearance (fig. 5).

Distribution, life-history and threats

Proteus bosniensis sp. nov. is restricted to the
upper reaches of the Una River and Sana River
drainages within the Danube Basin of north-
western Bosnia and Herzegovina, primarily sur-
rounding Grmeč. The species inhabits a com-
plex karst landscape composed of a series of
high karst poljes (approximately 600 m a.s.l.)
that drain through extensive underground sys-
tems into lower poljes (around 300 m a.s.l.),
emerging through large karst springs such as
Klokot, Krušnica, Sanica and Dabar. Cave sys-
tems throughout its range are characterized by
extensive black bacterial biofilms coating the
limestone walls and support exceptionally rich
subterranean communities, making this one of
the biodiversity hotspots of the northwestern
Dinaric karst. The distribution of this species
is currently underestimated, but with a calcu-
lated extent of occurrence of approx. 700 km2

and an area of occupancy of approx. 30 km2, it
has a restricted distribution, and we provision-
ally recommend its assessment as Endangered
under IUCN Criterion B.

Proteus maurii sp. nov. Manenti, Barzaghi,
Dufresnes and Jablonski, 2026 (fig. 18)

Identity

The Kras/Carso lineage.

Vernacular names

Classic Karst olm (English), Proteo del Carso
Classico (Italian).

Etymology

maurii honors Edgardo Mauri, an Italian natu-
ralist who has selflessly devoted countless time
and effort to the study, monitoring and conser-
vation of the Italian populations of Proteus. His
exceptional knowledge of the species, its habi-
tats and the history of its occurrence in the Clas-
sical Karst, has benefited numerous researchers
of various origins, and much of the current
understanding of the Italian populations has
benefited, directly or indirectly, from his long-
standing dedication.

Type series

Holotype MSNM Am 1818, adult collected
on 19th June 2026 by R. Manenti and B.
Barzaghi in Pozzo di Vermegliano, Ronchi dei
Legionari, Italy (GenBank accession of 16S:
PZ748798). Two paratypes: NHMW 19974/1,
adult collected in Tržič/Monfalcone from “Cis-
ternes des Hauses Primoschitz’s [cistern of the
Primoschitz’s house]”, acquired by NHMW
in 1900 from Schreiber’s collection; NHMW
19974/2, adult collected in Tržič/Monfalcone
from “Fumagalli [Fumagalli’s house]”, acquired
by NHMW in April 1930 from the Zoological
institute of the University of Vienna. Measure-
ments are given in table 3.

Molecular diagnosis

At 16S, P. maurii sp. nov. can be distinguished
from other members of the genus Proteus by:
‘T’ in the site 27, ‘A’ in the site 154, ‘G’ in the
site 276. At COI, it can be distinguished by: ‘C’
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Figure 18. Proteus maurii sp. nov. – the Kras/Carso species. (A) Type series, including the holotype (MSNM Am 1818; top)
and two paratypes (NHMW 19974/1-2; middle and bottom). (B) Live spring-dwelling specimen from Mucille, Ronchi dei
Legionari, Italy. (C) The type locality, Pozzo di Vermegliano, Ronchi dei Legionari, Italy. Photo credits: D. Jablonski (top
right; A: paratypes); B. Barzaghi (A: holotype; B), C. Dufresnes (C).

in the site 54, ‘C’ in the site 114, ‘C’ in the site
123.

External diagnosis

According to our morphological analyses, P.
maurii sp. nov. can be diagnosed from most
other species through a combination of several
characters, including a more elongated head, a

shorter tail, and longer limbs – as seen in P. ikae
sp. nov. – as well as a small myomere count
(approx. 23.6) – as seen in its sister species P.
croaticus (table 2, fig. 5).

Distribution, life-history and threats

Proteus maurii sp. nov. is distributed through-
out the Classical Karst of northeastern Italy and
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adjacent Slovenia, from the Gradisca d’Isonzo
area southwards through the provinces of Gori-
zia and Trieste to the Timavo/Reka system,
where it comes into contact with P. xanthos-
tictus (Recknagel et al., 2024). The species is
currently known from more than 40 localities,
including caves, springs and estavelles (Lanza
et al., 2007; Mauri et al., 2018; Barzaghi et
al., 2026; this study). It occupies a wide vari-
ety of groundwater habitats, ranging from large
subterranean rivers and cave lakes to water-
filled fissures, deep pools, vertical shafts and
groundwater-fed springs. Rather than depend-
ing exclusively on accessible cave systems, P.
maurii sp. nov. appears to exploit the exten-
sive network of fractures and conduits that char-
acterizes the Classical Karst aquifer (Barza-
ghi et al., 2026). Recent observations indicate
that the species regularly exploits groundwater-
surface ecotones at night, particularly springs
and estavelles characterized by periodic flood-
ing, where the probability of exploitation by
surface predatory fish (such as the pike Esox
cisalpinus) is lower (Manenti et al., 2024,
2026). Some permanent estavelles are also used
continuously, suggesting that ecotones may
be stable components of the species’ habitat,
which it shares with other syntopic amphib-
ians (e.g., Rana latastei, Lissotriton vulgaris
meridionalis, Pelophylax esculentus; Brognoli
et al., 2025). The diet of the species includes
aquatic crustaceans (Troglocaris), annelids and
other macroinvertebrates (e.g., Asellus aquati-
cus). Feeding grounds include pools below cave
shafts that open directly to the surface (which
are richer in organic matter and prey) but also
periodically flooded cave areas and temporary
springs, highlighting the importance of eco-
tones for energy transfer between terrestrial,
surface freshwater and subterranean ecosys-
tems (Barzaghi et al., 2026). Preliminary inves-
tigations also suggested morphological varia-
tion between groundwater and ecotone habitats
(R. Manenti and B. Barzaghi pers. obs.). Sea-
sonal activity peaks during summer and winter,
whereas circadian rhythms seem absent, as in

other Proteus species (Lo Parrino et al. in press).
Only a single larva (3.5 cm) was recorded in the
wild, namely a spring habitat, where it already
exhibited the characteristic troglomorphic mor-
phology of the genus, while retaining sparse
dorsal melanophores and externally visible eyes
(Manenti et al., 2024). The species is threat-
ened by deterioration of groundwater qual-
ity, increasing drought frequency likely associ-
ated with climate change, groundwater abstrac-
tion, and infrastructure development affecting
springs and estavelles. Continued monitoring of
potentially invasive predatory species is war-
ranted, such as the expanding red swamp cray-
fish (Procambarus clarkii), as well as intro-
duced fishes – a recurrent threat to paedomor-
phic Balkan amphibians (Denoël et al., 2019).
Increased scientific interest following the for-
mal recognition of the species should also be
accompanied by measures minimizing distur-
bance and illegal collection. With an extent of
occurrence of only approx. 170 km2 and an area
of occupancy of approx. 120 km2, P. maurii sp.
nov. has one of the narrowest distributions in the
genus despite being locally well documented,
and we therefore provisionally recommend its
assessment as Endangered under IUCN Crite-
rion B.

Conclusions

By reviewing, compiling and re-assessing the
phylogeography, distribution, morphological
variation and nomenclatural history of Pro-
teus, we recognize, name and characterize nine
species, providing a formal taxonomic frame-
work for future evolutionary and ecological
research, biodiversity monitoring, and species-
level conservation. This revision reveals the
olm as one of the most remarkable examples
of microendemism among European and West-
ern Palearctic amphibians, with few equivalents,
such as Speleomantes (Chiari et al., 2012) and
Lyciasalamandra (Veith et al., 2016). In con-
trast to terrestrial newts, which are strongly
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diversified at the scale of the Balkan Penin-
sula but show comparatively shallower phylo-
geographic structure within the Dinarides (e.g.,
Mesotriton, Koster et al., 2026; Lissotriton,
Mars et al., 2025; Triturus, Wielstra et al.,
2013), Proteus has evolved into a mosaic of nar-
rowly endemic species, each restricted to one
or a few groundwater systems, illustrating the
exceptional role of subterranean environments
in promoting biodiversity.

Although this revision resolves much of the
historical taxonomic confusion surrounding the
genus, which was exacerbated after molecular
evidence challenged the traditional view of a
single phenotypically conservative species, it
should not be regarded as a final synthesis.
The identity of numerous historical and periph-
eral populations remains to be established, sev-
eral distributional gaps still require targeted sur-
veys, and unexplored karst regions may yet
harbor additional endemic species unknown to
science. In this context, the first species dis-
tribution models developed for the genus pro-
vide a valuable framework for guiding future
prospection, particularly when integrated with
hydrogeological information and environmental
DNA surveys, as well as for assessing the poten-
tial impacts of future climate change. More-
over, the phylogeographic structure recovered
within some widespread species, such as P.
carrarae, suggests that further taxonomic sub-
division may ultimately prove warranted as
genomic, morphological and ecological data
continue to accumulate. More broadly, integrat-
ing cave-specific ecological variables, hydro-
geological connectivity, functional morphology
and whole-genome data will provide an increas-
ingly refined understanding of the processes that
generated this extraordinary complex. We hope
that the present revision will serve as a robust
foundation for these future studies and con-
tribute to the long-term conservation of Proteus,
which stands as one of Europe’s most distinctive
genera and features some of its most threatened
species.

Supplementary materials. Data are available on https://
doi.org/10.1163/15685381-bja10266 under Supplementary
Materials.
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(Proteus anguinus Laurenti). Diploma Thesis, Ljubl-
jana.
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