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Abstract
The marine snail Littorina saxatilis exhibits extreme morphological variation between and

within geographical regions and represents an excellent model for assessing local adapta-

tion. Previous studies support the hypothesis of parallel evolution in sympatry of two mor-

phologically different ecotypes (named as RB and SU) that co-inhabit different habitats from

Galician rocky shores (NW Spain), and which are interrupted by sheltered areas inhabited

by a different morph never studied before (named as SRB). Here, we use morphological

and mitochondrial DNA (mtDNA) sequence data to test hypotheses on the origin and diver-

sification of SRB snails and to assess their evolutionary relationships with RB and SU eco-

types. Our results show that the SRB morph displays the largest size and shell elongation

and the smallest relative shell aperture, representing an extreme type of the RB vs. SU poly-

morphism, which has been linked to adaptation to sheltered ecological factors. Phyloge-

netic analysis shows that the SRB morph shares ancestry with RB and SU ecotypes,

rejecting the hypothesis that the SRB morph marks relict populations from which these eco-

types evolved in Galician coasts. Our data support that genetic differentiation among SRB,

RB and SUmorphs results from a general pattern of restricted gene flow and isolation by

distance linked to the colonization of Galician coasts by two independent mtDNA lineages,

rather than from a random fragmentation of the initial distributional range. Therefore, the

confinement of distinct lineages to specific geographical areas denote evident limits to the

distances these snails can disperse. Morphological analysis indicates no association

between mtDNA lineage and a specific morphotype, and suggests the independent gain of

convergent morphological patterns within each mtDNA lineage in populations occupying

contrasting habitats following the colonization of Galician coasts.

Introduction
Ecological speciation is the process by which barriers to gene flow evolve between populations
as a result of ecologically-based divergent selection [1–3]. The marine gastropod Littorina
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saxatilis is an example of incomplete ecological speciation that can be observed along the wave
exposed-rocky shores in Galicia (NW Spain) (reviewed in [4]). Galician populations of this
organism display an extreme microhabitat-associated intraspecific dimorphism in response to
different environmental conditions. The SU (smooth and unbanded shell) ecotype lives in the
lower shore on mussels (exposed microhabitat), where the main factor affecting survival is the
strength of the waves. The large and robust RB (ridged and banded) ecotype lives in the upper
shore associated with barnacles (sheltered microhabitat), where it is exposed to daily changes
in salinity, heat stress and higher predation rates by crabs. These ecotypes show partial repro-
ductive isolation and a low dispersal capacity [4]. In the midshore, both habitats overlap and in
some areas, the two ecotypes meet and occasionally mate producing fertile intermediate mor-
phological forms (hybrids) [5–6]. A similar pattern of pairs of divergent ecotypes currently liv-
ing in contrasting habitats can be found in the west coast of Sweden and the northern coast of
England [4, 7].

Two hypotheses have been proposed to explain the origin of the above ecotypes: I) diver-
gence in allopatry followed by secondary contact, and II) parallel non-allopatric evolution of
the ecotypes at both regional and local scales [4, 8, 9]. Results from a recent study by Butlin
et al. [10] combining data from three geographical regions (Spain, England and Sweden) using
mitochondrial and nuclear data gave additional support to the hypothesis that the ecotypes
arose in parallel and in sympatry [9]. This paper showed, using an Approximate Bayesian
Computation framework, that pairs of ecotypes likely arose independently in the face of con-
tinuous gene flow both within and between European regions, after a long delay between the
colonization of a locality and ecotype formation. The authors also found that Galician popula-
tions have been historically isolated from Northern Europe, as the estimated time of separation
between the northern and Spanish populations was much older than between British and
Swedish populations (see [11–12]).

Although RB and SU ecotypes have been extensively studied (reviewed in [4]), questions
underlying this incipient speciation process still remain unanswered. The ecotypes and their
habitats are found exclusively in the most exposed areas of the Galician coast. These exposed
sites are interrupted by sheltered areas. Populations inhabiting these sheltered areas have never
been studied before and they may contain residual populations with a phylogenetic signal that
might shed light on the importance of allopatric and non-allopatric processes on the origin of
RB and SU ecotypes (see [13–14]).

Numerous studies have successfully used mitochondrial DNA (mtDNA) for assessing phy-
logenetic relationships in presence of gene flow to elucidate the relative importance of historical
and ecological factors on intraspecific geographic variation (e.g. [15–18]). Therefore, mtDNA
evolves rapidly and is unlikely to recombine, thus becoming a highly informative marker for
the formulation of unambiguous phylogenetic hypotheses and the resolution of recent radia-
tions among taxa [15]. In L. saxatilis, previous work [4, 9, 10] has validated the analysis of
mtDNA to perform evolutionary inferences in Galician populations of this marine snail, as it
mirrors evolutionary inferences based on multilocus nuclear markers assayed at the same sites.
Further studies have also stressed its utility to disentangle the evolutionary history of this spe-
cies in other geographical regions [11–12]. A global molecular phylogeny revealed the existence
of two independent mtDNA lineages (I and II) resulting from an ancient divergence event
around the British Isles that pre-dated the formation of European ecotypes 2.5–13 kya by at
least 0.6 Myr [10–11]. These lineages have experienced subsequent diversification into a num-
ber of derived haplogroups and are now broadly distributed across the North Atlantic region,
including Galician coasts [11].

Here, we analyze mtDNA sequences as well as phenotypic data (shell morphometrics) of
samples from both exposed shores (inhabited by RB and SU ecotypes) and sheltered shores
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(inhabited by the putative sheltered ecotype, SRB, henceforth) from Galicia covering the Span-
ish distribution range of the species. We aimed to distinguish between three main scenarios. In
scenario A, the SRB morph is the relict form from which RB and SU ecotypes evolved in Gali-
cian coasts. Under this scenario, haplotypes from all the sheltered sites should cluster together
in phylogenetic trees into a separated and highly diverged clade owing to their ancestral condi-
tion. In scenario B, genetic differentiation among SRB, RB and SU morphs results from a gen-
eral pattern of restricted gene flow and isolation by distance linked to the colonization of
Galician coasts by at least two independent mtDNA lineages (I and II). Under this hypothesis,
haplotypes should cluster in phylogenetic trees by regional geographical origin, with a positive
relationship between geographical and genetic distance within each major mtDNA lineage. In
scenario C, an initial population bearing at least two divergent mtDNA lineages (I and II) and
lacking population structure experienced vicariance events that had a location and timing inde-
pendent of the geographical distribution of L. saxatilis snails. Under this hypothesis, haplotypes
from each morph and lineage would cluster essentially randomly within the phylogeny.

Materials and Methods

Sampling
A total of 48 adult snails inhabiting the most sheltered areas (the sheltered SRB morph) from
four Galician estuaries were sampled covering the distribution range of the species in Spain
(Table 1). We also used data from the exposed ecotypes (SU and RB) from a previous study by
Quesada et al. [9], which included four exposed Galician localities where RB and SU individu-
als coexist in sympatry (Table 1). This study did not involve endangered or protected species,
and no specific permission for collection of specimens was required.

Morphometric analysis
Each snail was photographed with a Leica MZ12 stereoscopic microscope and Leica digital
ICA video camera. Adult shell images were analyzed using 11 landmarks positioned on the dig-
itized shell image following Conde-Padín et al. [19]. For each individual, we measured centroid
size (CS) and shape using relative warps (RW). The relative warps were computed using the
software packages TpsDig and TpsRelw [20–21], excluding the uniform component, following

Table 1. Sampling sites of Galician (NW Spain) L. saxatilis.

Region Locality Latitude / Longitude Ecotype N

Mogor 42° 23´ 22.5” N / 8° 42´56.9”W SRB 12

Inner Bay Noia 42° 47´30.2” N / 8° 54´36.2”W SRB 12

Sada 43° 21´20.3” N / 8° 14´59.8”W SRB 12

Tapia 43° 34´20.2" N / 6° 56´50.0”W SRB 12

Cíes 42° 13´29.8” N / 8° 54´20.0”W RB 6

Outer Bay1 Ons 42° 22´31.6” N / 8° 55´55.8”W RB 6

Roncudo 43° 17´32.7” N / 8° 57´30.9”W RB 6

Arealonga 43° 45´10.6” N / 7° 38´12.0”W RB 6

Cíes 42° 13´29.8” N / 8° 54´20.0”W SU 6

Outer Bay1 Ons 42° 22´31.6” N / 8° 55´55.8”W SU 6

Roncudo 43° 17´32.7” N / 8° 57´30.9”W SU 6

Arealonga 43° 45´10.6” N / 7° 38´12.0”W SU 6

1From Quesada et al. [9]

doi:10.1371/journal.pone.0161287.t001
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Butlin et al. [10]. We used the scaling option α = 0, which weights all landmarks equally. Differ-
ences among ecotypes were interpreted for the consensus form using a thin-plate spline repre-
sentation, an interpolating function to describe shape changes with respect to the reference
configuration [20], using the TpsRelw software.

We first applied a randomization ANOVA in order to detect differences attributable to eco-
types ignoring their locality of origin, as suggested by Peres-Neto and Olden [22]. Second, we
evaluated the occurrence of differences in shell size and shape among the three ecotypes (RB,
SU and SRB) by a two-way nested parametric ANOVA, with factorsmorph (fixed: SRB, RB
and SU) and locality (nested within morph, random: three levels for each morph), following
Underwood [23]. Analyses were performed using the statistical package SPSS 12.0.

DNA extraction and sequencing
Head–foot tissue was used for DNA extraction, using a CTAB protocol [24]. DNA concentra-
tion and purity were assessed using a NanoDrop spectrophotometer (Nanodrop Tech. Inc.,
Wilmington, DE). DNA samples were purified with NucleoSpin columns following the manu-
facturer’s instructions (Macherey-Nagel). All DNA samples were standardized to 50 ng/μL.

Primers used in this study are those developed by Butlin et al. [10], designed from the anno-
tated L. saxatilis partial mtDNA sequence (AJ132137; [25]) and from sequences in Small and
Gosling [26]. These primers were used to amplify a 2004 bp region (in two overlapping frag-
ments of 1028 and 1137 bp) encompassing the ND6 and tRNApromitochondrial genes, as well
as the 3´end of the ND1 gene and the 5´end of the Cyt-b gene [10]. After PCR purification
using GFX columns (Amersham Biosciences, Picataway, NJ), sequencing was performed for
both strands in an ABI 3730 xl sequencer. Newly reported mtDNA haplotypes were deposited
in the EMBL database under accession numbers LT593763-LT593842.

Sequence analysis
Contigs were assembled using Seqman (DNASTAR, Madison, WI) and alignments were per-
formed with ClustalX [27]. Alignments were manually inspected for ambiguities in Bioedit
7.2.2 [28]. Data were searched for evidence of recombination using the program RDP4 [29].
Polymorphism estimates were calculated with DnaSp 5.10.1 [30]. The raggedness index r [31]
and the Fu´s Fs statistic [32] were computed to test for population expansions. Statistical signif-
icance of these tests was evaluated by coalescent simulations with no recombination as imple-
mented in DnaSp. We performed an analysis of molecular variance (AMOVA) considering a
two-level hierarchical partition (localities and ecotypes) using Arlequin 3.5.1.2. [33]. This pro-
gram was also used for calculating population pairwise FST estimates. The program zt [34] was
used to compute a Mantel test between the linearized FST estimates [FST /(1- FST)] and log-
transformed geographical distances between samples.

The optimal nucleotide substitution model was selected based on the Akaike Information
Criterion in Modeltest 3.7 [35]. The selected model (HKY85) was then used to perform a maxi-
mum-likelihood phylogeny as implemented in PhyML [36] and including sequences from the
Spanish RB and SU ecotypes from the study by Quesada et al. [9]. Node confidence was
assessed by running 1000 bootstrap replicates. We also carried out a Bayesian phylogenetic
analysis using MrBAYES 3.1 [37]. Four chains were run for 8 x 106 generations using default
values and trees saved every 1000 generations. The initial 2 x 106 generations were discarded
for burn-in. The analysis was repeated twice and checked for convergence. In addition, a statis-
tical parsimony network [38] was built up with Network 4.6 [39] using the median-joining
algorithm.
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The program PhyloMapper v.1b1 [40] was used to test the null hypothesis that the inferred
clade structure reflects a random geographic association of lineages. This program uses a maxi-
mum likelihood approach for parameter estimation given the geographical coordinates of the
individuals represented by tips on the tree. We randomized the assignment of geographical
locations to the tips of the genealogy 10,000 times. If several localities shared a haplotype, then
we randomly selected one of these localities for analysis. The distribution of the dispersal
parameter (C) obtained from this randomization process was used as an indicator of phylogeo-
graphic association [40], and compared to the value ofC obtained when the relationship
between the genealogy and sampling localities was not randomized.

We used a constrained tree analysis as implemented in RAxML [41] to better distinguish
alternative evolutionary scenarios. A maximum likelihood search was performed in RAxML
for each of three tree topologies: (1) unconstrained tree; (2) constrained tree with monophyly
of sheltered SRB populations; and (3) constrained tree with monophyly of populations living in
the same locality. The likelihoods of constrained trees were compared to the reference uncon-
strained tree using the Shimodaira-Hasegawa test [42] as implemented in Tree-Puzzle 5.3 [43].

Results
Morphology was consistent across regions within each of the three morphs studied but differed
among morphs. Both the randomization and the nested ANOVA revealed the occurrence of
significant differences in size (CS) and shape (U1, RW1) among morphs. According to the
results derived from the nested ANOVA, the 91% (CS), 39% (U1) and 67% (RW1) of the mor-
phological variation observed for each variable was due to differences among morphs. The
means (and standard deviations) of these variables for each of the morphs and localities in
addition to the results of the ANOVAS are summarized in Table 2. A clear differentiation

Table 2. Mean (±SD) of the significant variables derived from the geometric morphometrics analyses. Results are given for each morphotype and
locality, including the results from both the randomization (ignoring the origin of the localities) and the nested (including the geographical origin) ANOVAS,
indicating the existence of significant differences among morphotypes.

Morphometric variables1

Region Ecotype Habitat Locality N CS U1 RW1

SRB Supersheltered Mogor 12 1.138 ± 0.071 0.021 ± 0.020 0.051 ± 0.028

Inner Bay SRB Supersheltered Noia 12 1.249 ± 0.132 0.024 ± 0.025 −0.062 ± 0.025

SRB Supersheltered Sada 12 1.068 ± 0.071 0.020 ± 0.015 0.050 ± 0.011

SRB Supersheltered Tapia 12 NA NA NA

RB Sheltered Cíes 6 0.960 ± 0.031 0.001 ± 0.015 0.054 ± 0.020

Outer Bay RB Sheltered Ons 6 0.992 ± 0.018 0.002 ± 0.023 0.110 ± 0.014

RB Sheltered Roncudo 6 0.945 ± 0.030 0.030 ± 0.015 0.009 ± 0.023

RB Sheltered Arealonga 6 0.961 ± 0.029 0.005 ± 0.030 0.015± 0.028

SU Exposed Cíes 6 0.534 ± 0.021 0.007 ± 0.028 0.095 ± 0.033

Outer Bay SU Exposed Ons 6 0.544 ± 0.011 0.035 ± 0.032 0.107 ± 0.028

SU Exposed Roncudo 6 0.551 ± 0.013 0.036 ± 0.039 0.079 ± 0.050

SU Exposed Arealonga 6 0.546 ± 0.015 0.024 ± 0.031 0.026 ± 0.030

Randomization ANOVA 410.7*** 26.9*** 104.3***

Nested ANOVA 92.0*** 17.1** 12.0**

1 CS: size; U1: elongation (parallel to the axis of coiling); RW1: relative shell aperture.

***p� 0.001;

**p� 0.01.

NA: not available

doi:10.1371/journal.pone.0161287.t002
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between the three morphs was observed for CS, reflecting that SRB (1.152±0.120) displays a
significantly larger size than RB (0.964±0.031) and SU (0.544±0.016) morphs. The nested fac-
tor locality was also significant for CS and RW1, but the percentage of variance explained was
lower than 16% (data not shown), thus suggesting that although the differences between
morphs were not identical across localities, these differences might be minor. Morphological
differences between pairs of morphs were always statistically significant using a post-hoc Stu-
dent–Newman–Keuls (SNK) tests for U1, RW1 and CS. The magnitude, however, was not
always identical. For example, the difference in relative aperture size (RW1) was somewhat
larger between RB and SU than between RB and SRB (see Fig 1). In summary, the morphotypes
showed a clear shell differentiation in relation to size (CS), longitudinal elongation (U1) and
relative shell aperture (RW1). The SRB morph had the largest size, the smallest relative shell
aperture, and most elongated shells, in contrast to the opposite extreme represented by the SU
ecotype (Fig 1).

DNA sequence data revealed a substantial level of variation in the assayed mtDNA fragment
among the 47 sheltered SRB specimens examined. There were 20 different haplotypes in the

Fig 1. Geometricmorphometrics analysis. a) Individuals from different ecotypes (SRB, RB and SU) and
localities plotted for size (CS) and the relative shell aperture (RW1) of shell shape. b) Photo and corresponding
thin-plate spline representation of the geometric deformations explained by RW1 for the three ecotypes (SRB,
RB and SU). Percentages correspond to aperture size values.

doi:10.1371/journal.pone.0161287.g001

Historical Biogeography of a Marine Snail

PLOS ONE | DOI:10.1371/journal.pone.0161287 August 11, 2016 6 / 13



sheltered SRB populations, with a total of 59 variable sites. No evidence was found of genetic
recombination for the entire data set (N = 95) including RB, SU and the 47 newly generated
SRB mtDNA sequences. We observed no significant differences in overall nucleotide diversity
between SRB (π = 0.0067 ± 0.0006), RB (π = 0.0078 ± 0.0009) and SU (π = 0.0079 ± 0.0010)
morphotypes (see S1 Table). Levels of genetic diversity at single localities did not show any lati-
tudinal pattern of variation (r2 = 0.104; P = 0.435). No evidence of population expansion was
found at any site, as the raggedness r index and Fu´s Fs were never statistically significant.

Genetic variation was highly geographically structured among localities. All pairwise com-
parisons among morphotypes from different localities resulted in a highly significant
(P< 0.001) genetic differentiation, with FST values ranging from 0.971 (Cíes SU vs Arealonga
RB) to 0.191 (Cíes SU vsOns SU). Geographical distance was positively correlated with the
level of genetic differentiation (r = 0.295; P = 0.001, Mantel test) but not with morphological
divergence (r = -0.161, P = 0.171). A hierarchical analysis of molecular variance revealed no
significant (P = 0.858) differences in the level of geographic differentiation of SRB, SU and RB
ecotypes, whereas most of molecular variance (89%) was explained by differences between
localities within each ecotype (P< 0.001).

The phylogenetic analysis clearly indicated a global pattern in which haplotypes clustered
according to their regional geographical origin with a high node support (Fig 2a). Bayesian and
maximum likelihood methods provided congruent tree topologies, with no disagreement
between nodes supported with bootstrap values and posterior probabilities greater than or
equal to 60% and 0.7 respectively. Results from PhyloMapper strongly rejected a random geo-
graphic distribution of phylogenetic clades (C = 28.11; P< 0.001). The geographically proxi-
mate Ons, Cíes and Mogor populations shared two different haplotypes and formed a separate
and well defined monophyletic clade. Interestingly, two haplotypes found at low-frequency in
Tapia most likely represent a recent event of gene flow from the nearby location Arealonga.
The Shimodaira-Hasegawa (SH) test assuming monophyly of individuals from the same loca-
tion (ln L = -858.63) was not significantly different from the unconstrained tree (Ln L =
-854.17; SH-test, P = 0.505). In contrast, a constrained tree topology assuming that all SRB
populations cluster in a single monophyletic clade was significantly different from the uncon-
strained tree (Ln L = -927.05, SH test, P< 0.001).

The haplotype network (Fig 2c) contained a strong signal of local radiations in which haplo-
types arise from a small number of divergent haplotypes in the same population. To explore
the relationships between Galician and North Atlantic L. saxatilis snails, we added data from a
previous study by Doellman et al. [11], which included 32 populations (from western, central
and eastern North Atlantic) using a much smaller mtDNA fragment of 1154 bp (accession
numbers AM500966-AM500967). The haplotype network (S1 Fig) inferred from this shorter
mtDNA region provided a lower resolution for Galician populations and revealed, as previ-
ously reported, that L. saxatilis is composed of two major and broadly distributed mtDNA line-
ages (I and II) [11]. Galician localities displayed independent ranges of lineages I and II. Thus,
except individuals originating from Arealonga and a few from Tapia that formed a monophy-
letic subgroup within lineage I, individuals from all other Galician localities were included
within lineage II, also forming a separate monophyletic subgroup. No haplotypes were shared
with non-Galician populations, as expected from a long-term isolation of Galician snails from
their northern counterparts. Clade structure for Galician snails within lineage II confirmed a
non-random geographic association (C = 23.15; P< 0.001) and a significant correlation
between geographical distance and genetic differentiation (r = 0.433; P< 0.001, Mantel test).
This analysis was not feasible for lineage I due to its small clade size.

The results above allow us to reject the scenario A, which predicts a major and ancestral
monophyletic clade including all sheltered SRB individuals and scenario C, which predicts that
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haplotypes from each morph and lineage would cluster essentially randomly within the phylog-
eny. Instead, our results agree with scenario B, because this hypothesis predicts the monophyly
of haplotypes from the same regional geographical origin, and a general pattern of restricted
gene flow and isolation by distance linked to the colonization of Galician coasts by two inde-
pendent mtDNA lineages.

Discussion
In this study, we presented morphological and mitochondrial DNA (mtDNA) sequence data to
test hypotheses on the origin and diversification of the intertidal snail Littorina saxatilis inhab-
iting the Galician coast (NW Spain). Our results indicate a clear morphological distinctness of
the SRB morph (Fig 1 and Table 2). Phylogenetic analysis (Fig 2) shows that the SRB morph

Fig 2. Phylogenetic relationships among Galician snails. (a) Phylogram of Galician L. saxatilis. Numbers above branches indicate bootstrap node
support in RAxML/Bayesian posterior probability in MrBAYES. Only bootstrap values and posterior probabilities of, respectively, 60% and 0.7 or greater
are depicted. (b) Location of sampling sites. (c) Statistical parsimony network. Pie charts represent the frequencies at each locality. Each white circle
represents a mutational step. Note that clade I specimens from Tapia are clustered together with Arealonga clade I specimens in the same pie chart. In all
panels, colour and symbol designation indicates geographic origin.

doi:10.1371/journal.pone.0161287.g002
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shares ancestry with RB and SU ecotypes, rejecting the hypothesis that the SRB morph marks
relict populations from which these ecotypes evolved in Galician coasts. Our data support that
genetic differentiation among SRB, RB and SU morphs results from a general pattern of
restricted gene flow and isolation by distance linked to the colonization of Galician coasts by
two independent mtDNA lineages, rather than from a random fragmentation of the initial
distributional range. Therefore, the confinement of distinct lineages to specific geographical
areas indicate evident limits to the distances these snails can disperse. These results are of par-
ticular relevance for SRB snails living inside the Galician estuaries, which have not been exam-
ined before the current study, and that could have harboured refugia populations.

Our data confirm the previous claim that Galician L. saxatilismtDNA is in fact polyphyletic,
including derived haplotypes from two ancient lineages (I and II) originated around the British
Isles about 0.64 Ma [11]. The split into two major lineages is well supported since haplotypes of
populations newly investigated compared to the previous mtDNA study by Doellman et al.
[11] belonged to only two haplogroups, clustering either in the I or in the II lineage without
forming a new one (S1 Fig). Our study provides a more exhaustive sampling scheme allowing
to accurately pinpoint the geographical range of each lineage in Galician coasts. Lineage I is
geographically restricted to a narrow northern region, whereas lineage II represents the com-
mon source of haplotypes for the majority of populations from Galician coasts (S1 Fig). This
finding explains the previously reported high divergence between the northern location of
Arealonga and other southern Galician populations [9], since they belong to different hap-
logroups (S1 Fig).

The observation of two major ancient mtDNA lineages complicates the former identifica-
tion of scenarios of repeated evolution [9], because the emergence of distinct ecotype pairs in
sympatry on exposed Galician shores may be confounded by admixture of divergent genetic
lineages. However, given the mtDNA topology and the lack of an association of lineages I and
II with a specific morphological phenotype, there is no simple way to explain the morphologi-
cal divergence between morphotypes as old and predating colonization, unless we also invoke
1) a long-term stabilizing selection to preserve ancestral morphological characters in widely
separated and genetically divergent morphotypes, 2) repeated episodes of extinction of the
native mtDNA lineage of one ecotype and its subsequent replacement by the alternative line-
age, and 3) that these mtDNA replacements have occurred in opposite directions in Northern
and Southern Galician populations. A more plausible explanation seems to be the independent
gain of convergent morphological patterns in independent genetic lineages in response to simi-
lar environmental gradients [9, 10].

Our data give small support to dramatic influences of Quaternary climate changes on Gali-
cian populations. The absence of latitudinal patterns of genetic diversity, the relatively high
haplotype diversity, the nonexistence of genetic differences in average diversity among mor-
photypes, and the strong population structure including isolation by distance, support that
Galician populations have remained relatively stable and isolated after colonization of the dif-
ferent regions and localities. A relatively long-term stable demographic scenario is in agree-
ment with the fact that the Iberian Peninsula was ice-free during the last glacial maximum
[44], and that Galician L. saxatilis populations have been historically isolated from those living
in northern areas, heavily affected by population size fluctuations and dramatic changes in
distributional ranges [10–12]. This strengthens the view that Galician populations display
unique genetic patterns that could have facilitated a steady long-term accumulation of local
adaptive differences [4, 9, 10]. Accordingly, earlier studies based on allozyme, AFLP and
genome-wide DNA sequencing analyses have emphasized the role that local selection may play
in structuring genetic variation within and among natural populations of Galician L. saxatilis
(reviewed in [4]). For example Galindo et al. [45] reported that up to 3% of AFLP loci
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examined in ecotype pairs of this species living in the same Galician exposed site are directly or
indirectly affected by directional selection in response to the specific habitats where they live.
Similarly, RNA-seq and RAD data have provided widespread evidence for adaptive changes
specific to the particular habitat where L. saxatilis ecotypes inhabit [46–47].

Our results demonstrate for the first time the morphological distinctness of SRB snails. This
is particularly interesting because the shell size and shape differences existing between the RB
and SU morphs have been previously interpreted in adaptive terms (reviewed in [4] for CS and
RW1), for which a genetic basis with a small contribution from developmental plasticity has
been demonstrated [5, 19, 48, 49]. Additionally, two different snail species (Nucella lapillus and
Melarraphe neritoides) showed a similar parallel trend in shell shape (RW1) across the same
environmental cline [50]. The SRB morph lives in the most sheltered habitats and shows the
most extreme sheltered morphological traits of all Galician morphotypes reported so far, dis-
playing the largest shells and smallest apertures (Fig 1). This could either suggest an adaptation
to withstand the crab predation, desiccation, and the heat stress, or any plastic response caused
by growing in the upper shore level.

In conclusion, the results of our study suggest that the colonization of Galician coasts by
ancestral L. saxatilis populations bearing two divergent mtDNA lineages was an important
process helping to explain the current variation in the distribution of mtDNA haplogroups.
Our morphological and phylogenetic analyses indicate no association between mtDNA lineage
and a specific morphotype, and do not support the hypothesis that the SRB morph marks relict
populations. The distribution of mtDNA clades may, therefore, represent an additional exam-
ple of the importance of restricted gene flow and isolation by distance in explaining patterns of
genetic divergence in this species. More generally, we provide an example of parallel pheno-
types that have evolved across multiple genetic lineages. Altogether, the conclusions derived
from this study will provide baseline data for future research on the amazing capacity of this
species to reach morphological changes in response to any kind of intertidal microhabitat
[4, 7].

Supporting Information
S1 Fig. Relationships between Galician and North Atlantic L. saxatilis snails. (a) Statistical
parsimony network for North Atlantic populations of L. saxatilis. Data include Galician and 32
additional populations (from western, central and eastern North Atlantic) using a much
smaller mtDNA fragment. Grey indicates L. arcana; black indicates L. compressa. Haplogroup
designations (A to J) and colours as in Doellman et al. [11]. Galician haplotypes are enclosed
within a green line (haplogroup D from lineage I) and a red line (haplogroup H from lineage
II). (b) Haplotype frequencies for Galician L. saxatilis. In Galicia, only two haplogroups were
found: haplogroup D from lineage I (in green), and haplogroup H from lineage II (in red).
(PDF)

S1 Table. Summary of the mtDNA diversity in Galician L. saxatilis. Estimates of mtDNA
nucleotide variation for each ecotype and locality of Galician L. saxatilis
(PDF)
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