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INTRODUCTION

Limestone habitats are of the utmost importance for many species of land snails.
The calcium concentrations in such areas are favourable, if not obligatory, for many
species. Consequently, species diversity can be 2-10 times higher than in compara-
ble non-calcareous areas (Schilthuizen et al., 2003; Fontaine et al., 2007). Calcareous
soils, mostly rocky outcrops, have an island-like geographical distribution.
Therefore, local endemism can also be relatively high (Gittenberger, 2007 and other
references therein).

There is a strong niche conservatism in the land snail species of the genus
Chondrina Reichenbach, 1828 (Gastropoda, Chondrinidae). The genus clearly exem-
plifies a non-adaptive radiation (Gittenberger, 1991, 2004). All species are
xerophilous and obligate limestone dwellers, mainly found on more or less vertical,
exposed limestone cliffs. Many species or subspecies have relatively small distribu-
tional ranges, but some are widely distributed. In Spain for instance, many of the
taxa are known from a single ‘sierra’ only. Nevertheless, their density at any suitable
habitat can be very high (fig. 1).

The genus Chondrina consists of about 37 extant species. The centres of its diver-
sity are in the Iberian peninsula (including the French part of the Pyrenees) and
Morocco, the Italian part of the Alps and the Balkans. In Spain 13 species are cur-
rently recognized, with another three in Morocco and one in Portugal. Seven are
resticted to the Alps and northern Italy and three can be found in the Balkans,
Caucasus and Greece (fig. 2). Two polytypic species include subspecies that have
unusually large distributions. Chondrina avenacea avenacea (Bruguiere, 1792) occurs
from Spain (Valencia) in the south to Belgium and southern Germany in the north.
The eastermost part of its range is in Thiiringen. In southern Germany it is known
to occur in sympatry with Chondrina arcadica clienta (Westerlund, 1883), which is also
widespread, occurring from Oland (Sweden) in the north to Bulgaria and Greece in
the southeast.

The monophyly of Chondrina has already been verified with DNA sequencing
data (Kokshoorn & Gittenberger [Chapter 2]). However, the phylogenetic relation-
ships between the various species were still unclear. Here we present a molecular
phylogeny reconstruction of nearly all extant species in Chondrina. On the basis of
these data, the historical biogeography of the Chondrina taxa is dealt with for the
first time.

MATERIAL AND METHODS
THE SPECIES

Most Chondrina species could be included in the molecular analyses. Exceptions
are C. oligodonta (Del Prete,1879), C. bergomensis (Kiister, 1850), C. generosensis
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Figure 1. High density of individuals (and huddling) can for instance be observed in Chondrina calpica
(Andalucia, Malaga, Antequera). Photo: Inge Erkelens.

Nordsieck, 1962, C. falkneri Gittenberger, 2002, C. gerhardi Gittenberger, 2002, and C.
amphorula Schileyko, 1984. Therefore, these species of uncertain affinities cannot be
dealt with in the biogeographical considerations.

SAMPLES AND DN A EXTRACTION

Material of the majority of the Iberian species and subspecies was sampled dur-
ing three fieldwork periods in 2004-2006. Additional material of Chondrina species
from elsewhere was obtained from the collection of the National Museum of
Natural History (Naturalis) in Leiden, The Netherlands, from the private collection
of Mr. W.J.M. Maassen, Duivendrecht, The Netherlands, and from the collection of

Figure 2. Distribution of the Chondrina species used in this study grouped by clade (see fig. 3).
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Mr. G. Falkner, deposited in the Staatliches Museum fiir Naturkunde in Stuttgart,
Germany.

Up to 5 individuals of each sample were preserved in 96% ethanol for DNA
extraction (table 1). The remaining snails were either relaxed and preserved in 70%
ethanol for anatomical study, or dried for shell-morphological analyses.

The shells were broken in two parts to extract the snail tissue. Shell remains,
including the undamaged aperture, which carries key features for identification,
were stored as vouchers. Then the snail tissue was fragmented and genomic DNA
was extracted using the Qiagen tissue kit for recently collected, alcohol stored mate-
rial. Dry snail remains were extracted using the E.Z.N.A. Mollusc DNA kit (Omega
Bio-tek). Final elution of the DNA was done in 200 ul of provided buffer.

A 637 bp fragment of the Cytochrome Oxidase I (COI) gene was amplified using
primers H2198-alb (5"-ACT CAA CGA ATC ATA AAG ATA TTG G-3’) and L1490-
alb (5-TAT ACT TCA GGA TGA CCA AAA AAT CA-3) (Uit de Weerd et al., 2004).
The PCR products were cleaned using the Nucleospin Extract II kit (Clontech).
Sequences were subsequently obtained by direct sequencing on a Megabace 1000,
96 capillary sequencer. Some products were sequenced by Macrogen, Seoul, Korea.

All Chondrina sequences were deposited with GenBank (for accession codes see
table 1).

PHYLOGENETIC ANALYSES

Both forward and reverse strands of the DNA were sequenced. The chro-
matograms were aligned using the Chromas Pro package (Technelysium,
Australia). In most cases ambiguous positions could easily be solved. If not, IUPAC
ambiguity codes were used. Consensus sequences were exported as fasta file and
individual sequences were aligned using Clustal W (Chenna et al, 2003) with
default parameters, as incorporated in BioEdit (Hall, 1999). The alignment was
saved in fasta format and subsequently imported in MacClade 4.04 (Maddison &
Maddison, 2002). All variable base positions were manually checked and compared
with the chromatograms to rule out editing errors. Primer sites were omitted from
the dataset.

Codon positions were calculated by minimizing the number of stop codons,
using the Drosophila mitochondrial code. The final alignment was then translated
and checked. A test for saturation (Xia et al., 2003) was performed for the entire COI
dataset and for the individual codon positions. The proportion of invariable sites
estimate was obtained from MrModeltest. Uncorrected pairwise distances for tran-
sition and transversion substitutions were plotted to visualise the amount of satura-
tion. Additionally base frequencies were checked for the individual codon positions
and for the entire dataset using chi-square statistics implemented in PAUP*
(Swofford, 2002). A G1l-skewness test (Hillis & Huelsenbeck, 1992) based on 1,000
random trees was used to test for phylogenetic signal. The best fitting model for
substitution was calculated using MrModeltest (Nylander, 2004). Phenetic and par-
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simony phylogenetic analyses were performed using PAUP*. A Neighbor Joining
tree was created and subsequently bootstrapped with 1,000 replicates, both using
the model of evolution suggested by MrModeltest. A heuristic search was per-
formed and followed by a parsimony bootstrap using 1,000 replicates with ACC-
TRAN optimization and full heuristic search. The model suggested by MrModeltest
was applied in MrBayes (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck,
2003) for Bayesian inference. Here 5 incrementally heated chains were used next to
a cold one. The program was run until the average standard deviation between the
two simultane runs was below 0.01 for a minimum of 1,000,000 generations. An
additional 1 million generations were then run with a sample frequency of 100. The
initial trees were discarded as burnin and a consensus of the 20,000 remaining trees
from both runs was created using the SUMT command. To facilitate both the pres-
entation of the results and the discussion, the tree has been subdivided in species
group A and clades B-G (see fig. 3).

DISTRIBUTIONAL DATA

Distributional data for the various taxa were obtained from the collections of the
National Museum of Natural History, Leiden. Additional records were taken from
the literature (Gittenberger, 1973; Kerney et al., 1983).

REsuLTS AND CONCLUSIONS

Minor saturation was found in ingroup vs. outgroup comparison. The ingroup
was not saturated. Of the 597 characters, 311 were constant and 286 variable, of
which 253 were parsimony informative.

The hierarchical likelihood ratio test (hLRT) and the Akaike information criteri-
on (AIC) gave different solutions as to the best fitting model of nucleotide substitu-
tion. The first suggested the symmetrical model with the proportion of invariant
sites and the gamma shape parameter (SYM+I+G), while the AIC favoured the gen-
eral time reversable model with the same parameters (GTR+I+G). It was decided to
implement the SYM+I+G model to prevent over-parametrization of the data in the
analyses.

The monophyly of the genus Chondrina is supported by the molecular data (fig.
3). As a sistergroup to the combined other Chondrina species, C. maginensis comes
out at a basal position in the tree.

Group A is poorly supported and forms a basal polytomy in the clade contain-
ing all Chondrina species except C. maginensis. It is formed by species found in the

Table 1 (pages 48-51). Samples used in this study.
Samples collected by the authors, unless stated otherwise.
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southern Alps, viz. C. megacheilos and C. multidentata, the Balkans, with C. spelta, and
the the Tatra in the Carpathian mountains, with C. tatrica. One of three specimens of
C. burtscheri is also found here (compare clade G). Due to the low resolution at the
basis of the tree, the relations between these taxa are not clear.

Clade B is retrieved in the parsimony, Neighbor Joining and Bayesian analyses,
but with exception of the Bayesian analysis is poorly supported (fig. 3). This clade
consists of specimens, referred to as C. farinesii s.1., i.e. C. ascendens, C. massotiana sex-
plicata, C. dertosensis, C. arigonis and C. spec. 5, that are distributed in the French
Pyrenees and the northeastern part of the Iberian peninsula.

Like clade B, clade C is retrieved by all three reconstruction methods, but it is
only well supported by the bayesian analysis. It contains taxa from the eastern and
southern part of the Iberian peninsula, viz. C. spec. 2, C. spec. 1, C. aguilari, C.
granatensis, C. arigonoides, C. spec. 3, C. spec. 4, C. pseudavenacea and C. gasulli, and
C. marmouchana from Morocco. In this clade, C. granatensis from southern Spain and
the Moroccan C. marmouchana turn out to be sisterspecies.

The relatively large species found in the Pyrenees, viz. C. tenuimarginata, C.
altimirai and C. bigorriensis form the well supported clade D, together with the
Pyrenean C. centralis and the Cantabrian C. ripkeni. The shells of these species have
a more or less clearly reflexed apertural lip.

In the strongly supported clade E, C. cliendentata from the southern slope of the
Cantabrian mountains, is placed as the sisterspecies of C. calpica, which is known
from southern Spain and Morocco. In a single sequence of C. cliendentata (RMNH
103425 A) a gap of 48 basepairs was observed. This gap corresponds to a deletion of
16 triplets from position 73-120 in the alignment.

The Cantabrian species C. kobelti and C. kobeltoides, which are often found in sym-
patry, form clade F.

The well supported clade G contains the isolated, Portuguese C. lusitanica, and
the two conspicuously widespread Chondrina species C. avenacea and C. arcadica,
which are sometimes found in sympatry. Two specimens of C. burtscheri are also pla-
ced here.

DI1SCUSSION

The three analyses (neighbor joining bootstrap, parsimony bootstrap and baye-
sian likelihood) that were applied all yielded largely the same topology of the tree.
Figure 3 shows the result with the highest likelihood from the bayesian analysis; the
support values of this- and the neighbor joining and parsimony analyses are indica-
ted at the nodes. The deeper nodes in the phylogenetic reconstruction are poorly
supported by both the parsimony and neighbor joining bootstrap analyses. They do

Figure 3. Phylogeny reconstruction for Chondrina.The consensus of the Bayesian analyses is shown with
at the nodes the support values from the parsimony, neighbor joining and Bayesian analyses respectively.
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give, however, the same topology as the bayesian analysis when compatible groups
are allowed in the 50% majority rule consensus tree. Allthough the support is thus
poor, the fact that all three analyses give the same topology in itself supports this
reconstruction, which is proposed here as a working hypothesis.

The monophyly of the genus Chondrina, including C. maginensis, is once again
(see Kokshoorn & Gittenberger [Chapter 2]) supported by the molecular data (fig.
3). Chondrina maginensis reminds of certain Rupestrella species in shell characters, but
its radula is diagnostic for Chondrina (Kokshoorn & Gittenberger [Chapter 8, p.
149]). Thus, the value of this morphological character is confirmed by the molecular
analysis. As the sistergroup of a clade with all other Chondrina species C. maginensis
is placed at a basal position in the tree. It is an endemic species of the small Sierra
de Magina in the Spanish province of Jaen, in the southern part of the Iberian penin-
sula. In the southern and eastern part of the Iberian peninsula a large part of the
species diversity of the genus is concentrated. Therefore and for reasons mentioned
further on, we hypothesize that that region has acted as an area of origin for some
waves of dispersal into central and eastern Europe.

A co-occurrence of two Chondrina species is not uncommon (fig. 4), but nowhere
more than two species are found in sympatry. Across its range C. avenacea occurs
sympatrically with 12 Chondrina species, but in only four cases two species that
belong to the same clade may occur sympatrically. In all other instances of sympa-
try, the species involved are less closely related. Chondrina klemmi and C. calpica have
been reported from the same locality but it is uncertain whether they were found
sympatrically indeed (Gittenberger, 1973). The Cantabrian C. kobeltoides is always
found with its sisterspecies C. kobelti. Also in this case there is a clear difference in
size, with a shell height of 5.6-8.5 mm for the former species versus 3.7-6.7 mm for
the latter one. Chondrina tenuimarginata and C. centralis have been found together in
the Pyrenees (Gittenberger, 1973); they are not sister species and their shells are also
quite different in size, with a shell height of 7.0-14.0 mm for the former species and
6.1-7.0 mm for the latter one. The size difference may reflect adaptation of these
sympatric species to different (micro-) niches. However, this size difference does not
apply to all sympatric species that belong to the same clade. Chondrina tenuimargina-
ta also occurs sympatrically with C. altimirai. They do belong to the same clade and
their general shell sizes are more or less identical at those localities. The shell sizes
of Chondrina avenacea and C. arcadica are also quite similar. They may be found sym-
patrically in southern Germany and NE Austria (Ehrmann, 1933; Kuiper, 1953).

The species that are here united in group A, occurring in the southern Alps (C.
megacheilos and C. multidentata), the Balkans (C. spelta) and the Tatra (C. tatrica)
might represent a first wave of dispersal outside the Iberian peninsula. Possibly
these species or their ancestors (and maybe extinct relatives) once occupied larger
ranges. Their current distribution coincides with glacial refugia (Hewitt, 2000;
Hausdorf & Hennig, 2004). This suggests that their ranges may have been reduced
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Table 2. Co-occurrance table for Chondrina species. Grey clusters indicate clades as defined in figure 3.

by the major, pleistocene glaciations. Due to the low resolution at the basis of the
tree, the relations between these taxa are unclear.

When we assume that the clades B-G represent separate radiations, a picture of
iterative, partly overlapping waves of dispersal and speciation emerges. In that case,
clade B represents a radiation that remained restricted to the eastern Pyrenees and
the northeastern Iberian peninsula, partly overlapping the radiation of clade C. The
latter radiation took place in a larger area, reaching as far south as Morocco. The
Pyrenean-Cantabrian clade D partly overlaps with species from clades B and C. In
this clade, the ranges of the relatively widespread C. bigorriensis and C. tenuimargina-
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ta are clearly determined by the Pyrenean watershed, whereas the ranges of C.
altimirai and the sisterspecies C. centralis and C. ripkeni are less clearly related to
environmental factors. Clade E is a geographically problematic combination of
species, with C. cliendentata from a limestone zone south of the Picos de Europa,
together with the still poorly inderstood C. calpica from southern Spain and
Morocco and C. klemmi from Morocco. In clades C and E Morocco was reached. In
the Cantabrian mountains, the clearly delimitated range of clade F, with the largely
sympatric sisterspecies C. kobelti and C. kobeltoides, C. ripkeni occurs as a single
species of clade D. Clade G contains the Portuguese C. lusitanica as the sistergroup
of the two combined, most widespread Chondrina species, viz. C. arcadica and C. ave-
nacea.

Chondrina (megacheilos) burtscheri, shows up at different places, in group A and
clade B, with one and two specimens, respectively. On the basis of its conchological
characters, i.e. the similarity with C. megacheilos, C. burtscheri might be considered a
member of group A.

In C. maginensis, the shells show a reduction in the apertural teeth, when we
assume that the chondrinid teeth did not evolve repeatedly in parallel. Assuming
that to be correct, the teeth became obsolete or absent, several times independently,
viz. in group A (only C. spelta anodon [Nordsieck, 1970], and C. tatrica), clade B (most
species, but in C. arigonis and C. massotiana sexplicata only partially), clade C (most
species, but see C. pseudavenacea), clade D (only C. altimirai), and clade E (most
extreme in C. klemmi). Obviously, C. farinesii, as defined by Gittenberger (1973), is
not a natural entity but a combination of taxa from clades B and C. In clades F and
G there is no reduction in apertural teeth. Among the Chondrinidae, shells with
reduced apertural teeth are only known for the species inhabiting exposed rock-
faces. Maybe this character has an adaptive significance in that kind of habitat, or
the chondrinid apertural teeth do not enhance fitness for snails occurring on rock-
faces.

For the moment being we consider C. farinesii a paraphyletic species with a large
intraspecific variation. The molecular data indicate that the genetic distances
between some population are comparable to the distances found in Chondrina
between ‘good’ species. We refrain from introducing additional new taxa, however.
To do so more convincingly, more data should be available, especially also because
the populations involved are very similar in shell characters.

The gap of 48 basepairs which was found in a single sequence of C. k. cliendenta-
ta (RMNH 103425 A) corresponds to a deletion of 16 triplets from position 73-120 in
the alignment. It is unlikely that such a large deletion has happened in this individ-
ual without consequences for its survival (cut short by being collected for a musuem
collection). We therefore assume that this deletion is due to an in vitro hairpin coil
in the template.

By far the largest part of the total range of Chondrina is currently occupied by
only two species, i.e. C. avenacea and C. arcadica. The low genetic variability
(Armbruster et al., 2007; Szarowska et al., 2003) across their relatively large ranges
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(i.e. C. arcadica clienta from Oland, Sweden, to Greece, fig. 3) suggests that these
species have occupied their actual ranges only after the Last Glacial Maximum
(LGM).
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