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Redescription of the western Balkan species Xerocampylaea waldemari
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The proper identification of species has significant implications for conservation and general knowledge of ecosystem
variety. It is especially important for biodiversity hotspots and former Pleistocene refugia, such as the Balkans. In this
paper, we evaluate the taxonomic status of the endemic Balkan species Fruticicola waldemari A. J. Wagner, 1912,
using both recently collected material and museum specimens. Phylogenetic analyses based on two mitochondrial
markers, 16S rRNA and cytochrome ¢ oxidase subunit I, show that this species is closely related to the representatives
of Xerocampylaea, including a conchologically similar and partly sympatric species, X. erjaveci. Analyses of shell and
genital morphology as well as mitochondrial DNA sequences indicate that X. waldemari and X. erjaveci are separate but
closely related species. These species differ in shell morphology (size, umbilicus diameter, microsculpture) as well as
genital morphology. Nevertheless, a further study with more comprehensive sampling of both taxa is required to fully
understand the complex pattern of genetic and morphological variation observed.
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Introduction split into six genera (Trochulus, Edentiella, Plicuteria,
Petasina, Xerocampylaea, and Noricella) (Neiber,
Razkin, & Hausdorf, 2017). Moreover, this study
showed that a morphological feature traditionally
thought to be typical of Trochulus, the presence of four
dart sacs, two of which with darts, can no longer be
used for the higher classification of these snails.
Regardless of the generic membership of these species,
most of them have limited geographic ranges. Five spe-
cies are known to occur in the Balkans (Prockow,
2009), a region regarded as one of the most important
hotspots for European biodiversity and one of the richest

Land snails of the genus Trochulus Chemnitz, 1786
(formerly Trichia Hartmann, 1840), inhabit a large part
of Europe and possess medium-sized (5—17 mm) shells
that are far from easy to identify (Prockéw, 2009). Its
taxonomic history is one of continuous debates about
the number of species and their classification. The
Trochulus-like snails have been described as the mem-
bers of the genus Trochulus only (Kerney, Cameron, &
Jungbluth, 1983; Prockéw, 2009), or have been sepa-
rated into two (Trochulus and Petasina Beck, 1847)
(Bank, 2011) or three genera (Trochulus, Petasina, and ; - 8
Plicuteria Schileyko, 1978) (Nordsieck, 1993). In a areas in terms of endemism of continental molluscs
recent molecular phylogeny of the family Hygromiidae, (Cuttelod, Seddon, & Neubert, 2011). Recently, several

Trochulus species sensu Kerney et al. (1983) have been papers have presented morphological and/or genetic
variation of Trochulus species (Duda et al., 2011, 2014;
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& Pienkowska, 2013; Prockow, Strzata, Kuznik-
Kowalska, & Mackiewicz, 2014; Prockow, Strzala,
KuzZnik-Kowalska, Prockéw, & Mackiewicz, 2017), but
none of them has referred to the taxa from south-eastern
Europe. Clearly, this region is under collected, at least
with respect to live-collected material. Thus, the phylo-
genetic relationships and classification of Trochulus-like
snails in this region still remain unclear.

Two Balkan species formerly attributed to Trochulus,
T. waldemari (Wagner, 1912) and T. erjaveci (Brusina,
1870) are the subject of our research. While T. erjaveci
has recently been provisionally classified with the
genus Xerocampylaea (Neiber et al., 2017), the generic
affiliation of 7. waldemari remains unanswered.
Considerable uncertainty in their identification and
delimitation result from the lack of detailed taxonomic
studies. These species are still insufficiently known:
their morphological and anatomical features are poorly
documented, and molecular data are lacking. X. walde-
mari has been hardly studied since its description by
Wagner (1912) (Wagner, 1914 copied the description in
his other publication). Then this species was only men-
tioned as a part of the Bosnian malacofauna without
giving localities (Jaeckel, 1954; Jaeckel, Klemm, &
Meise, 1957). Their genitalia were described 73 years
later since its first description (Maassen, 1985). X. wal-
demari was not included in a recent checklist of Bosnia
and Herzegovina (Karaman, 2006), but has been listed
as Trochulus (T.) waldemari in the Fauna Europea list
(Bank, 2011). According to the first version of the
TUCN Red List of Threatened Species, X. waldemari is
qualified as 'Not evaluated' (Cuttelod et al., 2011), while
in the online version (Fehér, 2011b) it is classified as
'Least Concern' with an estimated area of occupancy of
24km?. This taxon is regarded as poorly known (Fehér,
2011b) and as such taxonomic research is warranted and
recommended by the IUCN (Cuttelod et al., 2011).

Xerocampylaea erjaveci is also insufficiently known.
At least 10 subspecies or geographic varieties have been
recognized within this species (de Winter & Maassen,
1992; Proc¢kéw, 2009). However, only few old publica-
tions addressed some aspects of this species (Bole,
1984; de Winter & Maassen, 1992; Wagner, 1914;
Westerlund, 1889; Wohlberedt, 1909) and no compre-
hensive study of X. erjaveci is available.

In this paper we used recently collected material as
well as specimens from the museum collections to
evaluate the taxonomic status of the former Trochulus
snails from the Balkans, currently described as
Xerocampylaea waldemari and X. erjaveci. We carried
out integrative molecular, morphological, and anatom-
ical analyses of shell and soft parts of these snails.

Materials and methods

Sampling and morphological data of
studied taxa

We studied material including X. waldemari and most
of the described X. ejaveci subspecific taxa (i.e., hirci,
osoria, hajlensis, cincta, syrmiensis, and floerickei)
(Table S1, see online supplemental material, which is
available from the article’s Taylor & Francis Online
page at  https://dx.doi.org/10.1080/14772000.2019.
1617365). The material included field-collected snails
and museum samples from the following collections:
Naturalis Biodiversity Center, Leiden, the Netherlands
(ZMA); Museum fir Naturkunde der Humboldt
Universitat, Berlin, Germany (ZMB); Croatian Natural
History Museum, Zagreb, Croatia (CNHM); Museum
and Institute of Zoology, Polish Academy of Science,
Warszawa, Poland (IZPAN) and Museum of Natural
History, Wroctaw, Poland (MPW). The field-collected
material is deposited in Naturhistorisches Museum
Wien, Austria (NHMW, see Table S1, see supplemental
material online). Fifteen adult snails from Mount Vlasic¢
in Bosnia and Herzegovina, from which six were inves-
tigated in more detail, were regarded as putative
Xerocampylaea sp. because of the differences in their
shell surface (i.e. more distinct granulation) compared
with other members of this species. Two juveniles from
Foca region (Bosnia and Herzegovina) could only be
ascribed to Xerocampylaea sp.

The same person (MP) measured in total 430 speci-
mens from 80 sites (Fig. 1), including 351 individuals
of X erjaveci, 73 of X. waldemari, and six of
Xerocampylaea sp., in standardized views (Pro¢kow,
2009) from photos by using TPSdig Version 2.16
(Rohlf, 2010). Since the low systematic measurement
error (with 1% error probability) does not compromise
results (Duda et al., 2011), the specimens were meas-
ured once. We calculated basic statistical parameters:
mean, range and standard deviation and performed the
canonical discriminant analysis (CDA) on shell and
genital measurements. CDA is a dimension-reduction
technique, which finds linear combinations of charac-
ters that maximizes the differences between at least
two data sets. We carried out the non-parametric
Mann—Whitney U test in comparison of two data sets
because variables describing them are not normally dis-
tributed. We corrected P-values obtained in multiple
comparisons using the Benjamini and Hochberg
method to control the false discovery rate. We applied
Statistica 12 (Stat Soft, Inc. 1984-2014) and R package
3.5.1 (R Core Team, 2018) in the statistical analyses of
the data.
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Fig. 1. Geographic locations of X. waldemari (stars), X. erjaveci (circles), and Xerocampylaea sp. (triangles) populations.

We dissected 38 mature snails of X. erjaveci, 17 of X.
waldemari, and two of Xerocampylaea sp. (Table S1,
see supplemental material online), and observed their
external genital morphology. Additionally, we per-
formed detailed dissections of genitalia, especially pen-
ial papilla, to record qualitative characters, e.g., the
patterns of penial plicae. Altogether we dissected and
analysed in detail 13 snails, including nine specimens of
X erjaveci (five from Baratsdg and one from
Doczymalom both in Hungary, two from Dragos Sedlo
in Bosnia and Herzegovina, one from Sarengrad in
Croatia), and four X. waldemari (all from Vrbas, Bosnia
and Herzegovina). Morphometric data were taken
according to the  procedures  described by
Proc¢kow (2009).

Abbreviations used in the text

Shell measurements: H: shell height, W: shell width,
bwH: body whorl height, h: aperture height, w: aperture
width, D: shell diameter, U: umbilicus major diameter,
u: umbilicus minor diameter, whl: number of whorls, H/
W: height/width shell ratio, bwH/H: relative height of
body whorl, U/D: relative umbilicus diameter, u/U: ratio
of umbilicus minor to its major diameter, h/w: height/
width aperture ratio.

Genitalia measurements: fl: flagellum, ep: epiphallus,
p: penis, sd: duct of bursa copulatrix, sl: length of bursa
copulatrix, sw: width of bursa copulatrix; uv: upper
vagina, is/os: relative length of inner to outer dart sacs,
fl/ep: flagellum/epiphallus ratio, ep/p: epiphallus/penis
ratio; sd/sl: bursa copulatrix duct length/bursa copulatrix
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length ratio; and sw/sl: bursa copulatrix width/
length ratio.

Molecular analyses

We analysed genetically 15 specimens of 7. erjaveci
from seven distant localities as well as four adults of X.
waldemari and two juveniles similar to X. waldemari
from two localities (Table S1, see supplemental material
online). We obtained a partial region of the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene from all indi-
viduals and larger partial regions of the mitochondrial
16S rRNA (16S) gene from 11 representatives of each
clade. Primers for the COI fragment were taken from
Duda et al. (2011) and primers for the 16S fragment
(16Scsl, 16Scs2) from Chiba (1999). All nucleotide
sequences reported in this study have been deposited
in GenBank with accession numbers: MK801539-
MK&801559 for COI and MKS811018-MK811028 for
16S rRNA.

We performed PCRs on a Master Gradient thermocy-
cler (Eppendorf) in 25 pul with 1pl template DNA, 0.5
unit Q5 DNA polymerase (BioLaps), 0.5uM of each
primer, and 0.2mM of each dNTP (Roche). Each PCR
comprised 35 reaction cycles with an annealing tempera-
ture of 55°C (COI) or 50°C (16S). Control reactions
were carried out for both DNA extractions and PCR
amplifications. PCR products were purified using the
QIAquick PCR Purification kit (Qiagen) and analysed
by direct sequencing in both directions. The sequencing
was performed at Microsynth (Switzerland) using the
original PCR primers.

Phylogenetic analyses

We inferred phylogenetic relationships between
Xerocampylaea and other snails using 16S rRNA and
COI gene alignments separately as well as the concaten-
ated alignment of 16S rRNA and COI. We compared
the newly obtained sequences with all homologous
sequences annotated to Hygromiidae and available in
the GenBank database (Table S2, see supplemental
material online). We removed redundant and short

sequences and selected representatives from each species
to the final sets. We used three representatives of
Geomitridae as outgroup. The 16S rRNA set included
159 sequences, the COI set had 198 sequences and the
16S rRNA + COI set 215 sequences. We aligned the
sequence in MAFFT using a slow and accurate algo-
rithm L-INS-i with 1,000 cycles of iterative refinement
(Katoh & Standley, 2013) and inspected the resulted
alignments in JalView (Waterhouse, Procter, Martin,
Clamp, & Barton, 2009). The sites of the 16S rRNA
alignments suitable for phylogenetic study were selected
in GBlocks (Talavera & Castresana, 2007). The 16S
rRNA alignment was 697bp long, COI alignment had
the length of 655bp, while the concatenated alignment
included 1259 bp.

We applied three phylogenetic approaches: the
Maximum likelihood method in IQ-TREE (Nguyen,
Schmidt, von Haeseler, & Minh, 2015), as well as two
Bayesian analyses in MrBayes (Ronquist et al., 2012)
and PhyloBayes (Lartillot & Philippe, 2004). In the case
of COI set, we checked the necessity of using separate
nucleotide substitution models for three codon positions,
while for the concatenated alignment, we considered
four potential partitions: the rRNA gene and three codon
positions in COI (Table 1).

In IQ-TREE analyses (Chernomor, von Haeseler, &
Minh, 2016; Kalyaanamoorthy, Minh, Wong, von
Haeseler, & Jermiin, 2017), we used the substitution
models as proposed according to the associated
ModelFinder program (Table 1). We applied a thorough
and slower nearest neighbour interchange (NNI) tree
search considering all possible NNIs as well as applied
Shimodara—Hasegawa-like approximate likelihood ratio
test (SH-aLRT) assuming 10,000 replicates and non-
parametric bootstrap with 1,000 replicates.

In MrBayes analyses, we considered partitions and
associated substitution models for COI and 16S
rRNA 4 COI alignments according to the results of
PartitionFinder (Lanfear, Calcott, Ho, & Guindon, 2012)
assuming BIC criterion for the model selection
(Table 1). However, we applied mixed models rather
than fixed ones to specify appropriate substitution
models across the large parameter space (Huelsenbeck,

Table 1. Nucleotide substitution models found for studied data sets.

Data set ModelFinder jModelTest PartitionFinder

16S rRNA GTR +F+R7 TN +14+-G NA

COlI pos. 1: TIM2+F+R5 NA pos. I: GTR+I+G
pos. 2: K3Pu+F+R3 pos. 2: K81luf+ I+G
pos. 3: TIM2+F +R6 pos. 3: GTR +14+G

16S rRNA + COI pos. 1: TIM2+F 4 R4 NA pos. I: GTR+1+G
pos. 2: TVM +F+R3 pos. 2: K8luf+I1+G
pos. 3: TIM2 +F + ASC 4-R6 pos. 3: GTR +14+G

rRNA: GTR +F+R6

rRNA: GTR +I+G
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Larget, & Alfaro, 2004), but the models describing het-
erogeneity rate across sites were adopted according to
PartitionFinder. In the case of 16S rRNA set, we
assumed the mixed models and the heterogeneity rate
across sites described by invariant and discrete gamma
models according to results of jModelTest (Darriba,
Taboada, Doallo, & Posada, 2012) (Table 1).

Two independent runs starting from random trees,
each using 8 (for rRNA) and 32 (for COI and
rRNA + COI) Markov chains were applied. The trees
were sampled every 100 generations for 10,000,000 gen-
erations in the case of single markers and 30,000,000
generations for the concatenated alignment. In the final
analysis, we selected the last 1,380,000 to 9,722,000
(depending on the alignment set) trees that reached the
stationary phase and convergence, i.e., when the stand-
ard deviation of split frequencies stabilized and was
much below the assumed threshold 0.01.

In PhyloBayes, we applied the CAT+GTR+T
model with the number of components, weights, and
profiles inferred from the data. Two independent
Markov chains were run for 100,000 generations with
one tree sampled for each generation. The last
70,000-95,000 trees (depending on the alignment set)
from each chain were collected to compute posterior
consensus trees after reaching convergence, when the
largest discrepancy observed across all bipartitions
(maxdiff) was much below the recommended threshold
0.1. The gamma-distributed rate variation across the
sites was approximated by five discrete rate categories
in two Bayesian approaches.

Using IQ-TREE, we calculated the consensus of trees
obtained in three approaches. The number of the trees
supporting a given node were presented together with
support values. We compared tree topologies assuming
different relationships of sequences assigned to X. walde-
mari and Xerocampylaea sp. using Consel (Shimodaira &
Hasegawa, 2001) and assuming 10,000,000 replicates.
Site-wise log-likelihoods for the analysed trees were cal-
culated in IQ-TREE under the best fitted substitution
models. Competitive topologies obtained in MrBayes
were compared using Bayes Factor based on the step-
ping-stone method estimating the mean marginal likeli-
hood from two independent runs using eight Markov
chains, 50 steps of the sampling algorithm, and
10,000,000 generations of the MCMC simulation.

Results

Morphological and anatomical analyses

Table 2 presents measurements of shell and genitalia of
X. erjaveci and X. waldemari. The species are

significantly distinct in size and shape of the shell
(Table 2, Wilks’ lambda = 033826, F26,824 = 22799,
P <0.00001). The differences are statistically significant
for 10 out of 14 features. The most discriminating fea-
tures are umbilicus major (U) and minor (u) diameters
as well as relative umbilicus diameter to shell diameter
(U/D). They are about two times larger in X. erjaveci
than in X. waldemari. However, the ranges of the shell
measurements overlap and combinations of these charac-
ters are necessary to classify the samples (Fig. 2). The
shells of X. waldemari and X. erjaveci are presented in
Figs 3 and 4.

The shells of X. erjaveci are generally bigger in many
dimensions and flatter than X. waldemari. CDA based
on shell morphology can distinguish these species only
by the first canonical function, which explains almost
99% of variation (Fig. 2). The samples of these species
create two sets, which partially overlap. Six specimens
of Xerocampylaea sp. are located within the set of X
waldemari. The height of the body whorl (bwH) and
major umbilicus diameter (U) show the largest absolute
values of coefficients (Table 3). CDA quite well recog-
nized these two species, because 98.3% of X. erjaveci
samples were correctly classified, and 84.1% of X. wal-
demari. The overall classification accuracy was 94.6%.
Two specimens out of six, assigned provisionally to
Xerocampylaea sp., were correctly classified to
X waldemari.

Figures 5 and 6 present the shell surface of X. walde-
mari and X. erjaveci. In X. waldemari delicate uneven
growth lines cover both the upper and lower sides of
the shell surface. Additionally, a granulose sculpture
consisting of fine droplets can be noticed in some indi-
viduals even from the same locality (Figs 5.1-5.2). The
shell surface of X. erjaveci is always regularly distinctly
granulated (Figs 6.1-6.3), but strong growth ridges are
visible only in some specimens (Figs 6.4—6.6).

The morphometric analysis of genitalia measurements
revealed significant differences among X. erjaveci and
X. waldemari in six out of 12 features (Table 2, Wilks’
lambda = 0.44022, Fggs = 5.5790, P <0.0001). The
reproductive system of X. erjaveci is characterized by
significantly 1.3-2.3 times longer flagellum (fl), epiphal-
lus (ep), duct of bursa copulatrix (sd) and bursa copula-
trix (sl). Three out of five ratios of measurements are
also statistically different between species (Table 2).
However, the first two canonical functions do not
clearly separate specimens of these species (Fig. 7). The
whole analysis correctly classified 93.9% of X. erjaveci
and 60% of X. waldemari samples. One out of two
Xerocampylaea sp. specimens is classified to X. walde-
mari. The overall classification accuracy is 82%.
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Table 2. Measurements of shell and genitalia (in mm) of X. erjaveci and X. waldemari. Statistically significant values are marked
in bold.

X. erjaveci X. waldemari
Features range mean SD range mean SD Corrected P-value
shell
w 8.73-16.73 12.83 1.59 6.70-13.81 10.82 1.33 0.002
H 5.27-11.04 7.76 1.07 5.16-9.36 7.32 0.92 0.002
bwH 4.54-9.27 6.53 0.85 4.18-8.01 6.19 0.79 0.003
h 2.67-6.55 4.25 0.68 2.97-5.53 4.14 0.56 0.280
w 4.54-9.33 6.53 0.87 3.74-7.96 6.32 0.79 0.113
D 8.36-16.80 12.79 1.62 6.70-14.04 11.03 1.37 0.002
U 0.73-3.64 2.13 0.53 0.33-1.44 0.96 0.24 0.002
u 0.55-3.09 1.78 0.44 0.22-1.29 0.85 0.21 0.002
whl 5.00-6.30 5.63 0.29 4.70-6.00 5.33 0.26 0.002
H/W 0.49-0.73 0.61 0.04 0.57-0.77 0.68 0.04 0.002
U/D 0.08-0.25 0.17 0.03 0.03-0.12 0.09 0.02 0.002
wu 0.56-1.00 0.84 0.08 0.67-1.00 0.89 0.08 0.002
bwH/H 0.77-0.93 0.84 0.03 0.75-0.94 0.85 0.03 0.396
h/w 0.46-0.90 0.65 0.07 0.53-0.82 0.66 0.07 0.897
genitalia
fl 2.13-6.35 3.28 0.86 1.44-3.98 2.45 0.84 0.002
ep 2.38-10.11 5.87 1.74 2.04-5.15 3.25 0.99 0.002
p 2.47-5.49 3.66 0.68 1.92-4.97 3.27 0.85 0.066
sd* 3.17-13.02 6.63 2.07 2.45-8.56 4.66 1.76 0.066
sI* 2.31-5.47 3.69 0.78 1.16-2.31 1.61 0.38 0.002
sw* 0.92-2.51 1.47 0.44 0.83-1.97 1.25 0.35 0.191
uv 0-1.63 0.23 0.49 0-3.15 0.35 0.81 0.277
is/os 0-0.87 0.44 0.22 0.17-0.52 0.32 0.11 0.066
fl/ep 0.34-0.95 0.59 0.15 0.58-1.34 0.76 0.19 0.002
ep/p 0.69-2.56 1.62 0.45 0.59-1.31 1.01 0.22 0.002
swisl* 0.26-0.59 0.41 0.11 0.48-1.05 0.79 0.22 0.002
sd/sl* 0.82-3.10 1.80 0.69 1.47-3.73 2.38 0.79 0.066

*Variables not included in CDA because they were not preserved in some specimens; for other abbreviations, see Materials

and methods.

Molecular phylogenetic analyses

In order to determine the phylogenetic position of col-
lected snail samples we compared their 16S rRNA and
COI sequences with available homologues annotated to
Hygromiidae. While our set included more taxa than
that used recently by Neiber et al. (2017), these authors
also analysed the more conserved nuclear sequences
ITS2 as well as 5.8S and 28S rDNA. In our data set the
trees based on thel6S rRNA gene (Figs 8 and S1, see
supplemental material online) and the concatenated
alignments (Figs 9 and S2, see supplemental material
online) were much better resolved than those for COI
gene. Many tribes, recently identified by Neiber et al.
(2017), can also be recognized in the inferred phylogen-
etic trees by at least two methods. Differences occurred
in the deeper branches, which are, however, poorly sup-
ported in phylogenies obtained both by us and Neiber
et al. (2017). Thus, additional molecular markers should
be included to fully resolve the relationships.

Our results indicate that the collected samples, mor-
phologically assigned to Xerocampylaea, are not

© X. eravec
X. waldemari
& Xerocampylaea sp.

Can2 (1.2% of total variance)

-4 -2 0 2 4 6 8
Can1 (98.8% of total variance)

Fig. 2. CDA based on shell measurements of X. erjaveci, X.
waldemari, and Xerocampylaea sp.

associated either with the genus Trochulus nor the tribe
Trochulini. Instead they were placed with a high support
within the tribe Urticicolini (Figs 8 and 9). This group
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Fig. 3. Shells of X. waldemari from Bosnia and Herzegovina. 3.1, specimen from Jajce (YU.265). 3.2, specimen from Plivsko Jezero
(YU.410). 3.3, Xerocampylaea sp. specimen from Mt. Vlasi¢ (YU.494). 3.4, specimen from Vrbas gorge (Mollusca NHM 112001

AL/3377).

occurred sister to various tribes depending on the
molecular markers used. Samples assigned to X. walde-
mari and Xerocampylaea sp. and collected from two dif-
ferent areas in Bosnia and Herzegovina: Banja Luka
(Trwall, 3, 6) and Foca (Trwalll, 12), created two sig-
nificantly supported clades (Figs S3 and S4, see supple-
mental material online). Sequences from samples found
in a given locality were very similar. These clades were
subsequently diverged in most trees based on 16S rRNA
gene and the concatenated alignments, but did not create
one monophyletic group. Only in the 16S rRNA
PhyloBayes tree were they clustered together (Figs S3,
see supplemental material online). Samples assigned to
X. erjaveci (Trerj) were separated with high support into

two clades according to their geographic location: (1)
Hungary (Trerj2-5, 10-12; Trspl9, 22-24) and Croatia
(Trerj25) as well as (2) Bosnia and Herzegovina
(Trerj20-22). The first clade was usually grouped with
X. zelebori or Semifruticicola serbica, while the second
clade was usually sister to the first one and its relatives.
The samples collected in the same locality showed very
small genetic difference (Figs S3 and S4, see supple-
mental material online).

The majority of tests verifying the monophyly of
sequences assigned to X. waldemari (Trwall, 3, 6) and
Xerocampylaea sp. (Trwalll, 12) did not reject this
hypothesis on the trees based on 16S rRNA and 16S
rRNA + COI alignments (topology t1 in Figs S3 and S4,
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Fig. 4. Shells of X. erjaveci. 4.1, specimen from Zagreb, Croatia (ZMA. MOLL. 403307). 4.2, specimen from Plitvica, Croatia
(RMNH. MOL. 293999). 4.3, specimen from Mt. Igman, Bosnia and Herzegovina (YU.415). 4.4, specimen from Rugovska klisura,
Kosovo (ZMA. MOLL. 403305).

Table 3. Canonical coefficients of discriminant
performed on shell measurements. The largest values for the

functions are marked in bold.

analysis Table S3 and S4, see supplemental material online). At

least two tests showed that the alternative groupings of

Standardized canonical
discriminant coefficients for

the monophyletic clade X. waldemari + Xerocampylaea
sp. with the lineages of Semifiuticicola serbica or other

Xerocampylaea (topologies t2-t9 in Figs S3 and S4,

Variable function 1 function 2 Table S3 and S4, see supplemental material online)
UD —1.736 2.826 were statistically significantly worse. It means that the
W 0.863 0.687

U 2951 —2.957 samples Trwall, 3, 6, 11 and 12 have a separate evolu-
w 0311 —0.854 tionary history in comparison to the other lineages.

h 1.477 0.938

D —0.146 2.397

WU 0.505 0.222 Systematics

EwH H _(l)ggg :823; Redescription of Xerocqmpylaea waldemari

whi 0.009 —0.893 (Wagner, 1912) (Figs 3, 5, 10-12)

H/W 2.032 0.272 Family Hygromiidae Tryon, 1866

bwH —3.444 —0.443 Subfamily Trochulinae Lindholm, 1927
g’iwenva]ue 7?2@3 *83% Tribe Urticicolini Neiber et al., 2017

Cfm' Prop. (%) 9878 100.00 Genus Xerocampylaea Kobelt, 1871

For abbreviations, see Materials and methods.

Fruticicola waldemari A. J. Wagner, 1912: 250
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Fig. 5. Shell sculpture of X. waldemari from Bosnia and Herzegovina. 5.1, lower side of specimen from Jajce (YU.265). 5.2, SEM
of specimen from Jajce (YU.265). 5.3, lower side of specimen from Vrbas gorge (YU.404). 5.4, upper side of specimen from Vrbas
gorge (YU.571). 5.5, lower side of specimen from Plivsko Jezero (YU.410). 5.6, lower side of specimen of Xerocampylaea sp. from

Mt. Vlasic (YU.494).

Type locality. ‘Umgebung von Sarajevo, Jajce und
Bocac bei Banjaluka in Bosnien’

Type material. The type material of this species cannot
be located and it is assumed to have been damaged or
lost because we found no original material in the collec-
tions of the two institutions that keep Wagner’s material,
i.e., the Naturhistorisches Museum Wien (Vienna) and
Museum and Institute of Zoology, Polish Academy
of Science in Warsaw, as well as in other European
museums such as: Museum fir Naturkunde der
Humboldt Universitat in Berlin (Germany), Senckenberg

Naturmuseum in Frankfurt am Main (Germany), Muséum
national d'Histoire naturelle in Paris (France), the Natural
History Museum in London (Great Britain), and the
Naturalis Biodiversity Center, formerly Rijksmuseum van
Natuurlijke Historie, Leiden and Zoologisch Museum
Amsterdam (The Netherlands).

Revised diagnosis. Medium-sized species possessing a
conical shell with broad last whorl, almost twice as
wide as penultimate whorl. Umbilicus narrow, taking up
approximately 0.09 of the shell width, often partly cov-
ered by columellar aperture margin. Aperture large
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Fig. 6. Shell sculpture of X. erjaveci. 6.1, lower side of specimen from Zagreb, Croatia (ZMA. MOLL. 403307). 6.2, SEM of
specimen from Zagreb, Croatia (ZMA. MOLL. 403307). 6.3, lower side of specimen from Mount Igman, Bosnia and Herzegovina
(YU.415). 6.4, upper side of specimen from Rugovska klisura, Kosovo (ZMA. MOLL. 403305). 6.5, SEM of specimen from
Durmitor Mts (YU.282). 6.6, lower side of specimen from Koprivnik Mts, Montenegro (ZMA. MOLL. 403306).

relative to the shell size, with a thin lip. Shell thin, most
often pale or translucent. Shell surface with uneven,
delicate growth lines, without visible scars of hairs.
Four pairs of short mucous glands situated around upper
vagina. Vagina long and cylindrical. Flagellum approxi-
mately as long as epiphallus or shorter. Each usually
shorter than penis. Bursa copulatrix duct thick and
straight. Bursa copulatrix not reaching albumen gland.

In cross-section of penial papilla three intrapapillar cav-
ities visible around seminal duct. Lower vagina with
7-8 longitudinal folds.

Shell description. Shell within the genus is medium-
sized, conical, with acute apex. Whorls are regularly
increasing in width. The shell surface is covered with
uneven delicate growth lines. In some individuals, even
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Fig. 7. CDA based on genital measurements in X. erjaveci, X.
waldemari, and Xerocampylaea sp.

from the same locality, the surface is covered with gran-
ulose sculpture consisting of fine droplets (Fig. 5). No
scars of hairs are visible. The shell is thin, most often
pale or translucent. The last whorl is almost twice as
wide as the penultimate whorl. It is only slightly
descending towards the aperture, which is regularly
semicircular, slightly wider than high, rather large rela-
tive to the shell size. The outer aperture margin is thin,
light and slightly reflected. Thin, narrow, white palatal
callus is developed in some individuals and populations.
It is visible from the upper side of the shell (Fig. 3).
Slightly broadened columella ends with a thin lip. The
umbilicus is narrow, often partly covered by columellar
aperture margin but always open. The shell measure-
ments are shown in Table 2.

Genital description. Distal genitalia are presented in
Fig. 10 and genital measurements are shown in Table 2.
The general arrangement of the reproductive system is
semidiaulic monotrematic. The penial complex consists
of flagellum, epiphallus, which extends from insertion
of vas deferens to penial retractor muscle, and penis
ending at the atrium. The flagellum is gradually narrow-
ing towards the tip and is of equal length as the epiphal-
lus. Both the flagellum and the epiphallus are usually
shorter than the penis, which is conical with a blunted
vertical ending. Its surface is smooth for the first two-
thirds of its length but with a translucent pattern caused
by penial lacunas. In the third part, towards the epiphal-
lus, holes in the penis wall appear. Cross-section of the
penial papilla reveals three lacunas. Two of them are
grouped laterally, the third one proximally to the cres-
cent seminal duct (Fig. 11). All lacunas appear volumin-
ous in the first one-third of the penial papilla but
become compressed towards the epiphallus. The

epiphallus shows two big and eight smaller folds in the
cross-section (Fig. 11). The inner side of the penial
sheath is folded from the end of the penis tip until the
insert into the atrium, which is intensely folded by
20-30 longitudinal folds (Fig. 12). Four pairs of short
mucous glands are situated around the upper vagina, in
which 7-8 longitudinal folds are visible, and 14-16
folds appear in its cross section (Fig. 12). Bursa copula-
trix duct is thick and straight. Bursa copulatrix is not
reaching albumen gland.

Distribution and habitat. Xerocampylaea waldemari is
endemic to Bosnia and Herzegovina, currently known
from the Vrbas river gorge, Jajce, Krupa na Vrbasu,
Mount Vlasi¢ near Travnik (Maassen, 1985) and prob-
ably Foca area. Its distribution range needs further stud-
ies. All records of X. waldemari come from rocky,
limestone habitats in mountainous areas.

Remarks. Xerocampylaea waldemari can be distin-
guished by a combination of characters, such as:
medium size, conical shell, high spire, half-rounded
aperture and narrow umbilicus. They may vary so not
always sufficient to distinguish this species from its con-
gener X. erjaveci and similar Trochulus, Petasina, and
Edentiella species. These species also have similar
reproductive tract structures (Prockéw, 2009). Balkan
species Monachoides taraensis and M. kosovoensis
sensu de Winter and Maassen (1992) overlap in shell
sizes with X. waldemari, which has smaller umbilicus
diameter and completely different genitalia structure.
Among other species whose geographic distribution
does not overlap with that of X waldemari, a
Carpathian species Plicuteria lubomirskii (glésarski,
1881) is similar in shell shape but it is usually smaller,
7-10mm in width and 5-7mm in height (Pro¢kéw,
2009). Both species also differ in the shell surface
sculpture (cf. Fig. 5 and Prockéw, 2009: Fig. 9), outer
appearance of genitals and genital structure (cf. Figs
10-12 and Proc¢kéw, 2009: Figs 135-139). The snails
from Mount Vlasic in Bosnia and Herzegovina were
assigned to X. waldemari by Maassen (1985). We found
that their shell shape matches X. waldemari (Fig. 2).
However, they have more conspicuous granulation on
the shell surface as in X. erjaveci (Fig. 6), unlike other
individuals of X. waldemari (Fig. 5). A similar situation
refers to two immature specimens from Foca area
(Trwalll, 12) in Bosnia and Herzegovina, whose shells
showed more or less typical granulation of X. erjaveci,
while their genitals were so poorly developed that no
reliable conclusions about their assignment to species
could be drawn. The only recognizable trait was the
arrangement of four dart sacs, which would allow to
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place them into the genus Xerocampylaea. In some
phylogenetic trees these two snails grouped with other
X. waldemari specimens (e.g., Figs S3 and S4, see sup-
plemental material online). The most important diagnos-
tic features differentiating X. waldemari and X. erjaveci
are presented in Table S5 (see supplemental mater-
ial online).

Redescription of the genitals of
Xerocampylaea erjaveci s. str. based on the
snails from Croatia and Hungary

The general arrangement of the reproductive system is
semidiaulic monotrematic. The penial complex consists

of flagellum, epiphallus extending from insertion of vas
deferens to penial retractor muscle, and penis ending at
the atrium. The flagellum is considerably shorter than
the epiphallus and the penis, which is gradually narrow-
ing towards the epiphallus. The epiphallus and the penis
are approximately of equal length. The 'outer' penis has
remarkable knobs at its ends, i.e., before inserting to the
atrium and the epiphallus (Fig. 13). In the anterior view
the penis is flattened. Viewed in the proximal direction
it is club-shaped, with a rounded top, and becoming
slightly slender towards the insertion of the epiphallus.
Only one-quarter of the penis wall surface is smooth,
the rest shows irregularly arranged longitudinal holes,
connected with the penial lacunas in the inner side of
the penis. The tip of the penis is flattened laterally at
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Fig. 9. The consensus of trees obtained in three approaches for the concatenated alignment of 16S rRNA + COIL. The tree is focused
on relationships between analysed samples and their close relatives from tribe Urticicolini. Other explanations as in Fig. 8.
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Figs 10-12. X. waldemari. 10. Distal genitalia. 11. Cross sections of penial papilla (11.1-11.3) and epiphallus (11.4). 12. Cross
sections of penial sheath (12.1) and lower vagina (12.2); longitudinal-section of penial sheath, lower vagina, and atrium (12.3).

different levels, varying in each specimen. The cross-
section of the penial papilla reveals H-shaped seminal
duct. Four to five lacunas are predominately grouped
around the embayments of the seminal duct. These lacu-
nas are sometimes opened to the outer surface causing
the above-mentioned longitudinal holes irregularly
arranged in the papilla penis. The perforated penis wall
is connected with bridges to the edges of the embank-
ments of the seminal duct. In the last one-third towards
the epiphallus, one single cavity surrounded by two big-
ger and five to seven smaller folds are visible. There is
only one opening at the tip of the penial papilla repre-
senting the outlet of the seminal duct. The cross sections
of penial papilla and epiphallus are shown in Fig. 14.
Similar to X. waldemari, the inner side of the penial
sheath is folded from the end of the penis tip until the
insert into the atrium, which has 20-30 longitudinal
folds (Fig. 15). Four pairs of short mucous glands are
situated around the upper vagina. The vagina is cylin-
drical. Bursa copulatrix duct is thick and short so that
bursa copulatrix does not reach the albumen gland.

Remarks. Genital traits so far apply only to the speci-
mens of the nominate subspecies of X. erjaveci in
Croatia and Hungary. The exact assignment of the three
Bosnian individuals from Magli¢ (Trerj20-22) must be
seen as insecure at the moment. The inner genital struc-
ture of these specimens exactly resembles those of X.
erjaveci s. str. The only difference is that two of the
four dissected specimens show an aciculate penis tip as
opposed to the rounded, blunted tips of X. erjaveci s.
str. from Hungary and Croatia.

Discussion

In the recent molecular phylogeny of Hygromiidae,
Neiber et al. (2017) changed the assignment of erjaveci
from the genus Trochulus and tribe Trochulini to the
genus Xerocampylaea and a newly established tribe
Urticicolini, to which also X. zelebori, P. lubomirskii, S.
serbica, and U. umbrosus were classified. Our molecular
phylogenies confirmed this change and also showed that
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Figs 13-15. X erjaveci. 13. Distal genitalia. 14. Cross sections of penial papilla (14.1-14.3) and epiphallus (14.4). 15. Cross sections
of penial sheath (15.1) and lower vagina (15.2); longitudinal section of penial sheath, lower vagina, and atrium (15.3).

waldemari samples should be classified to tribe
Urtticicolini because they significantly grouped with the
representatives  of  Xerocampylaeca as  well as
Semifruticicola (Fig. 9). Since the name Xerocampylaea
Kobelt, 1871 is older than Semifiuticicola A. J. Wagner,
1914 and the taxonomic identity of Semifruticicola serb-
ica is uncertain as it is sometimes regarded as S. costu-
lata serbica subspecies (Fehér, 2011a), we prefer to
assign waldemari to the genus Xerocampylaea.

Our anatomical data indicate that X. waldemari is a
valid species distinct from X. erjaveci. Conversely, the
shells of X. waldemari are not unequivocally distin-
guishable from X. erjaveci (Fig. 2). Particularly intrigu-
ing are individuals with the granulated shell surface
from Mt. Vlasic (Xerocampylaea sp.). This feature

seems to be rather characteristic of X. erjaveci and was
not observed in many other X. waldemari individuals
examined. We noticed clear differences in cross sections
of the penial papilla between X. waldemari and X. erja-
veci (Figs 11 and 14), while measurements of the repro-
ductive organs between these species showed only weak
differences (Table 2, Fig. 7). Our results are similar to
the earlier findings of the Trochulus species, in which
the genital measurements appeared to be less discrimin-
atory (Prockow, Kuznik-Kowalska, & Mackiewicz,
2017; Prockow et al., 2013, 2014) than anatomical traits
such as the basic patterns of plicae in the penis (Duda
et al., 2014).

Although only one phylogenetic tree produced the
monophyly of X. waldemari from Banja Luka (Trwall,
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3, 6) and Xerocampylaea sp. from Foca (Trwalll, 12),
tree topology tests showed that the monophyly is not
significantly worse than other found topologies. This
could suggest that the samples from Foca may also rep-
resent X. waldemari. In phylogenetic trees, both X. wal-
demari and X. erjaveci are represented by at least two
quite highly diverged lineages. It means that these taxa
are characterized by a quite large genetic divergence
corresponding to geographic locality. On the other hand,
the samples from the same locality show very low vari-
ation. The deep relationships within Xerocampylaea are
generally not well resolved based on the mtDNA
markers. Among X. erjaveci sequences X. zelebori and
S. serbica were placed. Their taxonomic status should
be verified in the comparison with more extensive sam-
pling of this genus. Moreover, additional mitochondrial
and nuclear markers are necessary to corroborate the
species status of X. waldemari and the identity of the
specimens from Foca. The placement of X. zelebori and
S. serbica within X. erjaveci sequences breaks mono-
phyly of the X. erjaveci. This topology is not consistent
with clear distinction between X. zelebori and X. erja-
veci in shell morphology as well as between S. serbica
and X. erjaveci in genitalia morphology. This can sug-
gest a gene flow between these taxa, incorrect species
identification or high morphological variation of these
snails. The remarkable morphological diversity among
these taxa can likely result from phenotypic plasticity
caused by local climate and/or environmental conditions,
similarly to other widely distributed hygromiids, e.g., T.
hispidus and T. striolatus (Pro¢kéw, Kuznik-Kowalska,
& Mackiewicz, 2017a, 2017b). Altitude was also con-
sidered as an environmental factor notably influencing
substantial variation in shell morphology of Balkan
hygromiids (Wagner, 1914) and was recorded in other
snail families such Helicidae and Clausiliidae in the
Alps and the Carpathians (Burla & Stahel, 1983;
Sulikowska-Drozd, 2001, 2011).

The genetic and morphological diversity of
Xerocampylaea is most likely much greater than pre-
sented here. This may be associated with differentiated
Balkan geology consisting of limestone isolated patches,
separated by regions of non-limestone, e.g., Quaternary
fluvial deposits, flysch, volcanic and metamorphic bed-
rocks (Fehér & Szekeres, 2016). Additionally, large
parts of the Balkans stayed ice-free during the last glaci-
ations and played a role of Pleistocene refugia
(Kruckeberg, 2015). These facts triggered the radiation
not only in plants (Kruckeberg, 2015) but also in other
immobile organisms such as land snails and slugs. The
isolated island-like landscape structures in combination
with long-term persistence can favour the radiation of

multiple, morphologically diverse, and geographically
separated forms (Gittenberger, 1991).

The Balkan region is a cradle of very rich biodiver-
sity in terms of both flora and fauna. There are a great
number of endemic species, and many are of global or
European conservation importance (Krystufek & Reed,
2004). Nevertheless, this rich part of the European
fauna is poorly studied and taxonomic research is rec-
ommended by the IUCN for incorrectly described nom-
inal or unknown cryptic taxa because this lack of
knowledge often restricts effective activity in species
conservation (Cuttleod et al., 2011). Our study contrib-
utes to broaden knowledge on land gastropods. The
presented integrative approach including morpho-
logical, anatomical, and phylogenetic data better quan-
tifies the evolutionary information within groups of
taxa in biodiversity-rich areas than simple faunistical
study (Marchese, 2015). Accordingly, increased know-
ledge on species evolution, ecology, and geography
provides an opportunity to improve our understanding
of biodiversity and change our management of the
environment (Marchese, 2015).

The re-definition of X. waldemari, presented herein,
should constitute a benchmark for further taxonomic
investigations of the different populations of this species
as well as very diverse congener X. erjaveci.
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