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ABSTRACT

Through an in-depth study of the literature, as well as some other sources of information, geographical distri-
bution maps of the various taxa of the European freshwater planarian genus Crenobia (Platyhelminthes, Tri-
cladida) are provided, which document their records and distributional ranges in a detail that was previously
unavailable. The genus Crenobia ranges across Northern, Western, Southern, and Eastern Europe, including
several islands in the Mediterranean region, but is absent from a major part of the Iberian Peninsula; it is
distributed also in Turkey. The chromosome portrait of Crenobia is complex, as it exhibits chromosome numbers
that are multiples of 7, such as 28, 35, 42, 56, and 63. Sexually reproducing populations are tetraploid or
hexaploid, while asexually reproducing populations exhibit high chromosome numbers. All taxa of Crenobia are
stenothermic, cold-loving species. Although historical biogeographic scenarios interpreting the taxonomic
diversification of the genus as being the result of the vicissitudes of the Last Ice Age are still captivating, it may be
the case that the genus already diversified 6-20 million years ago. The paper sketches in some detail the anatomy
of the copulatory complex of the various taxa. Previously, it went unnoticed that in two of the taxa (Crenobia
alpina and C. anophthalma) the two sperm ducts have different, asymmetrical trajectories. Further, it was largely
undocumented that in several taxa the sperm ducts exhibit a pronounced recurvature, as well as a dorsal loop
before entering the penis papilla. Neither did previous studies document that in C. montenigrina the mouth
opening is not located at the most posterior end of the pharyngeal pocket, but has shifted anteriad for some
distance. Polypharyngy is a stable, species-specific character, with C. montenigrina usually exhibiting 11-17
pharynges, while C. anophthalma has never more than three pharynges. Different views have been expressed
on the taxonomic status of several geographic and anatomical forms of Crenobia. It is shown here that Crenobia
comprises five, well-defined full species, viz., C. alpina, C. corsica, C. montenigrina, C. anophthalma, and
C. bathycola.

1. Introduction

the current distribution and diversification of the genus Crenobia Kenk,
1930 may be due to the vicissitudes of the Last Ice Age.

The planarian species Crenobia alpina (Dana, 1766) is a well-known
component of the European freshwater fauna, of which the body (up to
16 mm long and 3-5 mm broad) has a rather characteristic external
appearance, with its head showing two tentacles and two eyes that are
located in unpigmented spots and set quite close together. The tentacles
may be developed to greater or lesser extent, depending upon the popu-
lation; the dorsal colouration is usually greyish or blackish (Fig. 1A and
B), excepting two unpigmented forms.

As a result of its distribution, ecological requirements, as well as
chromosomal and anatomical characteristics, C. alpina sensu lato has
always generated much interest from taxonomists, biogeographers, and
ecologists. In particular, workers were fascinated by the possibility that
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All of this has resulted in a plethora of publications that is unparalleled
in any other species of freshwater planarian, or triclad flatworms in
general. Steinbock (1942) already remarked that the enumeration of all
papers on Crenobia would fill several volumes. Although Thienemann
(1950), Gourbault (1972), and Dahm (1958) published detailed sum-
maries, with particularly the last-mentioned worker contributing also
much new information, a comprehensive overview or synthesis was not
achieved, due to their different geographical and taxonomic interests and
perspectives. The various forms that had been described over the years
were variously regarded as good species or as variants of what was called
the typical species (“forma typica”, Arndt 1922: 119 ff; Thienemann
1950: 572). Therefore, a clear picture is still missing on the taxonomic
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Fig. 1. Crenobia alpina (A) External appearance (scale bar unavailable) (B)
Detail of head with eyes (after Hauser & Heller 1983).

status and distribution of the various forms, varieties, or subspecies that
have been described for C. alpina sensu lato.

The present paper aims to remedy this absence of a clear account on
the delimitation and evaluation of the various forms of Crenobia and
their geographic distribution. It does not aim at an exhaustive review of
all publications that ever have been written about C. alpina sensu lato,
but attempts to present a balanced, modern and synthetic treatise, which
includes examination of specimens, with an emphasis on the geographic
distribution and diversification of the various taxa.

2. Materials and methods

Apart from a large amount of literature, I examined also histological
sections of specimens collected from all over Europe. Details concerning
the provenance of the specimens studied are given under the appropriate
taxonomic headings; all material belongs to the collections of Naturalis
Biodiversity Center, Leiden, The Netherlands.

Abbreviations used in the figures: af, atrial fold; bc, bursal canal; cb,
copulatory bursa; dlv, dorsal loop vas deferens; ed, ejaculatory duct; fl,
fibrous layer; ga, genital atrium; go, gonopore; MfN, Museum fiir
Naturkunde, Berlin; mb, zone of myoblasts; mo, mouth opening; mp,
muscle plates; NBC, Naturalis Biodiversity Center, Leiden; od, oviduct;
ph, pharynx; pp, penis papilla; te, testes; ov, ovary; USNM, National
Museum of Natural History/Smithsonian Institution, Washington; vd,
vas deferens.

13

Zoologischer Anzeiger 300 (2022) 12-26

3. Taxonomy

The taxonomic and nomenclatural history of C. alpina sensu lato is
rather complex, but, generally, six variants, forms or subspecies have
been recognized on the basis of their morphology, mode of reproduc-
tion, habitat, and geographic distribution:

(1) Crenobia alpina alpina (Dana, 1766) [C. a. meridionalis Thiene-
mann, 1938 + C. a. alba (van Oye, 1935)]: Central Europe, the
Alps, and Great Britain; one pharynx; reproduction generally
sexual but some populations may reproduce only asexually,
others sexually, and others may switch between sexual and
asexual reproduction (Dahm 1958). In The Netherlands, Voiite
(1929) found that in a population both sexually mature speci-
mens occurred, as well as animals in the process of fission.

(2) Crenobia alpina septentrionalis (Thienemann, 1938): this form
occurs in the northern part of the range, from the level of
northern Germany into Scandinavia; it has only one pharynx and
the reproduction is asexual through the process of autotomy or
fission. The first step in such asexual reproduction is the forma-
tion of a constriction at one of the lateral body margins (Fig. 2), as
mentioned already by Steinmann (1909).

(3) Crenobia alpina bathycola (Steinmann, 1911): a deep-water form
from several lakes in the Alps; monopharyngeal; reproduction:
sexual (Schmassmann 1923).

(4) Crenobia alpina corsica (Arndt, 1922): a white form, but with eyes,
and with a preference for subterranean waters; monopharyngeal;
reproduction probably sexual, as the animals have a fully devel-
oped reproductive system (Arndt 1922). It is noteworthy that the
typical, pigmented form of C. alpina also occurs on Corsica but
that it lives in different parts of the stream as compared with C. a.
corsica. This typical form probably also reproduces sexually as the
animals have a copulatory apparatus (Arndt 1922). The
co-occurrence of the two forms on Corsica is corroborated by

A

B

Fig. 2. Crenobia alpina. Formation of a constriction at one of the lateral body
margins, forming the first step in asexual reproduction through the process of
autotomy or fission; A: early stage, B: later stage (after Steinmann & Bresslau 1913).
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more recently collected material (see below), with the specimen
of the nominate form indeed having developed a reproductive
system.

Crenobia alpina montenigrina (Mrazek, 1904) [+ C. a. teratophilia
(Steinmann, 1908)]: Balkan and southern Italy; polypharyngeal
[one central pharynx, plus 11-17 lateral ones (Gourbault 1972;
Mrazek 1907), or 23-34 in Bulgarian animals (Chichkoff 1903)]
(Fig. 3); reproduction: in the field mainly sexual but also by
fission (Stella 1957).

Crenobia alpina anophthalma (Mrazek, 1907): this form has a
somewhat disjunct distribution as it has been reported from
Montenegro (Crna Gora), Bosnia-Herzegovina, and from northern
Spain, albeit that the latter record is poorly substantiated by
anatomical evidence (cf. Beauchamp 1932; Gourbault 1972);
unpigmented and without eyes; polypharyngeal (but only 3
pharynges); reproduction: not documented, probably sexual, as
the animals develop a copulatory apparatus (cf. Mrazek 1907).

5
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With respect to the two first-mentioned forms, it is important to note
that Thienemann (1938) described the two subspecies C. a. septen-
trionalis and C. a. meridionalis. These two races were considered to
represent the typical C. alpina (“forma typica”, Thienemann 1950: 571).
Through his taxonomic act, Thienemann (1938) incorrectly suppressed
the name of the nominotypical subspecies, viz., Crenobia alpina alpina.
Since the type locality of C. alpina is in the Alps (Dana 1766) the

Fig. 3. Crenobia a. montenigrina. Preserved specimen showing 10 pharynges
and the radial muscle plates around the genital atrium (after Beauchamp 1961).
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subspecies C. a. meridionalis must be considered as a junior synonym of
C. a. alpina, as already noted by Kenk (1974) (see also Mayr 1969). This
still expresses Thienemann’s (1938, 1950) views that these two forms
are simply varieties of C. alpina.

In their analysis of mitochondrial DNA and allozymes, Brandle et al.
(2007) found evidence for two central European lineages and speculated
that these may correspond to the subspecies, if not cryptic species,
meridionalis and septentrionalis. Although it is debatable whether the
level of genetic variation reported is sufficient for the recognition of new
species, that study also neglected the taxonomic nomenclatural rule on
the nominotypical subspecies.

4. Distribution

Only few workers have endeavoured to produce maps in their ac-
counts on the geographic distribution of Crenobia. Although Vandel
(1922) mentions that C. alpina is common in northern Scandinavia, his
map is restricted to Central Europe. Despite the fact that the map of
Gourbault (1972), here reproduced as Fig. 4, extends to eastern Europe,
it equally ignores regions beyond 55° northern latitude and also does not
include localities then already known for parts of northeastern Europe,
such as Poland and Latvia. Nevertheless, her map is important as she
plots many localities, not only of the “typical” form C. alpina but also of
the taxa C. a. montenigrina and C. a. anophthalma, which she considers to
be separate species.

It remains a matter of speculation why Gourbault (1972) did not
incorporate the sampling localities of Dahm (1958), not even the sites
that fall within the boundaries of her map. Unfortunately, Dahm (1958)
himself did not provide a map, but on the basis of his data I have pre-
pared a distribution map in which his sampling localities (116 in total)
are represented (Fig. 5). As Dahm (1958) also detailed whether a
particular population reproduced asexually, sexually, or showed both
kinds of reproduction, the reproductive modes have been reflected in the
plotted data (Fig. 5). Inclusion of these reproductive modalities is one of
the differences between Fig. 5 and the map of Lorch et al. (2016), who
also plotted Dahm’s localities.

However, even Dahm’s (1958) localities (Fig. 5) and Gourbault’s
map (Fig. 4) taken together do not yet represent a comprehensive
overview of the biogeographic data potentially available to these
workers, apart from information that became available more recently.
Fig. 6 presents a third map, including taxa, localities, and/or repro-
ductive modes that are mostly not represented in the data of Dahm
(1958) and Gourbault (1972).

In Eastern Europe monopharyngeal and polypharyngeal (C. a. mon-
tenigrina) forms geographically occur together, a situation that is not re-
flected at all in Gourbault’s (1972) map. However, here the two forms
may be spatially isolated because they inhabit different biotopes. The
polypharyngeal form occurs at spring heads and in the reservoirs of
rheocrene springs and spring-fed streams at a maximum distance of 20 m
from the spring. The monopharyngeal form occurs in sections of the
streams where the flow of water is higher (Babalean 2017). These recent
results contradict the conclusion of Codreanu (1956) that the mono-
pharyngeal and polypharyngeal forms may be found in the same springs
and are only separated by a difference in their reproductive period, which
takes up the whole year in the former and only autumn, winter and,
perhaps, the beginning of summer in the latter.

Although Gourbault’s map (see Fig. 4) depicts three localities in
western Turkey, it is not made clear that the eastern-most Turkish record
of Crenobia a. alpina actually falls outside the boundaries of her map.
And neither is it obvious that there was already a record of C. a. mon-
tenigrina on Crete. The records for Turkey and Crete available to me have
been represented in Fig. 7.

Analysis of these four maps (Figs. 4-7) learns that C. alpina sensu lato,
thus including its various forms and subspecies, is distributed in North-
ern, Western, Southern, and Eastern Europe, and also in Asia Minor, i.e.,
in Turkey. It is noteworthy that the species does not occur on the major
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Fig. 4. Geographic distribution of three forms of Crenobia alpina, after Gourbault (1972).

part of the Iberian Peninsula, and that it is distributed far in the north of
Scandinavia, and is even present on the Faroe Islands.

Where its preferred habitat (see below) is abundantly present,
Crenobia is also very common, as exemplified by the many sampling
localities from which Hoffmann (1964) obtained specimens in
Luxembourg and the numerous sites in the Rhon mountains in central
Germany (see Rhon 2022).

5. Karyology

The karyology of Crenobia is very complex and confusing. The
chromosomes are very small and the chromosome numbers are 28, 35,
42,49, 56, and 63 (i.e., multiples of 7) (Dahm 1958; Benazzi and Benazzi
Lentati 1976).

With respect to the chromosomes, it is interesting to note that Dahm
(1958) found that strictly sexually reproducing populations showed only
tetraploid (28) or hexaploid (42) complements and that the sexual
population from The Netherlands studied by van der Linden (1969) was
hexaploid. Dutrillaux & Lenicque (1971) reported on a population from
the Savoy Alps in France that showed a complement of 42 chromosomes,
but unfortunately, did not report on the mode of reproduction of this
French population. However, these workers examined several speci-
mens, which, apparently, showed the same chromosome number.
Therefore, this population does not fall in the group of populations that
shows variable numbers of chromosomes, either among individuals or
even within the same specimen, and that are characterized by asexual
reproduction. Thus, presumably this French population reproduces
sexually. According to Hoffmann (1964), in Luxembourg all populations
of Crenobia reproduce sexually, while for one population he identified a
hexaploid chromosomal complement.

Lorch et al. (2016) analysed the relationship between ploidy level,
latitude, and mode of reproduction on the basis of the data for Crenobia
provided by Dahm (1958). Latitude was considered as a proxy for
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environmental conditions, in particular, high latitude implying harsh
climatic conditions. A significant positive correlation was found be-
tween chromosome numbers and latitude. Their results corroborated the
notion that in Crenobia asexual individuals are more frequent at higher
latitudes (see also Fig. 5) and that there is a relationship between the
level of ploidy and mode of reproduction, in that populations with high
chromosome numbers generally reproduce asexually by fission, whereas
populations with comparatively low numbers, albeit hexaploid, repro-
duce sexually.

In the case of Crenobia, polyploid populations harbor multiple vari-
ants of genes that through recombination may effectuate quick adap-
tation to new environmental conditions and thus facilitate range
expansion (Lorch et al. 2016).

6. Ecology

Much has been written about the ecology of C. alpina. Generally, it
occurs in springs, spring-fed streams and in small, cool, and swiftly
flowing streams. This means that it is usually found at places where the
water temperature is rather low. So, it has been concluded that C. alpina
prefers low temperatures and it has been shown that it is unable to
tolerate temperatures above 12-14 °C and has a preference of tempera-
tures slightly above 0 °C (see Vila-Farré & Rink 2018 and references
therein). On the other hand, C. alpina survives in mountain environments
with a daily temperature fluctuation of 10-15 °C, with temperature peaks
of 25 °C. However, in these cases average temperature throughout the day
and night should be about 10 °C (Vila-Farré & Rink 2018 and references
therein). Since C. alpina can tolerate the higher temperatures in the lower
reaches of streams, as well as the lower rate of flow in such stretches, other
factors than temperature and stream velocity may influence also its dis-
tribution, such as amount of available oxygen (Hauser 1953; Vila-Farré &
Rink 2018). All-in-all, it is generally concluded that C. alpina sensu lato is
a stenothermic, cold-loving species.
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Fig. 5. Sampling localities from Dahm (1958). Localities in close proximity, in relation to the present map, have been pooled. Filled red circle: C. alpina, asexually
reproducing population(s); filled blue asterisk: C. alpina, population with both sexually and asexually reproducing individuals; filled green diamond: C. alpina,
sexually reproducing population; black cross: C. alpina, type of reproduction unknown. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

Because of its narrow thermal tolerance, combined with its limited
dispersal capability, Crenobia runs the risk of local extinction when cli-
matic events impinge upon its preferred habitat. This may result in
warmer conditions, as well as reduced prey abundance, which nega-
tively affect Crenobia in its interspecific exploitation competition with
another freshwater planarian, viz., Phagocata vitta (Duges, 1830)
(Durance & Ormerod 2010).
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7. Historical biogeography

This preference of Crenobia for low temperatures is the reason that in
the literature the present-day distribution of Crenobia often has been
interpreted as having been influenced by the Ice Age (see Thienemann
1950; Dahm 1958 for summaries of the literature). About 18,000 years
ago, northern Europe was covered by ice-sheets, which could be 3000 m
high (Osborne & Tarling 1995). The southernmost portion of these
ice-sheets covered more or less the northern half of The Netherlands and
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Fig. 6. Sampling localities from: Volz (1901%); Mrazek, 1907; Komarek (1920); Steinmann (1911); Hofsten (1916%*, 1919); Roszkowski (1921, 1930%*); Schmassmann
(1923); Arndt (1922, 1926), Polinski (1926*); Ischreyt (1927); Beauchamp (1932); Pagast & Froese (1933%); Petersen (1935%); Ullyott (1936); Thienemann (1938);
So6s (1943); Benazzi (1946, 1947); Steinbock (1949*); Adlmannseder (1953*); Luther (1961*), Hoffmann (1964*); Oomen & Geelen (1966); Wegelin (1966*); van
der Linden (1969); Dutrillaux & Lenicque (1971); Nastasescu (1974*); Giesen-Hildebrand (1975); Kenk (1978); Pala et al. (1980*); Van der Velde & Cuppen (1981);
Witzleb (1989*); Roca et al. (1992*); Geissen (1993); Fiilep (2009); Horstmann (2013*); Babalean (2017); Stocchino (2018+*); Arrow (2019*); Beracko and Revajova
(2019); Okon et al. (2020); USNM 53404, USNM 58677: Jastrebac, Serbia (C. a. montenigrina); USNM: 53400, 53401, 53402, 53403, 58673, 58674, 58675, 58676
(C. a. alpina, various localities in Slovenia and Croatia); MfN*: 6365, 7150, 725-Q, 8150, 8153, 8200, 8255, 8584, 9726, 9727 (C. a. montenegrina, various localities in
Italy and eastern Europe); NBC*: localities of specimens examined for the present paper (see below, under the various taxonomic headings).

Filled red circle: C. a. alpina, asexually reproducing population(s); filled blue asterisk: C. alpina, population with both sexually and asexually reproducing individuals;
filled green diamond: C. a. alpina, sexually reproducing population; black cross: C. a. alpina, type of reproduction unknown; filled octagonal: C. a. corsica; filled
triangle: C. a. anophthalma; filled black rectangle: C. a. montenigrina; inverted (top-down) filled triangle: C. a. bathycola.

* Localities in close proximity, in relation to the present map, have been pooled. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Distribution of Crenobia alpina alpina in Asia Minor (from Kosswig & Ermin 1950) and C. a. montenigrina in Crete (USNM 57873, Meskla; see also Kenk (1930);
localities of specimens of C. a. montenigrina on Crete examined for the present paper - see below, under Material examined; localities in close proximity, in relation to
the present map, have been pooled). Filled green diamond: C. a. alpina, sexually reproducing population; filled black rectangle: C. a. montenigrina. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

covered most of the United Kingdom and Ireland. A smaller glaciation
was centred on the Alps and covered parts of Austria, Italy, France, and
southern Germany. Evidently, everything that these days lives in these
northern parts that were covered with ice 18,000 years ago, must have
invaded these parts after the ice had retreated. Therefore, probably the
northern form C. alpina septentrionalis evolved at the southern border of
the ice front and then when the climate changed, it followed the
receding glaciers to the north. This invasion or colonization of the
northern part was facilitated by the fact that this form reproduces only
asexually. In Scandinavia this form is now widespread in the Fenno-
scandian mountains (Dahm 1958).

The other form, C. alpina alpina, probably occupied a more southern
range during the maximum extent of the glaciation, 18,000 years ago.
But when the climate changed and it was getting warmer, it could only
live in suitable, cold habitats and thus it resorted to spring-heads, etc.
There, it generally has a much more sporadic occurrence, apart from the
Alps, where there are many suitable locations. It has been suggested that
the Alps actually formed the original range of the species and that from
thereon the species invaded northern Europe by following the receding
ice front (Steinbock 1942). This Central-European form - C. alpina
alpina-presently occurs also on Corsica and Sardinia and thus apparently
managed to colonize these islands. Due to lowered sea levels during the
Ice Age, Corsica and Sardinia were connected with each other and also
with the mainland of Italy (Zunino & Zullini 1995: fig. 7.12). It may be
that these connections facilitated the dispersal of Crenobia to Corsica and
Sardinia. In that respect, it is interesting to note that C. alpina has been
reported also from the small island of Elba (see Fig. 5), which during the
Ice Age formed part of the connection with the mainland of Italy (Zunino
& Zullini 1995: fig. 7.12). Benazzi (1961) noted that the conditions
during the last glacial age (Wiirm) would have made it possible for
Crenobia to reach the island of Elba.

But then we still have to explain (1) the occurrence of another form
on Corsica (C. a. corsica), (2) presence of the deep-water form C. a.
bathycola in several lakes in the Alps, (3) the rather wide distribution of
the polypharyngeal form C. a. montenigrina on the Balkan and southern
Italy, (4) and the disjunct distribution of the polypharyngeal form C. a.
anophthalma (only 3 pharynges) in Montenegro, Croatia, Bosnia-
Herzegovina, and northern Spain. I shall not attempt to explain their
distributions in the context of the Ice Age, as this would lead us even
further into the realm of speculation, if not phantasy.
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And there is even a distinct possibility that the Ice Age had no effect
whatsoever on the differentiation of the various forms of Crenobia. A
molecular timetree of Crenobia dated the divergence of the major lin-
eages into the Miocene, that is, 6-7 million years ago (Mya) and on the
basis of another calculation even to 10-20 Mya (Brandle et al. 2007).
Clearly, these workers could not calibrate their phylogenetic trees on
the basis of fossil evidence, as there are no reliable fossils for triclads.
They used some measures taken from other studies on other organisms,
while their estimates did not have any known margin of error.
Nevertheless, they concluded that even despite these uncertainties, the
hypothesis can be rejected that Crenobia diversified during the Holo-
cene (about 12,000 years ago — recent), i.e., after the last Ice Age.

8. Taxonomic re-evaluation of the various forms

Now that in the above a clear picture has emerged on the distribution
of the various subspecies of C. alpina sensu lato, it is opportune to re-
evaluate the taxonomic status of these forms. This re-evaluation is
based on the anatomical analysis of series of specimens from all over
Europe and on additional information that recently has become avail-
able, notably molecular studies. Furthermore, this re-evaluation takes as
its lead the phylogenetic species concept (cf. Sluys 1991; Sluys &
Hazevoet 1999) and the general lineage concept (de Queiroz 1998,
2007). At first, a short account is presented on some structures of the
reproductive system that are characteristic of the genus Crenobia.
Thereafter, short descriptions are given of the possibly distinguishing
anatomical features of the various forms, followed by a taxonomic
evaluation of these characters and the implications for the systematic
biological status of these taxa.

8.1. The genus Crenobia

Detailed accounts on the copulatory apparatus of Crenobia, including
original sagittal reconstruction drawings, were published by Kennel
(1888), Mrazek (1904, 1907), and Micoletzky (1907). Another early
account, albeit under the name Planaria subtentaculata, was that by
Vejdovsky (1890). However, the anatomical examinations of the
last-mentioned worker were performed only on a whole specimen under
a coverslip and on a horizontal section. Surprisingly, there are no
modern studies that evaluated the descriptions of these older workers,
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albeit Beauchamp (1961) and Ball & Reynoldson (1981) provided
reconstruction drawings of the copulatory complex.

The most conspicuous, if not apomorphic, character of the genus
Crenobia resides in the extremely thick coat of muscles that surrounds
the genital atrium. The major component of this musculature consists of
longitudinal fibres that are grouped into crescent-shaped bundles or
plates, which are arranged in a radial fashion around the atrium. The
thick bands or bundles of longitudinal muscle are immediately obvious
in sagittal sections, while their composition and radial arrangement is
evident from transverse sections (Fig. 8).

Interpolated between the muscle plates and the atrial wall, there is a
rather thick layer of fibrous tissue, composed of more or less circularly
running fibres. The staining properties of this fibrous layer are markedly
different from those of the muscle plates. In trichrome stains (e.g.,
Mallory-Cason/Heidenhain), the muscle bundles generally stain dark
red, whereas the fibrous layer stains bright, pale blue (Fig. 9A). Mrazek
(1904) already reported that the staining properties of the fibrous layer
are different from the muscles.

On its outer surface, the entire coat of muscles around the genital
atrium is surrounded by a rather thick, ball-shaped zone of cells with
distinct nuclei (Fig. 9B). These cells have been variously interpreted as
being of a glandular nature or being the myoblasts belonging to the
muscle plates, while it has been suggested also that both types of cells
are represented in the broad outer zone. I found no evidence for gland
cells and, thus, presume that these cells indeed concern myoblasts.
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Fig. 8. Crenobia alpina. Transverse section through the wall of the genital
atrium and the penis papilla, showing the radial muscle plates (after Mico-
letzky 1907).
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The genital atrium is divided into two regions by a sphincter-like fold
in the atrial wall. Imnmediately anterior to this fold, the dorsal wall of the
atrium receives the openings of the bursal canal and the common
oviduct. The latter receives the openings of shell glands, which
discharge their secretion also into the separate oviducts, well before they
have united to form the common oviduct. The bursal canal is a rather
narrow duct that communicates with a generally small, rounded or sac-
shaped copulatory bursa that is located in the dorsal body region
immediately anterior to the male copulatory complex. The penis papilla
is a slender, conical structure, with a more or less horizontal orientation;
it is only weakly muscularized.

8.2. Taxonomic status

In the literature on Crenobia, the polypharyngeal forms montenigrina
and anophthalma have variously been regarded as good species (Beau-
champ 1932; Gourbault 1972; Dahm & Gourbault 1978) or as variants of
the single species C. alpina (Kenk 1974, 1978). The following section (a)
presents in some detail how the various forms differ taxonomically from
each other, (b) determines the taxonomic weight of the characters, and
(c) re-evaluates the species or subspecies status of these forms.

8.2.1. Crenobia a. alpina

8.2.1.1. Material examined. RMNH VER. 20021.a, Lac Melu, Corsica,
France, coll. H. Malicky, sagittal sections on 2 slides of an asexual
specimen; ZMA V.Pl. 736.1, 5 km east of Col de Vergio, in Foret de
Valdo-Niello, Corsica, France, 18 June 1981, coll. H. Malicky, sagittal
sections on 3 slides; RMNH VER. 21011.a, ibid., sagittal sections on 7
slides; RMNH VER. 21011.b, ibid., sagittal sections on 4 slides; RMNH
VER. 21012.a, Ashwell Springs, Hertfordshire, England, 23 May 1975,
coll. I. R. Ball, sagittal sections on 3 slides; RMNH VER. 21013.a, near
Gavarra, Lleida, Spain, 14 February 2010, coll. M. Vila-Farré & X. Coll,
sagittal sections on 3 slides; RMNH VER. 21013.b, ibid., sagittal sections
on 2 slides; RMNH VER. 21013.c, ibid., sagittal sections on 3 slides.

8.2.1.2. Comparative description and discussion. The nominate form is
provided with a pair of eyes, a single pharynx, a mouth opening that is
located at the very posterior end of the pharyngeal pocket, and rather
small, prepharyngeal testes. The pharynx is rather large, measuring up
to 1/3rd —1/4th of the body length in preserved specimens, according to
Micoletzky (1907) up to 1/4.5. The size of the penis papilla is such that it
generally extends posteriad to, or even beyond the atrial constriction.
It seems to have escaped the attention of all previous workers that in
fully developed specimens of this form the course of the two vasa def-
erentia is asymmetrical, with one duct following a trajectory that is
considerably different from the other one. One of the sperm ducts,
generally expanded to form a spermiducal vesicle, travels up to about
the level of the atrial fold and then starts to recurve and to follow a
postero-dorsal course, meanwhile bending also towards the median
portion of the body. During this trajectory, the sperm duct generally
decreases in diameter. Upon reaching a position immediately anterior to
the median part of the muscular coat around the atrium, the sperm duct
continues its course towards the dorsal body surface for a short distance.
Hereafter, it exhibits a kind of loop by recurving in such a way that it
penetrates the muscular wall in posterior direction and then communi-
cates with the other vas deferens to form the ejaculatory duct (Fig. 10).
The other sperm duct follows a completely different course, in that it
does not exhibit the extended recurvature, but immediately bends to the
dorsal body surface after having reached the anterior level of the mus-
cularized atrium. Directly anterior to the median portion of the ball-
shaped coat of cells surrounding the coat of radial muscle plates, this
sperm duct shows a similar short loop before penetrating the muscle
layer and communicating with the other sperm duct (Fig. 10).
However, in specimens of C. a. alpina one may encounter also a
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Fig. 9. (A) Crenobia a. alpina, RMNH VER. 21013.b, sagittal section, photomicrograph of copulatory apparatus showing the bright blue staining fibrous layer (B)
Crenobia a. montenigrina, RMNH VER. 21020.c, sagittal section, photomicrograph of zone of myoblasts. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 10. Crenobia a. alpina. Diagrammatic reconstruction of the copulatory apparatus.

condition in which the sperm ducts exhibit symmetrical trajectories, in
which both ducts immediately bend to the dorsal body surface at the
anterior level of the radial muscle plates and, thereafter, show a dorsal
loop before entering the penis papilla. This condition is present in the
specimens of C. a. alpina from Corsica that I examined. However, the
animals do not belong to C. a. corsica as they possess body pigmentation
and/or a comparatively small copulatory complex, as well as smaller
testes, which only extend dorsally to, or a little beyond, the median line
of the body.

In view of the taxonomic status of the other forms (see below), the
nominate form is best considered to represent its own, separate species,
C. alpina, and not a subspecies.
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8.2.2. Crenobia a. septentrionalis

This monopharyngeal form in the northern part of the range is
merely characterized by asexual reproduction through the process of
fission. However, this may merely “reflect the fact that more northerly
habitats are in general more favourable to asexuality” (Baird 1983: 15).
Therefore, the nomen of this taxonomically poorly defined form should
be suppressed and the northern asexual populations should simply be
assigned to the species C. alpina.

8.2.3. Crenobia a. corsica

8.2.3.1. Material examined. RMNH VER. 21014.a, spring above Lac de
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Melu, Corsica, France, 42°12.834 N — 9°01.178E, 18 April 2015, alt.
1718 m, snow cover 90-100%, coll. H. Smit, sagittal sections on 5 slides;
RMNH VER. 21014.b, ibid., sagittal sections on 4 slides.

It is noteworthy that syntypes of this form are still available at the
Museum fiir Naturkunde in Berlin, under catalogue numbers 6362 (5
specimen in ethanol), and 9729-9736 (59 slides in total).

8.2.3.2. Comparative description and discussion. In contrast to the above-
mentioned taxa, this is a purely white form. It is in possession of eyes and
a single pharynx and has its mouth opening located at the most posterior
end of the pharyngeal pocket. According to Arndt (1922), live specimens
measure up to 11 mm in length, while the body of preserved animals is
up to 7.5 mm long and 2.5 mm wide, with most of the sexually mature,
preserved specimens measuring 5-6 x 1 mm. This agrees with the di-
mensions of preserved specimen RMNH VER. 21014.b, which measured
about 6.5 x 1.6 mm.

Although this is a rather small form, its copulatory apparatus and
testicular follicles are comparatively large. The large size of the testes
was already mentioned by Arndt (1922) and I found in my material that
the prepharyngeal follicles occupy most of the dorso-ventral space
(Fig. 11A). In relation to the relatively small size of the body, the
copulatory complex is very large, occupying a major part of the body
space in anterior-posterior direction, at least in preserved specimens
(Fig. 11B). In contrast to all other forms, the entire system of muscle
plates, fibrous tissue, and outer coat of myoblasts is not more or less
ball-shaped, but is distinctly barrel-shaped (Figs. 13 and 14). Despite the
comparatively large size of this barrel-shaped portion of the copulatory
complex, the penis papilla is relatively small, as it only reaches just over
halfway the length of the anterior portion of the genital atrium (Figs. 12
and 13).

The vasa deferentia recurve at about the level of the atrial fold and
also show a distinct dorsal loop before penetrating the muscle layer and
then uniting to form the ejaculatory duct. The trajectories of the sperm
ducts are symmetrical.

Although Arndt (1922) considered this form to be widely distributed
across Corsica, he found the specimens mostly at the still higher reaches
of the streams, as compared with the distribution of the also cold-loving
nominate form. In that respect, it is noteworthy that our specimens were
collected from a spring at high altitude (1718 m), while the snow cover
was 90-100%.

The anatomical characters of corsica set this form apart from all other
forms and support its status as a separate species. This notion is sup-
ported by a molecular analysis of C. alpina populations from the Euro-
pean Alps that included also specimens from Corsica. In the resulting
phylogenetic tree, the specimens from Corsica formed a separate clade
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that did not group with Crenobia populations from the Alps (Brandle
et al. 2017).

8.2.4. Crenobia a. montenigrina

8.2.4.1. Material examined. RMNMH VER. 21015.a, Prionia, Greece,
coll. H. Malicky, sagittal sections on 2 slides; RMNH VER. 21015.b, ibid.,
sagittal sections on 4 slides; RMNH VER. 21016.a, Andros, Apikia,
Greece, coll. H. Malicky, sagittal sections on 4 slides; RMNH VER.
20020.a, east of Ag. Ioannis, Crete, Greece, coll. H. Malicky, sagittal
sections on 2 slides; RMNH VER. 20035.a, Roussakiana, Crete, Greece,
35.211976N-25.515804E, alt. 935 m, 6 April 2009, coll. E. Mateos & E.
Sola, sagittal sections on 8 slides; RMNH VER. 20036.a, ibid., sagittal
sections on 7 slides; RMNH VER. 20036.b, ibid., sagittal sections on 6
slides; ZMA V.PL. 740.1, Meso Potami, Crete, Greece, 23 September
1972, coll. H. Malicky, sagittal sections on 4 slides; ZMA V.PL. 740.2,
ibid., sagittal sections on 4 slides; ZMA V.Pl. 747.1, Meso Potami, Crete,
Greece, 16 December 1981, coll. H. Malicky, sagittal sections on 3 slides;
ZMA V.Pl. 747.2, ibid., sagittal sections on 2 slides; ZMA V.Pl. 733.1,
Meso Potami, Crete, Greece, 25 February 1982, coll. H. Malicky, sagittal
sections on 3 slides; RMNH VER. 20016.a, Meso Potami, Crete, Greece,
coll. H. Malicky, sagittal sections on 6 slides; RMNH VER. 20017.a, Meso
Potami, Crete, Greece, coll. H. Malicky, sagittal sections on 5 slides; ZMA
V.Pl. 733.2, Meso Potami, Crete, Greece, 23 February 1982, coll. H.
Malicky, sagittal sections on 5 slides; RMNH.VER. 21017.a, Protoria,
Crete, Greece, coll. H. Malicky, sagittal sections on 2 slides; RMNH VER.
21018.a, Gambaralle, Abruzzos, Italy, coll. S. D’ Aniello, sagittal sections
on 10 slides; RMNH VER. 21018.b, ibid., sagittal sections on 7 slides;
RMNH VER. 21019.a, Torrente Tordi, Sicily, Italy, coll. H. Malicky,
sagittal sections on 2 slides; RMNH VER. 20018.a, Torrente Tordi 2,
Sicily, Italy, coll. H. Malicky, sagittal sections on 4 slides; RMNH VER.
20019.a, N. Petralia, Sicily, Italy, sagittal sections on 4 slides; RMNH
VER. 21020.a, spring at F. Sagittario, 20 October 1986, sagittal sections
on 5 slides; RMNH VER. 21020.b, ibid., sagittal sections on 5 slides;
RMNH VER. 21020.c, ibid., sagittal sections on 5 slides.

8.2.4.2. Comparative _ description _and _ discussion. Generally, its
polypharyngeal condition has been considered as the diagnostic and
defining character of this form. In addition to the first, central or pri-
mary pharynx, there is a large number of additional pharynges, which
occupy more lateral positions in the pharyngeal pocket. The total
number of pharynges generally varies between 11 and 17, although,
according to Chichkoff (1903), Bulgarian specimens may have 23-34
pharynges. Due to the large number of additional pharynges, the
pharyngeal pocket is very large and may occupy almost one-third of the

Fig. 11. Crenobia a. corsica. Photomicrographs. (A) RMNH VER. 21014.a, sagittal section, showing the large testes (B) RMNH VER. 21014.a, sagittal section, showing

the large copulatory complex.

21



R. Sluys

Zoologischer Anzeiger 300 (2022) 12-26

Fig. 12. Crenobia a. corsica. Diagrammatic reconstruction of the copulatory apparatus.

Fig. 13. Crenobia a. corsica. RMNH VER. 21014.a, sagittal section. Photomi-
crograph of penis papilla, in relation to size atrium.

body length (Mrazek 1904; Steinmann 1909). Previous workers appar-
ently failed to notice that in montenigrina the mouth opening is not
located at the very posterior end of the pharyngeal pocket, as in the
other forms, but that it has shifted anteriad for some distance (Fig. 14).

Other characteristic features of montenigrina concern the testes. The
ventrally located testicular follicles are rather large (Beauchamp 1932;
Gourbault 1972), so that their dorsal portion may extend to, or even
beyond, the median line of the body (Fig. 15). Furthermore, the testes
extend backwards for some distance posterior to the root of the first,
central pharynx, as already correctly observed by Steinmann (1907,
1909), Komarek (1919), Beauchamp (1932), and Stella (1957) (Fig. 15).
This contrasts with the strictly prepharyngeal distribution of the testes in
the other forms.

In montenigrina, the trajectories of the vasa deferentia are
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symmetrical and are characterized by a pronounced recurvature at the
level of the atrial fold and a distinct dorsal loop before the ducts unite at
the base of the penial papilla (Figs. 14 and 16). The pronounced
recurvature of the sperm ducts was already clearly described, as well as
depicted by Chichkoff (1903: fig. 3), while one of his other drawings
suggests the presence of dorsal loops (Chichkoff 1903: fig. 2).

The penis papilla is rather large and usually projects through the
atrial fold. In some specimens the copulatory bursa has acquired the
shape of an elongated sac (Fig. 16).

On the basis of these anatomical features, I conclude that monteni-
grina is clearly differentiated from the other taxa of Crenobia and, thus,
represents a full species. This separate specific status is supported by
Steinmann’s (1909) unsuccessful attempts to cross specimens of nomi-
nate C. alpina with specimens of montenigrina, while he observed in a
pure culture of montenigrina many copulating individuals. Furthermore,
in a molecular phylogenetic analysis, the operational taxonomic unit
concerning montenigrina occupied its own, separate branch, albeit that it
grouped among clades from the European Alps (Brandle et al. 2017).

8.2.5. Crenobia a. anophthalma

8.2.5.1. Material examined. RMNH VER. 21021.a, Cigina Jama, Dinara
Mt., Croatia, 43°48.538N-16°45.763E, alt. 1130 m, 28 March 2015, coll.
Tonci Radja, sagittal sections on 4 slides; RMNH VER. 21021.b, ibid.,
sagittal sections on 3 slides; RMNH VER. 21021.c, ibid., sagittal sections
on 5 slides; RMNH VER. 21022.a, Vuena Jama, Vrdovo Ravno, Croatia,
43°50.345N-16°38.897E, alt. 940 m, 24 May 2015, coll. Tonci Radja,
sagittal sections on 3 slides; RMNH VER. 21022.b, ibid., sagittal sections
on 3 slides; RMNH VER. 21022.c, ibid., sagittal sections on 2 slides;
RMNH VER. 21022.d, ibid., sagittal sections on 3 slides; RMNH VER.
21022.e, ibid., sagittal sections on 4 slides; RMNH VER. 21022.f, ibid.,
sagittal sections on 3 slides; RMINH VER.21,022.g, ibid., sagittal sections
on 3 slides.

8.2.5.2. Comparative description and discussion. According to Mrazek
(1907), anophthalma is similar to alpina in its external form and size.
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Fig. 14. Crenobia a. montenigrina. RMNH VER. 20017.a, sagittal section. Photomicrograph of mouth opening shifted anteriad, and copulatory complex with dorsal

loop of vas deferens.

Fig. 15. Crenobia a. montenigrina. RMNH VER. 20036.b, sagittal section. Photomicrograph of large testes, extending backwards beyond the root of the pharynx.

Preserved specimens available to me measured up to 4.5 mm in length
and 1.5 mm in width. The animals are completely white, unpigmented,
and devoid of eyes.

Although this form is polypharyngeal, it never has more than three
pharynges in total. In addition to the central, primary pharynx there are
two extra, slightly smaller pharynges (Fig. 17A). Most specimens, even
rather small ones, have three pharynges; occasionally, specimens may
show only two pharynges. Due to the smaller number of pharynges, the
pharyngeal pocket is much smaller than in polypharyngeal montenigrina.
The mouth opening is located at the most posterior end of the pharyn-
geal pocket. The ventrally located, prepharyngeal testes are rather large
(Fig. 17B). The long and slender penis papilla generally extends beyond
the atrial fold.

Previous workers failed to notice that also in anophthalma the tra-
jectories of the vasa deferentia are highly asymmetrical. One of the
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sperm ducts runs backwards to about halfway the level of the anterior
portion of the genital atrium or may even extend to a level well beyond
the atrial fold (Fig. 18). From thereon, this sperm duct exhibits a highly
arched course in antero-dorsal direction. Then, at about the level of the
root of the penial papilla, the duct curves downwards and, thereafter,
bends again in posterior direction. Immediately hereafter, it penetrates
the muscular coat around the atrium and unites with the other sperm
duct to form the ejaculatory duct (Fig. 18).

The course of the other sperm duct is quite different, in that it
immediately turns dorsad after having reached the anterior level of the
muscular coat around the atrium. Further, it exhibits a dorsal loop
before it curves towards the base of the penial papilla and unites with
the other vas deferens to form the ejaculatory duct (Fig. 18).

That the presence of maximally three pharynges can be considered to
represent a stable, species-specific character is supported by the
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Fig. 16. Crenobia a. montenigrina. Diagrammatic reconstruction of the copulatory apparatus.

Fig. 17. Crenobia a. anophthalma. Photomicrographs. (A) RMNH VER. 21021.a, sagittal section, showing the three pharynges (B) RMNH VER. 21022.b, sagittal

section, showing the rather large testes.

regeneration experiments of Mrazek (1914). He found that in anoph-
thalma the animal always regenerated three pharynges, while in ex-
periments with nominate alpina none of the experimental animals
abnormally regenerated more than one pharynx. In combination with
the lack of eyes, unpigmented body, and the asymmetrical trajectories of
the sperm ducts, this forms ample evidence for the separate species
status of anophthalma.

8.2.6. Crenobia a. bathycola
This is a small, unpigmented form that, in contrast to anophthalma,
has only one pharynx and possesses two eyes. Body size of sexually
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mature specimens ranges between 3.2 and 5.4 mm in length and 0.8-1.5
mm in width; body length of the majority of the specimens examined
ranged between 3.5 and 4.5 mm (Steinmann 1911; Schmassmann 1923).

The eyecups are shallow and frequently give the impression of being
merely a weakly curved plate, in contrast to the hemispherical pigment
cups in nominate alpina (Schmassmann 1923).

The 20-24 prepharyngeal testes are well-developed and rather large,
measuring 180-210 pm in diameter, occasionally even 250 pm, and
occupy the entire dorso-ventral space (Steinmann 1911; Schmassmann
1923).

In comparison with its small body size, the copulatory complex is
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Fig. 18. Crenobia a. anophthalma. Diagrammatic reconstruction of the copulatory apparatus.

very large, with the dimensions of the muscular coat around the atrium
being 244 x 166 pm, while occupying the entire dorso-ventral space; the
penis papilla is a plump, cone-shaped structure, measuring 39 pm in
diameter (Schmassmann 1923).

The ecology of bathycola is completely different from that of any of the
other taxa of Crenobia, in that it lives in the muddy bottoms of lakes, at
depths varying between 7 and 280 m (Steinmann 1911; Schmassmann
1923; Steinbock 1949). With respect to its anatomy, bathycola resembles
corsica in the presence of large, dorso-ventral testes, eyes, a very large
copulatory complex, and in the absence of pigmentation. However, in
corsica the eyecups are not shallow, but show their usual shape, which lies
somewhere between ball-shaped and hemispherical. Taking everything
into consideration, I conclude that bathycola also deserves full species
status.

9. Conclusions

The genus Crenobia ranges across Northern, Western, Southern, and
Eastern Europe, including several islands in the Mediterranean region,
but it is absent from a major part of the Iberian Peninsula; it is distrib-
uted also in Turkey. In the past, different views have been expressed by
various workers on the taxonomic status of several geographic and
anatomical forms, which were ranked as either forms, varieties, sub-
species, or as full species. It is here shown that the genus Crenobia
comprises five, well-defined full species, viz., C. alpina, C. corsica, C.
montenigrina, C. anophthalma, and C. bathycola. The former subspecies
C. alpina septentrionalis should be suppressed, as it merely represented
asexually reproducing northern populations of C. alpina.
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