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ABSTRACT

Aim We infer the evolutionary history of the land snail genus Allognathus
from a molecular phylogeny. An approximate temporal framework for its colo-
nization of the Balearic Islands and diversification within the archipelago is
provided according to palaeogeographical events in the western Mediterranean
Basin.

Location The Balearic Islands, Western Mediterranean.

Methods A 2461-bp DNA sequence dataset was generated from one nuclear
and two mitochondrial gene fragments in 87 specimens, covering all nominal
taxa of the genus Allognathus. Through maximum-likelihood and Bayesian
phylogenetic methods along with a Bayesian molecular clock, we examined the
evolutionary history of the group. Ancestral distribution ranges were estimated
for divergence events across the tree using a Bayesian approach. We also used
genetic species-delimitation models to determine the taxonomy of Allognathus.

Results We provided the first molecular phylogeny of Allognathus, a genus
endemic to the Balearic Islands. The origin of the genus in the Balearic Islands
was dated to the middle Miocene based on palaecogeographical events in the
Western Mediterranean. During the late Miocene and Pliocene, several diversi-
fication events occurred within the archipelago. The ancestral range of Allogna-
thus was reconstructed as the north-eastern Tramuntana Mountains of
Mallorca.

Main conclusions Three species were delimited within the genus, one of
which has at least five subspecies. The phylogenetic reconstruction showed a
high degree of parallelism between the divergence of the main Allognathus lin-
eages and the palaeogeography of the Balearic Islands. The genus appears to
have colonized Mallorca from the south-east of the Iberian Peninsula during
the middle Miocene. Sea level fluctuations that took place in the Western Med-
iterranean from the Messinian to the present are consistent with the diversifica-
tion and secondary contacts of the phylogroups of Allognathus, as well as their
distribution ranges. The middle Miocene could have been a period for the col-
onization of the Balearic Islands by other terrestrial organisms.

Keywords
Allognathus, Balearic Islands, biogeography, colonization, Gastropoda, island
endemism, Messinian, middle Miocene, phylogeny, Western Mediterranean.

INTRODUCTION

2009). The Mediterranean region is particularly appropriate
for the study of biogeographical and evolutionary processes

The Mediterranean Basin has been described as a biodiversity because of its high species diversity and a complex palaeo-
hotspot and is home to many endemic species (Myers, 1990; geographical history, which has shaped the current distribu-
de Jong, 1998; Blondel & Aronson, 1999; Médail & Diadema, tion patterns of many taxa (Bidegaray-Batista & Arnedo,
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2011; Santos-Gally et al., 2012). The high rates of endemicity
of the more isolated regions such as the Mediterranean
islands makes them especially useful for addressing questions
related to speciation (Mayol et al., 2012). The Balearic
Islands are the most isolated archipelago in the Mediterra-
nean Sea. The archipelago is divided into two island units.
Ibiza and Formentera, including the Ses Bledes archipelago,
form the western unit, known as the Pityusic Islands; the
eastern unit, or Gymnesic Islands, includes Menorca, Mallor-
ca and the Cabrera archipelago. The geological history of the
Balearic Islands is relatively well known (Fig. 1) and includes
tectonic events and sea-level falls assigned to a well-defined
temporal framework (Rosenbaum et al., 2002; Rosenbaum &
Lister, 2004; Jolivet et al., 2006).

The origin and isolation of the Balearic archipelago,
together with other microplates that formed the Hercynian
belt, started during the Oligocene (30-25 Ma). The presence
of a variety of taxonomically unrelated taxa that currently
show similar disjunct distribution patterns in regions arising
from the Hercynian microplates has been explained accord-
ing to this geological process, including the oak Quercus su-
ber (Magri et al, 2007) and several invertebrates:
Tyrrhenoleuctra (Fochetti et al., 2009), Tudorella (Pfenninger
et al., 2010), Parachtes (Bidegaray-Batista & Arnedo, 2011),
Schmidtea mediterranea (Lazaro et al., 2011) and Postandrilus
(Pérez-Losada et al., 2011). Other studies have, however,
shown that the origins of some biota endemic to the archi-
pelago greatly post-date the separation of the Balearic micro-
plate from the continent. Two different geological episodes
are thought to have allowed land connection of the Balearic

Islands with the mainland during the Miocene. In the Langh-
ian—Serravallian (16-11.6 Ma), a land-bridge connection is
postulated between the Iberian Peninsula and the Balearic
Islands as a continuation of the Baetic massif (Riba, 1981;
Fontboté et al., 1990; Roca, 1996). The presence of this Baet-
ic—Balearic corridor is well documented by the immigration
and settlement of several endemic vertebrates in the Balearic
Islands (Adrover et al, 1985; Quintana & Agusti, 2007;
Bover et al,, 2008). This is the earliest insular vertebrate
fauna of the Balearic Islands, detected in several middle Mio-
cene deposits of Mallorca and Menorca, and is closely related
to the middle Miocene fauna of the south-eastern Iberian
Peninsula (Martin-Sudrez et al., 1993; Quintana & Agusti,
2007). Altaba (1997) indicated that the Sub-Baetic Massif
(including the Balearic Promontory) that formed 14 Ma was
a possible route used by the anuran genus Alytes to colonize
the Balearic Islands (but see Martinez-Solano et al., 2004).
The second Miocene land connection is considered by many
authors to be one of the main events driving local diversifi-
cation in the Mediterranean, and this event has been dated
to the Messinian salinity crisis (MSC; 5.96-5.33 Ma), when
closure of the Strait of Gibraltar led to desiccation of the
Mediterranean Basin (Hsi ef al., 1973; Krijgsman et al.,
1999). During this dry period, a colonization event from the
mainland to the Balearic Islands took place (Fromhage et al.,
2004; Lalueza-Fox et al., 2005; Delicado et al,, 2014). The
refilling of the Mediterranean Basin following the MSC
restored the isolation of the Balearic Islands. Further sea-level
fluctuations of up to 100 m later took place due to the
glacial cycles in the Western Mediterranean during the
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Figure 1 Reconstruction of the geological history of the Western Mediterranean (modified from Rosenbaum et al., 2002). (a) Oligocene
(30 Ma); (b) Early Burdigalian (21 Ma); (c) Langhian (15 Ma); (d) Tortonian (10 Ma); (e) Messinian salinity crisis (5.96-5.33 Ma); and
(f) present. Microplates names of the Hercynian belt are indicated as follow: Be/Rif, Baetic—Rif system; Kab, Kabylies; Ba, Balearic

Islands; Sa, Sardina; Co, Corsica.
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Plio-Pleistocene (Sosdian & Rosenthal, 2009; Capraro et al.,
2011), modifying the shape and size of the emerged islands,
and allowing connections between Mallorca (including the
Cabrera archipelago) and Menorca (channel around 70 m
deep) and between Ibiza, Formentera and the Ses Bledes
archipelago (channels less than 100 m deep). These connec-
tions enabled species migrations and intraspecific gene flow
between islands within each of the Gymnesic and Pityusic
units of the Balearic Islands (Bover et al., 2008; Brown et al.,
2008; Rodriguez et al., 2013; Quintana & Moncunill-Solé,
2014). These post-Messinian sea-level oscillations were not,
however, sufficient to reconnect the western and eastern
Balearic Islands (separated by a depth of 640 m) or to con-
nect the Balearic Islands to the Iberian Peninsula (depths
greater than 800 m). Nonetheless, passive post-Messinian
transport across the Mediterranean has been postulated for
several organisms (Martinez-Solano et al, 2004; Uit de
Weerd et al., 2005; Jesse et al., 2011).

Here, we examine Allognathus Pilsbry, 1888, a land snail
genus endemic to the Balearic Islands, but introduced to the
east coast of the Iberian Peninsula in historical times (Gasull,
1963). The genus inhabits all of the major islands as well as the
Cabrera and Ses Bledes archipelagos. According to Bank
(2011) and Chueca et al. (2013), it has two subgenera: Allo-
gnathus s.str. and Iberellus. The former is monotypic and the
latter is divided into as many as seven taxa ranked as species or
subspecies by different authors (Gasull, 1963; Puente, 1994;
Pons & Palmer, 1996; Beckmann, 2007; Chueca et al., 2013).
In this report, we follow the taxonomy proposed by Chueca
et al. (2013), initially considering two species, which are here
designated Allognathus (A.) graellsianus (Pfeiffer, 1848) and
Allognathus (Iberellus) hispanicus (Rossmassler, 1838).

Allognathus is a good candidate with which to address
the issue of whether relationships among taxa reflect the
palaeogeography of the Balearic Islands, and this is the first
attempt to explore this genus using molecular methods. The
objectives of our study were: (1) to identify phylogroups
within the genus and reconstruct the phylogenetic relation-
ships between them; (2) to comprehensively clarify the tax-
onomy of the genus using species-delimitation models; and
(3) to provide a temporal framework for the diversification
of the different lineages and the colonization of the islands
through the reconstruction of a time-calibrated multilocus
species tree using relaxed clock models in combination with
independent biogeographical calibration points, and then to
determine ancestral areas at divergence events across the tree.

MATERIALS AND METHODS

Taxon sampling

We examined 87 specimens obtained from 51 sampling sites
in the Balearic Islands covering all described Allognathus
taxa, and the single population on the Iberian Peninsula (see
Appendix SI in Supporting Information). Specimens were
preserved and stored in 96% ethanol until DNA isolation.
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Additional specimens were preserved in 70% ethanol to
study their anatomy. According to Razkin et al. (2015), Allo-
gnathus, Hemicycla, Iberus and Pseudotachea form a mono-
phyletic group within the Allognathini. Thus, Hemicycla
bidentalis, Pseudotachea splendida and Iberus gualtieranus
were included in our analyses to determine the phylogenetic
relationships of Allognathus and date its isolation from its
sister taxa. Helix pomatia and Cepaea nemoralis were also
included as outgroups.

Genetic data

Total DNA was extracted from foot muscle tissue using
DNeasy Tissue Kit (Qiagen, Hilden, Germany). Two mito-
chondrial gene fragments and one nuclear gene fragment
were selected for multilocus analyses: cytochrome ¢ oxidase
subunit I (COI); the small subunit of ribosomal RNA (16S
rRNA); and the cluster formed by the 3’ end of the 5.8S
rRNA gene (c. 50 bp), the complete ITS2 region (c. 600 bp)
and the 5 end of the large subunit (LSU; 28S rRNA) gene
(c. 840 bp). All new sequences obtained were deposited in
GenBank (see Appendix S1 for PCR conditions, primers and
GenBank accession numbers).

Molecular phylogeny

Sequence alignments for individual gene regions were per-
formed using MArrT 7 online (Katoh et al., 2002) under its
default settings. The Q-INS-i algorithm was applied for 16S
and 5.85-1TS2-28S data, and the ‘auto’ strategy for COI
data. The evolutionary model for each partition was esti-
mated prior to analysis with JMopELTEsT 3.7 (Darriba et al.,
2012) according to the Akaike information criterion (AIC).
Given that some putative hybrid specimens were identified
(see Appendix S2), a reduced dataset of 82 specimens was
employed in the phylogenetic analyses to avoid incongruence
among lineages. Bayesian-inference (BI) analyses were con-
ducted with MrBayes 3.2.2 (Ronquist et al., 2012), using a
partition scheme by genes: COI (where the three codon posi-
tions were treated independently), 16S rRNA, 5.8S rRNA +
ITS2 fragment (treated as a single partition) and 28S rRNA.
Two parallel runs were conducted for 50 million generations,
sampling every 1000 generations. The evolutionary models
were GTR+T+I for the mitochondrial genes and HKY for the
nuclear marker. The performance of the runs was visualized
using TRACER 1.6 (Rambaut et al., 2014). The first 25% of
trees were discarded as burn-in and a majority-rule consensus
tree was calculated from the remaining trees. Maximum-likeli-
hood analyses were conducted using RAXML 8.0.24 (Stamata-
kis, 2014) under the GTRGAMMA model, with 1000
nonparametric bootstrap replicates to assess node support.

Molecular species delimitation

Three different methods were used to delimit species using
both single-locus and multilocus data.
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For primary species delimitation, we used the automatic
barcode gap discovery method in ABGD (Puillandre et al,
2012). This procedure determines COI distances at which a
barcode gap occurs and sorts the sequences into putative
species based on these distances. The COI alignment was
uploaded at http://wwwabi.snv.jussieu.fr/public/abgd/abgd-
web.html and ABGD was run under default settings.

The second method was the generalized mixed Yule coa-
lescent approach (GMYC; Pons et al., 2006) which delimits
mitochondrial clusters on the CO[+16S rRNA tree and iden-
tifies putative independently evolving entities. The GMYC
analysis was conducted using R package sprits (Ezard et al.,
2009) under both the single-threshold and multiple-threshold
options, using an ultrametric tree inferred using BEAST 1.8.0
(Drummond et al., 2012).

Finally, the Bayesian Markov chain Monte Carlo (MCMC)
algorithms implemented in Bpp (Yang & Rannala, 2010) were
used to analyse the phylogeographical data using all the
DNA fragments. A guide tree was constructed using *BEAST
(Heled & Drummond, 2010) in BeasT 1.8.0. Running the
reversible-jump MCMC analyses for 100,000 generations
(sampling interval of five) with a burn-in period of 50,000
produced consistent results across two separate analyses initi-
ated with different starting seeds and using algorithm 0
(¢ = 15.0). Each species-delimitation model was assigned
equal prior probability. Given that the prior distributions of
the ancestral population size (6) and root age (t,) can affect
models’ posterior probabilities, three different combinations
of priors were tested: (1) large ancestral populations sizes
and deep divergences: 8 = G (1, 10) and 1o = G (1, 10); (2)
relatively small ancestral populations sizes and shallow diver-
gences among species: 0 = G (2, 2000) and 1y = G (2, 2000);
and (3) large ancestral population sizes, 6 = G (1, 10), and
relatively shallow divergences among species, 10 =G (2,
2000).

Estimation of divergence times

Divergence times within Allognathus were estimated using a
Bayesian relaxed-clock approach implemented in BEAsT
1.8.0, using 7.5 x 107 generations, sampled every 10,000
generations. Models of sequence evolution for each nucleo-
tide sequence partition were determined using the corrected
Akaike information criterion in jMobpeLTEsT. The Yule
model was chosen as the speciation prior for all three data
sets and an uncorrelated lognormal relaxed molecular clock
was employed. No fossils of Allognathus are known from
before the Quaternary. We therefore performed two analyses,
one with estimates based on geographical calibration and
one based on substitution rates. For the first analysis, we
used a palacogeographical event in the Mediterranean Basin
as a calibration point for estimating absolute divergence
times. For the main inferred clades, we assumed that the
most recent common ancestor of the lineages grouped in
clades C3—-C8 (Fig. 2) occurred during the MSC, so 5.33 Ma
+ 0.1 Myr was assigned as the prior distribution (normal
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distribution) for the age of the C3—C8 root node. The second
approach to divergence estimation applied locus-specific
rates. We performed an analysis using divergence rates from
Razkin et al. (2015) (2% and 0.24% per million years for
mitochondrial DNA and nuclear DNA, respectively) taking
9.1 Ma as the divergence time of the split between Hemicycla
and Allognathus. Burn-in was determined with TRACER 1.6
(Rambaut et al., 2014). The two independent runs were
combined and the maximum-clade-credibility tree was iden-
tified using LocComBINER 1.8.0 and TREEANNOTATOR 1.8.0
(Drummond et al., 2012).

Ancestral-area reconstruction

The ancestral range at each divergence event was recon-
structed using Bayesian binary MCMC analysis (BBM) as
implemented in rasp 3.0 (Yu et al, 2014). This program
determines the probability of a given ancestral range at a
node by averaging over a posterior set of trees, thereby
accounting for phylogenetic uncertainty. A consensus tree
obtained with BEAST was loaded into Rrasp. Each sample
from the phylogeny was assigned to one of the seven regions:
north-eastern Tramuntana Mountains (Mallorca); south-wes-
tern Tramuntana Mountains; the Cabrera archipelago; Ibiza;
the Ses Bledes archipelago; Menorca; and the Iberian Penin-
sula. Probabilities were estimated for nodes in the phylogeny
with a posterior probability > 0.90. We used the F81 + G
model, and analyses were conducted for 500,000 generations
using 10 chains, sampling every 100 generations. The first
20% of generations were discarded as burn-in.

RESULTS

Phylogenetic relationships

The topologies of the combined-dataset trees (COI + 16S
rRNA + nuclear rRNA gene cluster) obtained by Bayesian
and maximum-likelihood analyses provided strong support
for the basal nodes (Fig. 2). Iberus and Pseudotachea grouped
together as the sister group to Allognathus and Hemicycla.
The eight main genetic phylogroups identified within Allo-
gnathus were designated G1, H2, C3, C4, C5, C6, C7 and C8.
Clade GI joined all the Allognathus graellsianus specimens
together, with full support (BP = 1.0; BS = 100%), and was
recovered as the sister group (BP = 1.0; BS = 100%) to the
remaining phylogroups, which form the subgenus Iberellus.
Clade H2 grouped with full support (BP = 1.0; BS = 100%)
all the specimens of the morphotype A. hispanicus from the
north-eastern Tramuntana Mountains. H2 emerged as the
sister group to the other clades of subgenus Iberellus (C3—
C8). Clade C3 grouped with strong support (BP = 1.0;
BS = 99%) the specimens of the A. hispanicus and A. campa-
nyonii morphotypes collected in the south-western Tramun-
tana Mountains. C4 and C5 grouped together (BP = 1.0;
BS = 93%); C4 was composed of the specimens of A. pythi-
usensis morphotype (BP = 1.0; BS = 93%) collected from the
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Figure 2 Bayesian-inference (BI) tree inferred based on a concatenated dataset (COI, cytochrome ¢ oxidase subunit I; 16S rRNA, partial
sequence; 5.8S rRNA, partial sequence; ITS2, internal transcribed spacer 2; 28S rRNA, partial sequence) of Allognathus species from the
Balearic Islands and Tarragona (Iberian Peninsula). Numbers on nodes correspond to posterior probabilities (BP) determined in the BI
analysis and to bootstrap support (BS) in the maximum-likelihood (ML) analysis. A shell representative of the group’s morphology is
provided beside each main clade.

Ses Bledes archipelago and northern Ibiza, whereas C5 morphotype (including one specimen from Ibiza) grouped
(BP = 1.0; BS = 96%) comprised A. tanitianus-morphotype into two clades (C6 and C7), closely related to phylogroup
specimens from Ibiza. All specimens of the A. minoricensis C8, which combined specimens of the A. campanyonii
Journal of Biogeography 42, 1845-1857 1849
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morphotype from Mallorca, the Cabrera archipelago and the
city walls of Tarragona. The phylogenetic relationships of
clades C6—C8 were not resolved, but these were recovered as
the closest relatives of phylogroups C4 + C5 (BP = 0.99;
BS = 84%). The specimens of A. horadadae grouped within
clade C8, nested within the specimens of A. campanyonii. Al-
lognathus palumbariae was nested within clade Cé.

The genetic data obtained are provided in Appendix S3.
Other gene trees (mitochondrial DNA and nuclear rRNA)
are presented in the Supporting Information (Figs S1 & S2
in Appendix S2).

Species delimitation

Species limits were tested by different approaches with vary-
ing results (Fig. 3). Under the ABGD method, the initial par-
tition reached stability at the distance of 0.013, value in
which both initial and recursive partitions matched. Consid-
ering this distance, the method revealed eight groups (gra-
ellsianus; hispanicus; ssp.; tanitianus; pythiusensis; minoricensis
1; minoricensis 2; and campanyonii). The results of the
GMYC analyses based on a COI+16S phylogenetic tree were
significant, both with single and multiple thresholds. The
single-threshold method revealed three putative species clus-
ters, whereas the multiple method revealed eight. The choice
of prior distributions in Bpp analyses for 0 and 7, affected
the results and corresponding support values. For the analy-
ses assuming the combinations of priors (1) and (3), eight
putative species were strongly supported by speciation proba-
bilities, whereas for the combination of priors (2), three
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putative species were recognized: the phylogroups denoted
graellsianus and hispanicus, and a third formed by the
remaining phylogroups.

Temporal framework of Allognathus diversification

The different analyses each resulted in similar node-age esti-
mates (Table 1, Fig. 4, and Fig. S3 in Appendix S2). The
median age for the split between the group formed by Allo-
gnathus and Hemicycla from the phylogenetically closest gen-
era Iberus and Pseudotachea was estimated at around
16.0 Ma. The separation between Allognathus and its sister
group Hemicycla was estimated in both analyses at approxi-
mately 12.5 Ma, slightly higher than the value estimated in
Razkin et al. (2015) where less information about this group
was considered. According to the estimates based on geo-
graphical calibration (Fig. 4), the time of the split between
A. graellsianus (clade G1) and the other Allognathus taxa was
estimated at 8.19 Ma (95% highest posterior density (HPD),
10.65-6.25 Ma). Clade H2 split 6.76 Ma (95% HPD, 8.37—
5.13 Ma). The diversification of clades C3-C8 started
5.32 Ma (95% HPD, 5.52-5.13 Ma), giving rise to at least
six divergent lineages during the Pliocene in the different
islands of the archipelago.

Ancestral area reconstruction

rasp analysis (Fig. 4) supported an ancestral range for the
Allognathus complex (node II) in the north-eastern Tramun-
tana Mountains (Mallorca). The marginal probability for this

ABGD GMYC
s

graellsianus I I I

Figure 3 Summary results of the species-
delimitation analysis for Allognathus.
Maximum-clade-credibility tree generated
using all genetic data in *BeAasT. Nodes with
an asterisk indicate posterior probabilities
> 0.95. Numbers adjacent to nodes
represent speciation posterior probabilities
derived from BPP analyses using the
different sets of priors displayed in the box
(bottom left). Black squares next to the tree
represent the putative species clusters
recovered in the ABGD and GMYC (s,
single threshold; m, multiple threshold)
analyses.
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Table 1 Main node-age estimates (Ma) from calibrated BEAST
analyses of Balearic-endemic Allognathus and related genera.
Values are means, with highest posterior density intervals (95%
HPD) in parentheses. Nodes are indicated in Fig. 4.

Geographical
calibration Substitution rates
Iberus+Pseudotacheal 15.89 (21.91-11.07) 16.24 (22.55-11.02)
Hemicyclat+Allognathus
split
Node I 12.38 (17.08-8.71) 12.77 (18.03-8.50)
Node I 8.19 (10.65-6.25)  8.89 (12.42-6.04)
Node III 6.76 (8.37-5.13) 7 .25 (9.99-5.01)
Node IV 5.32 (5.52-5.13) 5.69 (7.75-3.90)

basal node reconstruction (P = 96.5%) was much higher
than for the alternative area (Iberian Peninsula + north-east-
ern Tramuntana Mountains, P = 3.5%). The origin of the
subgenus Iberellus (node III) was also located in the north-
eastern Tramuntana Mountains (P = 99.4%). The origin of
clades C3-C8 (node IV) in the south-western Tramuntana
Mountains (Mallorca) showed higher support (P = 58%)
than any of the alternative areas (north-eastern Tramuntana
Mountains, P = 26%; every other area, P < 6%). Finally, our
rRASP analysis provided strong support for a Menorcan origin
of clade C8 (P = 92.8%), which presently inhabits Mallorca,
the Cabrera archipelago and the Iberian Peninsula (node V),
and much lower probabilities for the alternative origin
(Menorca + Cabrera, P = 6.8%).

DISCUSSION

Phylogeny and species delimitation

The results of our study strongly support the monophyly of
the genus Allognathus. The topologies we obtained showed
differences between the mitochondrial and nuclear partitions,
although the simultaneous analyses of all genes yielded fully
resolved trees with strong support for the main clades. Sto-
chastic sorting of ancestral polymorphisms (Pamilo & Nei,
1988; Wu, 1991) or hybridization (Moore, 1995) may
account for the incongruence between mitochondrial and
nuclear markers. All phylogenetic analyses supported the
basal split of A. graellsianus from the remaining phylogroups
of the subgenus Iberellus sensu Beckmann (2007) and Chueca
et al. (2013). Within the subgenus Iberellus, seven different
phylogroups were identified in the mitochondrial and com-
bined trees, but only clades H2 and C3 were well supported
in the nuclear-only analysis.

The current taxonomy of Iberellus is based on differences in
shell morphology (Gasull, 1963; Beckmann, 2007) and some
of the phylogenetic lineages obtained within this subgenus
were consistent with morphologically defined taxa (Fig. 5).
This occurred for the taxa living in the Pityusic Islands, which
formed a monophyletic group: A. hispanicus pythiusensis and
A. h. tanitianus. The former was considered to be endemic to
the Ses Bledes archipelago (Gasull, 1963; Pons & Palmer,
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1996; Schileyko, 2006), but some specimens of the morpho-
type A. h. pythiusensis collected from northern Ibiza belonged
to the pythiusensis phylogroup, indicating that it also lives on
this island. Fossil shells of this genus found in Ibiza (at Cala
Xarraca) also belong to the morphotype A. h. pythiusensis,
suggesting the long-standing presence of this taxon in Ibiza.
Nevertheless, a more extensive sampling effort is required to
improve our understanding of the relationships between these
two taxa living in Ibiza, which formed two well-defined
phylogroups for mitochondrial but not for nuclear DNA. In
the same way, full agreement was not observed between the
five phylogenetic lineages obtained for the subgenus Iberellus
in the Gymnesic Islands and the morphologically defined taxa.
This was the case for A. h. hispanicus and A. h. campanyonii,
two morphotypes that did not constitute monophyletic lin-
eages. Snails with large, flat conical shells have been classified
as A. h. hispanicus, whereas specimens with narrower, more
conical shells have been ascribed to A. h. campanyonii (Chue-
ca et al., 2013). The presence of haplotypes of both shell mor-
phs mixing with each other is here interpreted as the result of
the hybridization of specimens of the A. h. hispanicus mor-
photype (haplogroup C3) with specimens of the A. h. campa-
nyonii morphotype (clade C8) in the contact zones.
Moreover, shells intermediate between the two morphotypes
have been found in these contact areas. Neither of the haplo-
groups identified in Menorca (C6 and C7) corresponded to a
particular shell type or had a localized distribution range on
the island. Moreover, specimens collected from the same
locality (Ses Mongetes, Ciutadella) and with the same shell
morphology belonged to different clades, suggesting inter-
breeding between the two haplogroups. The two remaining
morphotypes, A. h. horadadae and A. h. palumbariae, were
described based mainly on their isolated distribution on small
islets (Chueca et al., 2013). Our results indicate, however, that
they are neither valid taxa nor singular evolving lineages or
ESUs and should be included in the synonymy of A. h. campa-
nyonii and A. h. minoricensis, respectively. As well as the puta-
tive hybrids found between lineages C3 and C8, we identified
hybridization between A. h. tanitianus and A. h. minoricensis
in Cala Salada (Ibiza), where the latter was probably intro-
duced. These results suggest that there is no reproductive iso-
lation between lineages C3—C8. The level of morphological
differentiation of the main lineages remains to be investigated
and additional studies with other molecular markers would be
useful to further investigate the interactions between different
clades.

Our species-delimitation analyses recovered between three
and eight groups. Although some tests recovered eight puta-
tive species, the different hybridization events detected
between lineages C3—C8 (campanyonii X ssp.; minoricensis X
tanitianus) did not support their consideration as different
species under the biological species concept (Mayr, 1942).
Based on this information and the results of the species-
delimitation analyses, we conclude that three species may be
defined within Allognathus: A. (A.) graellsianus, A. (I.) hispa-
nicus and A. (I.) campanyonii. The last of these species con-
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Figure 4 Time-calibrated multilocus tree for Allognathus obtained using Beast. Bars indicate 95% highest posterior densities of
divergence dates, with means estimated in million years ago (Ma) given at nodes. Main clades are colour-coded to match to the
phylogeny of Fig. 2. Pie charts indicate the probability of ancestral areas for nodes with > 0.50 posterior probability support. Colours of
ancestral areas displayed on pie charts are defined in the box (bottom left).

tains at most five subspecies, mainly defined by biogeograph-
ical criteria: (1) A. c¢. campanyonii from the Cabrera archipel-
ago and low areas of Mallorca, also present in Tarragona; (2)
A. ¢ ssp., living in the south-western Tramuntana Moun-
tains, which is cryptic to A. hispanicus and hybridizes with
A. c¢. campanyonii in contact zones; (3) A. c¢. minoricensis,
with two mitochondrial haplogroups in Menorca; (4) A. c.
tanitianus, endemic to Ibiza; and (5) A. c. pythiusensis, with
populations present in the Ses Bledes archipelago and in
northern Ibiza.

Miocene colonization

The presence of many endemic species in the Balearic Islands
has been explained by the Tyrrhenian vicariance hypothesis
(Fochetti et al., 2009; Pfenninger et al., 2010; Bidegaray-
Batista & Arnedo, 2011; Lazaro et al., 2011) or through colo-
nization during the MSC (Fromhage et al., 2004; Lalueza-
Fox et al., 2005; Delicado et al., 2014). In the absence of fos-
sil records of Allognathus before the Quaternary, we used the
MSC as a calibration point for the split between the clades
from Ibiza and Menorca from the A. c. ssp. clade from Mall-
orca. An MSC split between congeneric phylogroups has also
been described in other organisms that inhabit the Balearic
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Islands 2005; 2008).

Although passive transport events cannot be entirely ruled

(Lalueza-Fox et al., Brown et al.,
out, we have only identified recent passive transport events
attributable to human activity at two sites — the ports of Tar-
ragona and Ibiza. Furthermore, the Allognathus simultaneous
split that occurred between the clades from Ibiza (C4-C5)
and the Gymnesic Islands (C6—C8) is highly unlikely by pas-
sive transport. The estimates based on substitution rates rein-
force this hypothesis. According to these assumptions,
divergence between Allognathus and its sister group (Hemicy-
cla) was estimated to have occurred prior to 12.38 Ma,
whereas the divergence between these two genera and their
closest relatives Pseudotachea and Iberus was estimated to
have taken place 15.89 Ma. These two divergence dates cor-
respond to the middle Miocene. Thus, they largely post-date
the Alpine orogeny of the late Oligocene (30-25 Ma), when
the Hercynian microplates split from the continent, giving rise
to the Balearic Islands (Rosenbaum et al., 2002). For organ-
isms in which diversification by the Tyrrhenian vicariance
hypothesis has been shown to correspond to the Oligocene
breakup of the Hercynian belt, closely related taxa commonly
exist distributed in various regions that originated from the
Hercynian microplates (Fochetti et al., 2009; Pfenninger et al.,
2010; Bidegaray-Batista & Arnedo, 2011; Lazaro et al., 2011).
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Cabrera

Figure 5 Map of the Balearic Islands (Western Mediterranean) plotting collection localities of Allognathus species (samples from
Tarragona city, Iberian Peninsula, not shown). Colours correspond to clades obtained in the phylogeny (Fig. 2).

This is not the case for Allognathus, which is endemic to the
Balearic microplate. In effect, there are no closely related taxa
living in regions that arose from the Hercynian microplates.
These results do not support the origin of Allognathus in the
Balearic Islands through drifting with the Balearic microplate,
suggesting that its presence on this archipelago is the result of
a subsequent colonization process.

According to our findings, Allognathus colonized the Bale-
aric Islands during the middle Miocene. This colonization
could have occurred via the Baetic—Balearic corridor dated to
the middle Miocene (Riba, 1981; Fontboté et al., 1990; Roca,
1996). Allognathus is the only invertebrate taxon whose colo-
nization of the Balearic Islands is assigned to the middle
Miocene. This dating supports the hypothesis of a land con-
nection between the archipelago and the Iberian Peninsula
during the middle Miocene allowing the entry of terrestrial
fauna into the Balearic Islands as suggested for some
vertebrates (Adrover et al.,, 1985; Quintana & Agusti, 2007;
Bover et al., 2008).

The position of Hemicycla as the sister group of Allogna-
thus makes it difficult to pinpoint the colonization age of the
Balearic Islands by Allognathus. Hemicycla is endemic to the
Canary Islands, and there are no fossil records of Hemicycla
in the Iberian Peninsula or the Balearic Islands. Some fossil
assemblages from south-eastern France were originally attrib-
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uted to Hemicycla, but these have been recently ascribed to
the fossil genus Megalotachea (Nordsieck, 2014). These
Megalotachea are dated from the middle Miocene to the early
Pliocene in different places in the eastern Iberian Peninsula.
Similarities between the shells of some species of Megalota-
chea and those of the genera Iberus, Pseudotachea, Hemicycla
and Allognathus suggest that Megalotachea could belong to
the subfamily Helicinae, closely related to the genera that
originated in the western Mediterranean region.

Given the absence of Hemicycla fossils, two different sce-
narios could explain the colonization of the Canary Islands
by this genus or its ancestors: (1) from the Iberian Peninsula,
after the colonization of the Balearic Islands by ancestors of
Allognathus, or (2) from the Balearic Islands, once they had
been colonized by proto-Allognathus+Hemicycla. The former
scenario would imply ancestors of Allognathus colonizing the
Balearic Islands during the Serravallian (13.82-11.60 Ma). In
contrast, if Hemicycla arrived in the Atlantic archipelago
from the Balearic Islands, the ancestors of Hemicyclat+Allo-
gnathus would have colonized the Balearic Islands in the
Langhian (15.97-13.82 Ma). In both cases, these dates fall
within the period of connection between the Iberian Penin-
sula and the Balearic Islands via the Baetic—Balearic corridor
that existed during the Langhian—Serravallian (Riba, 1981;
Fontboté et al., 1990; Roca, 1996).
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Remarkably, Iberus and Pseudotachea are the closest rela-
tives to Hemicycla and Allognathus, (Razkin et al., 2015),
having their centres of dispersal in the south-east of the Ibe-
rian Peninsula (Puente, 1994; Elejalde et al., 2008). This ori-
gin supports the hypothesis of colonization of the
archipelago via the Baetic—Balearic domain. Similarly,
the mammal fauna that colonized the Balearic Islands during
the middle Miocene was closely related to the mammal fauna
found in the south-eastern Iberian Peninsula (Murchas, Gra-
nada) dated to the middle Miocene (Martin-Sudrez et al.,
1993; Bover et al., 2008).

Later on, during the Tortonian (11.60-7.25 Ma), Mallorca
was invaded by an epicontinental sea that reduced it to a
cluster of small islands roughly corresponding to its current
uplands (Pomar, 1991; Bauza-Ribot et al., 2011). This could
explain the diversification of different Allognathus lineages
within Mallorca, giving rise to A. graellsianus, A. hispanicus
and A. campanyonii ssp. through vicariant processes. Our
dates obtained for the separation of A. graellsianus (8.19 Ma)
and the divergence of A. hispanicus from A. campanyonii ssp.
(6.76 Ma) are fairly consistent with this idea. Biogeographi-
cal data also support this rationale, because all three taxa live
exclusively in the highest mountain system in the Balearic
Islands, the Tramuntana Mountains (Gasull, 1963; Pons &
Palmer, 1996). Allognathus graellsianus and A. hispanicus live
in the north-east, whereas A. campanyonii ssp. inhabits the
south-west of the mountain range.

During the MSC (5.96-5.33 Ma), due to the desiccation of
the Mediterranean basin, the entire archipelago was con-
nected (Hsi et al, 1973; Krijgsman et al., 1999) and this
allowed dispersal from Mallorca to Menorca and Ibiza. Dis-
persal from one island to another during the MSC in the
Balearic Islands has been confirmed for different taxa (Brown
et al., 2008; Bauza-Ribot et al., 2011). In other cases, the
MSC has been suggested as the period for colonization of
the Balearic archipelago from the continent (Fromhage et al,
2004; Lalueza-Fox et al., 2005; Delicado et al., 2014). Subse-
quent filling of the Mediterranean Basin led to the isolation
of populations living in the three main emerged islands and
triggered a burst of allopatric diversification. The phyloge-
netic lineages observed here point to different speciation pro-
cesses within Menorca. According to our rAsP analysis, one
of the phylogenetic lineages arising in Menorca (minoricensis
2) dispersed to Mallorca approximately 3 Ma, ascribing the
ancestral range of A. c. campanyonii to Menorca (P = 93%).
This could have occurred via the land connection between
the Gymnesic Islands during glacial periods of the Plio-Pleis-
tocene, allowing the dispersal of specimens from Menorca to
Mallorca and the Cabrera archipelago. Later on, during
interglacial intervals, isolation of the islands would have
promoted the allopatric speciation of A. c¢. campanyonii.
Dispersal between Menorca and Mallorca during the Plio-
Pleistocene has also been documented in other organisms
(e.g. Bover et al, 2008; Brown et al, 2008; Quintana &
Moncunill-Solé, 2014). After the colonization and subsequent
range expansion of A. c. campanyonii in Mallorca, secondary
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contact with the A. c¢. ssp. phylogroup would have led to
hybridization between the two lineages. Our data assign the
specimens collected from the Tarragona city walls to the
campanyonii clade without significant genetic differences,
confirming the hypothesis of its introduction in historical
times (Gasull, 1963). The presence of specimens belonging to
the minoricensis clade in the city of Ibiza suggests their unin-
tentional anthropogenic introduction.
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