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ABSTRACT: Phylogeographic studies of evolutionary young species co-existing over a
vast geographic area can provide insights in the process of evolutionary divergence and its
cohesiveness in different parts of the species ranges. The Littorina snails of the ‘saxatilis’
cryptic group diverged in near-glacial time, and tend to live in sympatry. L. saxatilis is
widely distributed on both sides of the North Atlantic, while L. arcana and L. compressa
are patchy distributed on the shores of Europe and Atlantic islands. The biogeographic
history of the Littorina ‘saxatilis’ cryptic group is still obscure, with L. saxatilis studied
much better than the other two species. We evaluated the population structure of the three
‘saxatilis’ species on the coasts of Wales, the Norwegian and the Barents seas using several
genetic markers:  the mitochondrial cytochrome b gene (cytb, partial, 26 haplotypes for 268
sequences), nuclear (5 microsatellite loci in 458 individuals) and whole-genome (2bRAD,
63 417 loci in 114 individuals) markers.
Analyses based on the cytb and microsatellite markers showed a deep divergence between
the British and the North European populations of all three species with a high genetic
similarity between their sympatric populations from Wales. L. compressa had the highest
differentiation from both L. arcana and L. saxatilis and demonstrated the clear population
structure due to allele frequency. The degree of the genetic differentiation between
sympatric L. arcana and L. saxatilis in some regions was lower than between the regions
within a species. Moreover, analyses of all three types of used markers indicate that the
continental populations of L. arcana include individuals with contrasting genomic profiles.
Our results suggest that L. arcana and L. compressa separated from their common ancestor
L. islandica after L. saxatilis. The three sibling species survived glaciation in a refugium (or
refugia) on the British coasts, separated from the mainland refugium (or refugia). After the
glaciation, L. compressa colonised the mainland, most likely from a single European
refugium. Post-glacial continental repopulation by L. arcana could have occurred from at
least two sources, with two differentiated lineages still recognisable. Further inclusion of
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Littorina populations from South Norway and France is needed to complete the reconstruc-
tion of biogeographic history in these three evolutionary young species of Littorina snails.
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РЕЗЮМЕ: Филогеографические исследования эволюционно молодых видов, сосу-
ществующих на значительной части их ареалов, могут дать представление о процес-
се дивергенции в ходе видообразования в разных частях ареалов видов. Моллюски
рода Littorina из группы криптических видов “saxatilis” дивергировали в предледни-
ковый период и живут в условиях симпатрии на большей части современных
ареалов. Вид L. saxatilis широко распространен на обеих сторонах северной Атлан-
тики, тогда как L. arcana и L. compressa имеют более ограниченные ареалы на
побережьях континентальной Европы и атлантических островов. Биогеографичес-
кая история группы криптических видов “saxatilis” до сих пор неясна; при этом для
L. saxatilis она изучена значительно лучше, чем для двух других видов. Мы проана-
лизировали популяционную структуру трех видов группы “saxatilis” на побережьях
Уэльса, Норвежского и Баренцева морей, используя несколько генетических марке-
ров: митохондриальный ген цитохрома b (cytb, 26 гаплотипов среди 268 последова-
тельностей), ядерные (пять микросателлитных локусов из 458 особей) и общегеном-
ные (2bRAD, 63 417 локусов из 114 особей) маркеры.
Проведенный анализ cytb и микросателлитов показал глубокую дивергенцию между
британскими и североевропейскими континентальными популяциями всех трех
видов при высоком генетическом сходстве между их симпатрическими популяция-
ми из Уэльса. Вид L. compressa демонстрировал значительные отличия от двух
других видов (L. arcana и L. saxatilis) и сильно выраженную популяционную струк-
туру по частотам аллелей. Уровень генетической дифференциации между симпатри-
ческими популяциями L. arcana и L. saxatilis в некоторых точках сбора была ниже,
чем внутривидовая дифференциация между удаленными популяциями. Более того,
анализ всех трех типов используемых маркеров указывает на то, что континенталь-
ные популяции L. arcana включают особей с контрастно-различающимися геномны-
ми профилями.
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Introduction

Genetic patterns in young species provide
valuable insights in the evolutionary process of
divergence (see e.g. Michel et al., 2010; Brawand
et al., 2014; McGee et al., 2016, etc.). In partic-
ular, phylogeographic studies of closely related
sister-species, which coexist in a wide geo-
graphic range, can tell us about a geographic
scene of the speciation process, the cohesive-
ness of divergence in the different part of the
species ranges, and the role of the glacial range
fluctuations in the recent speciation events
(see e.g. Trewick, Wallis, 2001; Habel et al.,
2005; Stewart et al., 2010; Tarnowska et al.,
2012, etc.).

Littorina snails are common inhabitants of
the intertidal zone worldwide and provide an
excellent opportunity to study these questions.
Species of the Atlantic branch of the subgenus
Neritrema Récluz, 1869 diverged very recently,
in the Plio-Pleistocene (Reid, 1996). This branch
includes two groups of cryptic species: ‘obtusa-
ta’ (L. fabalis (Turton, 1825) and L. obtusata
(Linnaeus, 1758)) and ‘saxatilis’ (L. arcana
Hannaford Ellis, 1978, L. compressa Jeffreys,
1865 and L. saxatilis (Olivi, 1792)); the diver-
gence time of species of the latter group is
estimated as ~1 Mya (Reid, 1996; Panova et al.,
2011; Reid et al., 2012). During the Plio-Pleis-
tocene, at least two speciation events occurred

in the Pacific Neritrema branch with daughter
species having adjoining but not overlapping
ranges: sibling pairs L. sitkana / L. horikawai
and L. natica / L. aleutica (Reid, 1996). In
contrast, the Atlantic Neritrema species tend to
live in sympatry. Littorina saxatilis is the most
widely distributed species on both sides of the
North Atlantic, while two other species of the
‘saxatilis’ cryptic group demonstrate patchy
ranges on the shores of Europe and Atlantic
islands, having a more limited distribution, con-
stantly accompanied by L. saxatilis (Reid, 1996;
Granovitch et al., 2008). These three species
have been recently in focus of several compar-
ative studies, looking at the ecological and func-
tional differences (Maltseva et al., 2016, 2020,
2021a,b; Lobov et al., 2021; Panova et al.,
2022), reproductive barriers (Stankowski et al.,
2020; Maltseva et al., 2021c) and whole-ge-
nome similarity (Panova et al., 2014). Further,
the whole-genome analyses of L. saxatilis and
L. arcana in the southern part of the distribution
(Wales and France) suggested that the species
are genetically distinct, although very closely
related (Stankowski et al., 2020). Up to date
there is no analysis including both northern and
southern populations of these species.

The common ancestor of the Atlantic Neri-
trema snails was of the Pacific origin and colo-
nised Atlantic shores during the Great Trans-
Arctic Biotic Interchange (~ 3.5 Mya; Vermeij,

Суммарно наши результаты предполагают, что L. arcana и L. compressa отделились
от общего предка L. islandica после отделения L. saxatilis. Три близкородственных
вида пережили период оледенения в британском рефугиуме (или рефугиумах) без
контакта с популяциями, выжившими в материковом рефугиуме (или рефугиумах).
Наиболее вероятно, что после ухода ледника L. compressa колонизировала
континентальные побережья из одного европейского рефугиума. Напротив,
послеледниковое восстановление материковых популяций L. arcana должно было
произойти как минимум из двух источников; при этом две ясно дифференцированные
линии этого вида все еще легко распознаваемы на генетическом уровне в современных
популяциях. Дополнительное включение в анализ популяций из южной Норвегии и
Франции поможет более полно понять биогеографическую истории трех эволюционно
молодых видов Littorina.
Как цитировать эту статью: Maltseva A.L., Panova M.A.Z., Varfolomeeva M.A.,
Vikhreva D.V., Smutin D.V., Pavlova P.A., Maslakov G.P., Danilov L.G., Mikhailova
N.A., Granovitch A.I. 2022. Phylogeography of the closely related Littorina (Neritrema)
species in the North-East Atlantic // Invert. Zool. Vol.19. No.4. P.404–424, Suppl.
Materials. doi: 10.15298/invertzool.19.4.05

КЛЮЧЕВЫЕ СЛОВА: филогеография, криптические виды, симпатрическое
видообразование, Littorina, цитохром b, микросателлиты, 2bRAD.
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1991; Reid, 1996; Briggs, 2003). The most
probable migration pathway was along the North
American coast (Reid, 1996). Moreover, there
are rather old populations of L. saxatilis on the
Atlantic coast of North America deeply di-
verged from the European populations (Panova
et al., 2011), but no records of neither L. arcana
nor L. compressa were ever reported from the
American coast, Greenland, and Iceland. The
history of the modern range of L. saxatilis was
reconstructed in several studies (Doellman et
al., 2011; Panova et al., 2011; Blakeslee et al.,
2021): its northern part was strongly affected by
glacial cycles with source populations survived
in several refugia during Last Glacial Maximum
(LGM). The existence of such refugia was sug-
gested on both sides of the Atlantic, being the
source of independent recolonisation of the
American coast, British Isles, and the European
mainland (Reid, 1996, Doellman et al., 2011;
Panova et al., 2011; Maltseva et al., 2020;
Blakeslee et al., 2021). Nevertheless, the bio-
geographic history of L. arcana and L. com-
pressa in the North East Atlantic (NEA) is still
obscure. How populations from different parts
of their ranges are related? Can their oldest
populations be recognised? Was the dispersal
route collinear and synchronous in all three spe-
cies or did they colonise new shores independent-
ly? Did these species hybridize during active
expansion and afterwards? When did the diver-
gence of the three species happen compared to
the separation of the American and the European
clades of L. saxatilis? Can L. arcana and L.
compressa have an American origin with a single
or multiple events of European colonisation?
Can the centers of divergence be established?

In this study, we analysed a number of pop-
ulations of all three species of the ‘saxatilis’
group. We used several genetic markers to eval-
uate the population structure in L. arcana, L.
compressa and L. saxatilis: the mitochondrial
(cytochrome b gene), nuclear (microsatellites)
and whole-genome (2bRAD). Based on these
results, we discuss possible scenarios that have
shaped contemporary genetic variation of these
three evolutionary young species.

Material and methods

MATERIAL COLLECTION. Snails of three
species of the ‘saxatilis’ group were collected from

wild populations, sample sizes are shown in Table 1.
Only female individuals were in the samples of L.
arcana and L. saxatilis from populations of Dalnye
Zelentsy (Chevry, Oscar Bay) and Tromsø, Norway.
In all other samples, there were individuals of both
sexes; species identification was performed as de-
scribed before (Maltseva et al., 2021a,c). Trema-
tode-infected and immature individuals, as well as
individuals with an intermediate state of definitive
traits, were excluded from the analysis.

The E.Z.N.A.® Mollusc DNA Kit (Omega Bio
Tec) was used for the genomic DNA isolation. The
fragment of the cytb gene was amplified with 50 ng
of the genomic matrix, 1 pmol of the forward TTC-
CCGCACCTTCAAATCTT and reverse GGAC-
TAGGGCCGAAAGTATAAATA primers and the
ready PCR mix ScreenMix-HS (Evrogen) in the
Verity™ 96-Well Thermal Cycler (Applied Biosys-
tems) based on protocol from Panova et al., 2011.
The amplified region of 625 bp length was the same
as in Panova et al., 2011; and only partially over-
lapped (367 bp) with the amplified fragment of
mtDNA in the study of Doellmann et al. (2011). The
amplicons were purified with the GeneJET PCR
Purification Kit (Thermo Fisher Scientific) and se-
quenced with the ABI Prism 3500xl Genetic Analyz-
er (Thermo Fisher Scientific). Microsatellite loci
were genotyped as described in Panova et al. (2008).
Preparation of the 2bRAD libraries was done based
on Wang et al. (2012) following the publicly avail-
able protocols https://github.com/z0on/
2bRAD_denovo. The restrictase BcgI (BioLabs) was
used fragmentise DNA; adapters were synthesised in
the Genterra Company and T4 DNA-ligase was used
to ligate them with DNA fragment; the concentration
of amplicons was measured using DNA HS Assay
Kit (Thermo Fisher Scientific) and the equimolar
pool of all samples was obtained. The quality of the
final library was evaluated using Agilent 2200 Tap-
eStation System (Agilent Technologies). The se-
quencing was performed with Illumina NovaSeq6000
with addition 25% of PhiX-phage DNA by the
Evrogen Company.

Cytb ANALYSIS. DNA sequences were aligned
and substitutions were counted in the SeaView soft-
ware (Gouy et al., 2010). Nucleotide diversity ð was
calculated and a haplotype network was produced in
the Popart software (Leigh, Bryant, 2015), using the
TCS algorithm (Clement et al., 2000). Bayesian
phylogeny was inferred in MrBayes v.3.2 software
(Ronquist et al., 2012) based on aligned DNA se-
quences. Nucleotide substitution model was GTR +
G + I (Lanave et al., 1984); optimal nucleotide
substitution model was chosen using MrModeltest
v.2.3 (Nylander, 2004) software. Analysis was per-
formed as two independent runs, five chains in each
(four heated and one cold; the first 25% samples
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Species N seqs π N haps (by clades) N 
clades 

N SS-
haps 

L. arcana 90 0.01040 12 (2A1;1A2;1A;5C;1F;2G) 4 7 
L. compressa 81 0.00762 8 (3A;1C;4F) 3 5 
L. saxatilis 97 0.00645 13 (4A1;1A2;4A;3C;1E) 3 9 

TOTAL 268 0.00981 26 
(5A1;1A2;6A;7C;1E;4F;2G) 5 21 

 N RS-
haps 

N PM 
sites N SS subs N NS 

subs 
L. arcana 5 25 7 1 
L. compressa 5 17 3 1 
L. saxatilis 9 19 6 0 
TOTAL 19 34 – 2 

 

Table 2. Descriptive statistics for the cytb polymorphisms in the populations of L. arcana,
L. compressa, L. saxatilis.

Таблица 2. Описательная статистика полиморфизма по cytb в популяциях L. arcana, L. compressa,
L. saxatilis.

SS — species-specific, RS — region-specific, PM — polymorphic, NS — non-synonymous, hap — haplotype,
seq — sequence, subs — substitutions, clades — phylogenetic clades, the clade A was counted jointly with its subclades
(see Fig. 2).

SS — видоспецифичные, RS — регионоспецифические, PM — полиморфные, NS — несинонимичные, hap —
гаплотип, seq — последовательность, subs — замены, клады: филогенетические клады, гаплотипы клады А
учитывали вместе с ее субкладами (см. рис. 2).

2000). The analysis was performed using K = 2 to
K = 7 with the burn-in period of 10,000 permutations
followed by 100,000 MCMC replications. The re-
sults were clustered and visualised using CLUMP-
AK (Cluster Markov Packager Across K) web server
(Kopelman et al., 2015), which runs clumpp (Jakob-
sson, Rosenberg, 2007) and distruct (Rosenberg,
2004) programs.

Spatial analysis of molecular variance (SAMO-
VA; Dupanloup et al., 2002) in SAMOVA 2.0 was
performed to choose the grouping of populations in
K groups which best explains the genetic variation.
We tested K from 2 to 7 at 100 initial conditions. The
best grouping of populations was chosen based on
the maximum Fct statistics among different K.

2bRAD DATA ANALYSIS. The algorithms of
the analysis were performed in accordance to https:/
/github.com/z0on/2bRAD_denovo protocols. The
quality of the reads obtained was assessed using the
MultiQC program (Ewels et al., 2016). The reads
were trimmed to a length of 50 nucleotides using the
Trimmomatic program (Bolger et al., 2014). The
resulting sequences were aligned to the reference
Littorina saxatilis genome (Westram et al., 2018;
the unmasked version from Marina Panova). Align-
ment was performed using Bowtie2 algorithms (Lang-
mead, Salzberg, 2012; Langmead et al., 2018). An-
notation, indexing, and conversion of aligned reads
were performed using SAMtools 1.9 (Li, 2011;
Danecek, 2021). The ANGSD algorithms were used

from the cold chain were discarded) for 15,000,000
generations with a sample frequency of 1,000, print
frequency of 1,000 and diagnostics calculated every
1,000 generations; the results were visualised by the
FigTree v 1.4.3 software (Rambaut, 2009). Popula-
tion differentiation statistics were calculated in the
Arlequin v. 3.5.2.2 (Excoffier, Lischer, 2010).

MICROSATELLITE ANALYSIS. Genetic dif-
ferentiation between the species, regions and popu-
lations within the regions was tested using Nei’s Gst
estimator calculated in the R package adegenet (Jom-
bart and Collins, 2008) and with the analysis of
molecular variance (AMOVA) in Arlequin v. 3.5.2.2
(Excoffier, Lischer, 2010).

Discriminant analysis of principal components
(DAPC; Jombart et al., 2010) was performed in R to
assess and visualise population structure using the R
package adegenet (Jombart, Collins, 2008). DAPC
first uses principal component analysis to reduce the
total genetic variation, and then identifies discrimi-
nant functions that maximise between-group differ-
ences while minimising within-group variation. The
optimal number of PCs was chosen according to the
a.score (a statistic that measures the quality of dis-
crimination, based on group reassignment probabil-
ities). Clusters were visualised using scatterplots
and density plots of the discriminant functions using
ggplot2 package (Wickham, 2016).

An admixture proportion model was run using
the program Structure v. 2.3.4 (Pritchard et al.,
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Fig. 1. TSC network of the cytb haplotypes registered in populations of L. arcana, L. compressa, L. saxatilis.
Main circles in the network (connected by lines) correspond to individual haplotypes coloured by regions;
additional circles (near main circles) represent distribution of corresponding haplotypes among species. The
background colour indicates phylogenetic clades to which the haplotypes belong, see Fig_2 and text. In the
network, 26 haplotypes registered in this study were supplemented with available cytb sequences on L.
arcana and L. compressa (HAPDA02 ID JF501848.1; HAPDA05 ID JF501849.1; HAPDA09 ID JF501850.1;
HAPDC01 ID JF501852.1; HAPDC03 ID JF501856.1; HAPRA01 ID U46791.1; HAPRC01 ID U46811.1;
HAPWA08 ID AJ237716.1; HAPWA09 ID AJ237717.1; HAPWA10 ID AJ237718.1; HAPWC11 ID
AJ237719.1). The network with sequences of L. saxatilis from Doellman et al., 2011 and Panova et al., 2011
can be found in Supplement SM1.
Рис. 1. TSC-сеть гаплотипов cytb, обнаруженных в популяциях L. arcana, L. compressa, L. saxatilis.
Основные круги в сети (соединены линиями) соответствуют отдельным гаплотипам, раскрашенным
согласно регионам; дополнительные кружки (рядом с основными кружками) представляют распре-
деление соответствующих гаплотипов между тремя видами видов. Цвет фона указывает на филоге-
нетические клады, к которым принадлежат гаплотипы, см. рис. 2 и текст. В сети 26 гаплотипов,
зарегистрированных в нашем исследовании, были дополнены доступными последовательностями
cytb из L. arcana и L. compressa (HAPDA02 ID JF501848.1; HAPDA05 ID JF501849.1; HAPDA09 ID
JF501850.1; HAPDC01 ID JF501852.1; HAPDC03). ID JF501856.1; HAPRA01 ID U46791.1; HAPRC01
ID U46811.1; HAPWA08 ID AJ237716.1; HAPWA09 ID AJ237717.1; HAPWA10 ID AJ237718.1;
HAPWC11 ID AJ237719.1). Сеть с включенными последовательностями L. saxatilis из Doellman et al.,
2011 и Panova et al., 2011 можно найти в Приложении SM1.
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to obtain population genetic information (Korne-
liussen et al., 2014). The results were calculated
using ADMIXTURE 1.3 (Alexander et al., 2009).
The visualisation of the obtained results was carried
out in the R 4.2.0 program (R Core Team, 2022)
using the package ggplot2 (Wickham, 2016).

Results

MITOCHONDRIAL MARKER: Cytb. In
the analysis, there were 268 individual cytb
sequences from snails of three species belong-
ing to the “saxatilis” cryptic group collected
from sympatric populations in five locations
(Table 1). The genetic diversity was quite high
(π=0.0098), which is similar to values previous-
ly reported for the cytb of L. saxatilis (π=0.0099,
Panova et al., 2011). The number of polymor-
phic sites was 34, the vast majority of which
were in the third codon position, causing no
amino acid substitutions (Table 2).

These 268 sequences grouped in 26 cytb
haplotypes (Table 2, Fig. 1), of which 12 were
newly identified, mainly those specific for L.
arcana and L. compressa. The remaining 14
haplotypes were previously found in L. saxatilis
(Panova et al., 2011). Four haplogroups of
closely related sequences can be distinguished
in the haplotype network. These groups are
separated by 6-8 substitutions (Fig. 1), and they
correspond to the earlier described clades of the
L. saxatilis haplotypes (Panova et al., 2011).
Across 26 analysed cytb haplotypes, five were
identified in more than one species; one haplo-
type (HAP45) was detected only in L. compres-
sa in our study, while in the previous study it was
also registered in the North America L. saxatilis
population (Panova et al., 2011). Interestingly,
these multispecies haplotypes took a node-posi-
tion of star-like patterns in three different groups,
and were registered in four different locations
(while derived haplotypes were usually region-
specific; Fig. 1). Besides the five multispecies
haplotypes found in multiple regions, there were
two L. arcana haplotypes detected in more than
one region. The rest 20 (see remark on HAP45
above) haplotypes were species-specific (nine
to L. saxatilis, five to L. compressa, seven to L.
arcana) and region-specific (Table 2, Fig. 1).

The Bayesian phylogenetic analysis of the
cytb confirmed the existence of five clades,
corresponding to those described earlier (Fig. 2;

clades B and D were not registered in our
samples, their sequences HAPs 27–40 and HAPs
13–19, respectively, were taken from Panova et
al. [2011] and included to reconstruct an overall
tree topology), as well as the clade F, compris-
ing haplotypes of L. arcana and L. compressa.
The group G did not form a clade; haplotypes of
this group individually took a basal position
within the ‘saxatilis’ clade (Fig. 2); neverthe-
less, the group G will be mentioned as the ‘clade
G’ later on due to appearance as a monophyletic
clade on the tree with a reduced haplotype
number in the analysis (Supplement SM2). The
cytb sequences of L. arcana were represented in
the four clades, L. saxatilis — in the three clades
(plus two clades absent from our samples); L.
compressa — in the three clades. Further, L.
arcana and L. saxatilis had species-specific
clades (G and B,D,E, respectively, Fig. 2); two
basal clades (F and G) did not contain L. saxa-
tilis. In the three multi-species clades, the multi-
species and multi-region sequences generally
took a basal position, while monospecific hap-
lotypes with a limited geographic distribution
formed derived branches. Four (HAPs 2,41,20
and 75 of clades A, A1, C and F, respectively)
of the five multi-species haplotypes were shared
by species in sympatric populations. No spe-
cies-specific haplotypes were found to be de-
scended from heterospecific haplotypes, only
from multispecific or conspecific ones.

The presence of different cytb clades in
particular populations varied significantly be-
tween species and regions (Fig. 3). For example,
the clade C was abundantly represented in the
Wales populations of all three species, but was
found in only one species (mainly L. arcana,
once L. saxatilis, and never L. compressa) in the
mainland populations. Similarly, haplotypes of
the clade F were registered in both L. arcana
and L. compressa in Wales, but exclusively in L.
compressa along the North European coast. The
opposite tendency was observed for the A clade
and its subclade A1: these were far more often
detected in the mainland populations of all three
species than in Wales. Haplotypes of the F clade
were registered in all four tested populations of
L. compressa; the highest diversity of this clade
was detected in this species. Besides L. com-
pressa, one haplotype of the clade F was regis-
tered in the Wales population of L. arcana.
Similarly, the clade A with the subclades A1 and
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Fig. 2. Bayesian phylogenetic tree of the cytb haplotypes. Letter-names of the clades correspond to those in
Panova et al., 2011; 73 unique haplotypes of L. saxatilis from Panova et al. 2011, 22 haplotypes of L. arcana
and L. compressa, and sequences of L. obtusata and L. fabalis available from NCBI (HAPLO07 ID
MN045776.1; HAPLF02 ID U46808; HAPDA02 ID JF501848.1; HAPDA05 ID JF501849.1; HAPDA09
ID JF501850.1; HAPDC01 ID JF501852.1; HAPDC03 ID JF501856.1; HAPRA01 ID U46791.1; HAPRC01
ID U46811.1; HAPWA08 ID AJ237716.1; HAPWA09 ID AJ237717.1; HAPWA10 ID AJ237718.1;
HAPWC11 ID AJ237719.1; HAP75 ID OP133395 (L. arcana) and OP133396 (L. compressa); HAP76 ID
OP133397; HAP77 ID OP133398; HAP78 ID OP133399; HAP79 ID OP133400; HAP80 ID OP133401;
HAP81 ID OP133402; HAP82 ID OP133403; HAP83 ID OP133404; HAP84 ID OP133405; HAP85 ID
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OP133406; HAP86 ID OP133407) were included. Asterisks mark sequences registered in the Northwest
Atlantic populations; 26 haplotypes registered in this study are underlined; Among species-specific
haplotypes, those registered exclusively in L. saxatilis are shown in the grey blocks, those found only in L.
arcana are marked with a black dot, those detected only in L. compressa are marked with a paw. Among the
multispecies haplotypes, those registered in both L. arcana and L. compressa are marked with a fish, the ones
found in both L. arcana and L. saxatilis are marked with an ellipse; those found in both L. compressa and
L. saxatilis are marked with a pentagon; finally, the haplotypes detected in all three species are marked with
a snail. The Bayesian phylogenetic tree with included cytb sequences from Doellman et al., 2011 can be
found in Supplement SM3.
Рис. 2. Байесовское филогенетическое дерево по последовательностям cytb гаплотипов. Буквенные
названия клад соответствуют таковым в Panova et al., 2011; 73 уникальных гаплотипа L. saxatilis из
Panova et al. (2011), 22 гаплотипа L. arcana и L. compressa, а также последовательности L. obtusata
и L. fabalis доступны в NCBI (HAPLO07 ID MN045776.1; HAPLF02 ID U46808; HAPDA02 ID
JF501848.1; HAPDA05 ID JF501849.1; HAPDA09; ID JF501850.1; HAPDC01 ID JF501852.1; HAPDC03
ID JF501856.1; HAPRA01 ID U46791.1; HAPRC01 ID U46811.1; HAPWA08 ID AJ237716.1; HAPWA09
ID AJ237717.1; HAPWA10 ID AJ2392AP7; HAPWA10 ID AJ2392JWC18.1; HAP75 ID OP133395 (L.
arcana) и OP133396 (L. compressa); HAP76 ID OP133397; HAP77 ID OP133398; HAP78 ID OP133399;
HAP79 ID OP133400; HAP80 ID OP133401; HAP79 ID OP133400; HAP80 ID OP133401; HAP79 ID
OP133400; HAP80 ID OP133401; HAP79 ID OP133400; HAP80 ID OP133401; HAP79 ID OP134400;
HAP80 ID OP133401; HAP84 ID OP133405; HAP85 ID OP133406; HAP86 ID OP133407). Звездочками
отмечены последовательности, зарегистрированные в популяциях северо-западной Атлантики; 26
гаплотипов, зарегистрированных в данном исследовании, подчеркнуты; среди видоспецифичных
гаплотипов в серых блоках показаны зарегистрированные исключительно у L. saxatilis, черной
точкой отмечены обнаруженные только у L. arcana, отмечены отпечатком лапы обнаруженные
только у L. compressa; среди многовидовых гаплотипов те, которые зарегистрированы у L. arcana и
L. compressa, отмечены рыбой, обнаруженные у L. arcana и L. saxatilis отмечены эллипсом;
обнаруженyыt у L. сompressa и L. saxatilis отмечены пятиугольником; гаплотипы, обнаруженные у
всех трех видов, отмечены улиткой. Байесовское филогенетическое дерево с включенными последо-
вательностями cytb из Doellman et al., 2011 можно найти в Приложении SM3.

subclades with an admixture of the clade E (also
registered in Kiberg, another Barents site). This
contrast was less evident in L. compressa.

Generally, the population differentiation by
haplotype frequencies in L. arcana and L. com-
pressa tended to be higher than in L. saxatilis:
mean ‘by frequency’ Fst values were 0.35 and
0.41 vs 0.16, respectively. Differentiation esti-
mates based on pairwise haplotype distances
showed another tendency: In L. arcana and L.
saxatilis ‘by distance’ Fst were higher than ‘by
frequency’ Fst (0.49 vs 0.35 in L. arcana, 0.30
vs 0.16 in L. saxatilis), but lower in L. compres-
sa (0.32 vs 0.41). Moreover, in the pair L.
arcana / L. saxatilis the degree of genetic differ-
entiation between the species within a region in
some cases was lower than the differentiation
between the regions within a species: e.g., ‘by
distance’ Fst between L. arcana and L. saxatilis
within the Barents Sea (Chevry) and Wales
regions were 0.18 and 0.22, respectively, while
Fst between the Barents Sea (Chevry) and Wales
within L. arcana or L. saxatilis were 0.50 and
0.42, respectively (a complete set of Fst values
with intervals can be found in Supplement SM4).

A2 were represented in all sampled L. saxatilis
populations with the highest diversity in this
species. Almost the same was true for the spe-
cies-specific clade G in L. arcana (except the
easternmost sample of L. arcana, Chevry of the
Barents Sea; although the clade G was not
detected in our Wales samples, it was reported
by the other studies Reid et al., 1999; Doellman
et al., 2011). In none of the analysed sites, all
seven cytb clades/subclades were detected (con-
sidering all species). In two sites (Bodø and
Tromsø) the differentiation estimates between
sympatric populations of three species were
higher than in Wales and Dalnye Zelentsy (mean
Fst values were 0.35 and 0.60 vs 0.21 and 0.20,
respectively). In the most eastern site Dalnye
Zelentsy, all three species had a high represen-
tation of the clade A with its subclades, being
clearly different from populations of Wales, the
westernmost site. The contrast between the
Wales and Barents populations was most prom-
inent in the L. arcana: L. arcana had C, F, G
clades in Wales vs A,A1,A2,C clades in Dalnye
Zelentsy; while L. saxatilis had the clades C+A
with subclades in Wales vs the clade A with
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Fig. 3. Contribution of phylogenetic clades to the cytb diversity in local populations of L. arcana (a, arc),
L. compressa (c, com), L. saxatilis (s, sax). Sectors within the pie-charts represent the percentage of
haplotypes of a certain clade in the total diversity registered in a local population. Colours of clades are the
same as in Fig. 2. There was just one sequence of L. saxatilis from the sites of Kiberg and two from Oscar
Bay (DZ2, Barents Sea); these are displayed because they represent the rare clade E. Green dot in the Wales
population of L. arcana indicates that the clade G was reported from the Wales populations of this species
earlier (Doellman et al., 2011).
W — Wales, Irish Sea; B — Bodш, Norwegian Sea; T — Tromsø, Norwegian Sea; K — Kiberg, Barents Sea; DZ1 —
Chevry, Dalnye Zelentsy, Barents Sea; DZ2 — Oscar Bay, Dalnye Zelentsy, Barents Sea; C — Kola Bay, Barents Sea;
LN — Levin Navolok, White Sea.
Рис. 3. Вклад филогенетических клад в генетическое разнообразие по cytb в локальных популяциях
L. arcana (а, arc), L. compressa (в, com), L. saxatilis (s, sax). Сектора на круговых диаграммах
представляют процент гаплотипов определенной клады в общем разнообразии, зарегистрированном
в конкретной популяции. Цвета клад такие же, как на рис. 2. Всего одна последовательность L.
saxatilis обнаружена точке Киберг и две — в Бухте Оскара (DZ2, Баренцево море); они отображены,
т.к. представляют редкую кладу E. Зеленая точка в популяции L. arcana в Уэльсе указывает на то, что
присутствие клады G ранее регистрировалось в популяциях этого вида в Уэльсе (Doellman et al., 2011).
W — Уэльс, Ирландское море; B — Будё, Норвежское море; T — Тромсё, Норвежское море; K — Киберг,
Баренцево море; DZ1 — Чевры, Дальние Зеленцы, Баренцево море; DZ2 — Бухта Оскара, Дальние Зеленцы,
Баренцево море; C — Кольский залив, Баренцево море; LN — Левин Наволок, Белое море.

‘saxatilis’ species from three regions (four col-
lection sites). Estimates confirmed a significant
degree of genetic heterogeneity due to popula-
tion structure (mean Gst = 0.15). Analysis of
molecular variance (AMOVA) showed signifi-
cant effects on genetic diversity of both factors:
‘species’ and ‘region’. The analyses groping
populations based on alleles frequencies and

Similar tendency was not registered in pairs
with L. compressa. The latter species had the
highest differentiation from both L. arcana and
L. saxatilis (mean Fst = 0.37 and 0.38, respec-
tively; mean Fst between L. arcana and L.
saxatilis was 0.28).

NUCLEAR MARKER: microsatellites. Five
loci were analysed in populations of the three



415History of Littorina (Neritrema) in the North-East Atlantic

Fig. 4. Results of the admixture analysis of the populations of L. arcana, L. compressa, L. saxatilis based
on microsatellite data; Barents: Dalnye Zelentsy (Oscar Bay 1,3,5 and Chevry 2,4,6); Norway: Tromsш
(7,8,9); In the analysis the number of presumable ancestral populations K varied from two (upper panel) to
seven (the lower panel).
Рис. 4. Результаты анализа ADMIXTURE популяций L. arcana, L. compressa, L. saxatilis по микро-
сателлитным данным; Barents: Дальние Зеленцы (Бухта Оскара 1,3,5 и Чевры 2,4,6); Norway: Тромсё
(7,8,9); при анализе количество предполагаемых предковых популяций K варьировало от двух
(верхняя панель) до семи (нижняя панель).

clusters. In contrast, the L. arcana/L. saxatilis
pair formed in the DAPC analysis two very tight
region clusters, both two-species: the British
Isles versus the mainland (more information can
be found in the SM5). The SAMOVA analysis
corroborated the differentiation between the
British vs continental populations in all three
species (SM7).

The STRUCTURE analysis considers link-
age disequilibrium during ancestry establishing
(Kaeuffer et al., 2007); it verified the genetic
differentiation of L. compressa from the L.
arcana and L. saxatilis pair at the level of two
groups (Fig. 4). Some mainland populations of

free of any assumptions on Hardy-Weinberg
equilibrium or linkage equilibrium (DAPC and
SAMOVA) confirmed a higher similarity be-
tween L. arcana and L. saxatilis, and the differ-
entiation of L. compressa (Fst values within the
former species pair were lower than between
any of them and L. compressa, SM5–6). The
latter species demonstrated a clear between-
region population structure agreeing well with
results of the cytb analysis. Interestingly, the
British population of L. compressa adjoined to
sympatric populations of two other species,
while its mainland populations were clearly
separated from two other species as individual
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Fig. 5. Results of the ADMIXTURE analysis based on 2bRAD data at K=5. ARC — L. arcana, COM —
L. compressa, SAX — L. saxatilis; BS — Barents Sea, NS — Norwegian Sea. Asterics mark genomic
profiles of male individuals; unmarked individuals were females.
Рис. 5. Результаты анализа ADMIXTURE на основе данных 2bRAD при K=5. ARC — L. arcana,
COM — L. compressa, SAX — L. saxatilis; BS — Баренцево море, NS: Норвежское море. Звездочками
отмечены геномные профили самцов; все не отмеченные особи — самки.

Oscar Bay sites were analysed separately; see
Supplement SM5.2).

WHOLE-GENOME MARKERS: 2bRAD.
After the filtering, 63,417 loci were successful-
ly genotyped in total 114 individuals. Although
a limited number of populations was included in
this analysis (there was no 2bRAD data for the
Wales populations), there were several interest-
ing results (Fig. 5). First, samples of L. compres-
sa demonstrated again the clear genetic differ-
entiation from the L. arcana/L. saxatilis pair;
both analysed populations had similar patterns
with a predominant contribution of the same
ancestral population. Second, in the case of the
pair L. arcana/L. saxatilis, the contributions of
several ancestral populations to genomic pro-
files differed in the Norwegian and in the Bar-
ents seas. Third, in two locations (Kiberg and
Bodø#2) the species pair L. arcana/L. saxatilis
had quite similar to each other genetic patterns
while in Bodø#1 L. arcana had a distinctive
ancestry compared to both sympatric L. saxati-
lis and L. arcana from the Bodø#2 and Kiberg
populations. Rarely, Littorina arcana individu-
als with such distinctive genomic profiles were

L. arcana received a distinctive ancestry at the
level of three groups but not in Wales. Instead,
in Wales sympatric populations of all three
species had a closer ancestry at K = 4, and L.
compressa had an own ancestry at K=5 and
higher, the mainland and the Wales populations
separately. At K=5 and higher, individuals of L.
arcana and L. saxatilis had more complex pat-
terns of contribution from ancestral populations
than L. compressa. This species pair had a
similar set of ancestral populations in all loca-
tions tested, though the contributions of these
populations into genomic profiles strongly var-
ied between the species. Although each of the
three species had generally similar ancestry
patterns in the Norwegian and Barents seas, two
closely located populations of L. arcana from
the Barents Sea (Oscar Bay = 1 and Chevry = 2)
demonstrated a different pattern. Some L. arca-
na individuals from the Oscar Bay demonstrat-
ed patterns similar to other mainland popula-
tions of L. arcana, while others to L. saxatilis (at
K = 3 and higher). Some distinctiveness of L.
arcana population from Oscar Bay was con-
firmed by DAPC as well (when Chevry and
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registered in other populations as well. Also,
several individuals of Bodø#1 L. arcana had a
pattern resembling those of L. arcana from
Bodø#2 and of sympatric L. saxatilis. The ‘sax-
atilis’-like or -unlike pattern of genomic pro-
files in L. arcana was not related with sex of
individuals and cannot be explained by misi-
dentification of males (Fig. 5).

Discussion

In the present study we performed a com-
plex phylogeographic analysis of the three close-
ly related Littorina species in the ’saxatilis’
group in a first attempt to reconstruct the history
of their divergence in the North Atlantic. The
common ancestor of the Atlantic Neritrema
clade is of Pacific origin; it colonised Atlantic
shores at ~3.5 Mya and diverged to the ‘obtusa-
ta’ and ‘saxatilis’ clades at ~2–3 Mya. Littorina
saxatilis speciated from L. islandica, the com-
mon ancestor of the “saxatilis” species group, at
~0.5 Mya (Reid, 1996; Panova et al., 2011;
Reid et al., 2012). The timing and the order of
two other species origin is obscure due to scar-
city of molecular data and absence of paleonto-
logical records. Similarly, the preglacial fate of
L. islandica is not well understood. It was pre-
dicted to be an egg-laying species (like all other
Neritrema, except L. saxatilis) with preference
to boreal conditions and a limited southward
spread (due to benthic spawn) as it occurs in
modern L. arcana and L. compressa (Reid,
1996; Símonarson et al., 2021). Fossils attribut-
ed to L. islandica were recorded in Bardarson’s
horizons of Iceland and dated ~2 Mya (Gladen-
kov et al., 1980; Reid, 1996; Símonarson et al.,
2021). The native Littorina populations of Ice-
land and Greenland, including L. islandica and
its possible oldest decedents, were extinct dur-
ing glaciation (Doellman et al., 2011). The
oldest records of L. saxatilis include shells from
Boxgroove in Sussex (British Isles) and Sidi
Abd er Rahmane near Casablanca (North Afri-
ca) dated at about 0.5 Mya (Reid, 1996), imply-
ing a wide distribution of the species during
preglacial time. The exact place of origin of L.
saxatilis is still unknown. The phylogeographic
history of L. saxatilis was studied in details and
described as waves of westward and eastward
expansions in pre-, inter- and postglacial peri-
ods (without pointing the original source) (Doell-

man et al., 2011; Panova et al., 2011; Blakeslee
et al., 2021). On the Northwest Atlantic (NWA)
coasts, L. saxatilis survived in at least two
refugia during glaciation cycles. The modern
Northeast Atlantic (NEA) populations of L.
saxatilis represent the result of recolonisation
after LGM from at least three refugia: the south-
ern (on the Iberian coast, the Galician popula-
tions are still strongly differentiated from all
others, exclusively possessing clade D haplo-
types), the British (which strongly contributed
to recolonisation of the British Isles and en-
riched with the clade C haplotypes), and the
northern mainland refugium hypothetically lo-
cated on the North Sea coasts, which acted as a
source for the recolonisation of the continental
coasts (Doellman et al., 2011; Panova et al.,
2011). Additional refugia were predicted to
function in the NEA at the Faroe Islands and
northern Norway (Maggs et al., 2008), where L.
saxatilis could also survive.

In our study, we considered the European
populations of all three descendants of L. is-
landica: L. saxatilis, L. arcana and L. compres-
sa. The differentiation of individual clades in L.
saxatilis most probably occurred in allopatry
due to geographic and/or temporal factors. Lit-
torina arcana and L. compressa have most
likely specified in sympatry with L. saxatilis
through a niche differentiation due to ecological
factors (Reid, 1996; Maltseva et al., 2021a,b,c,
2022); that is, differentiation of their specific
clades may have occurred in the presence of
other clades with a possibility of early introgres-
sion and the inheritance of a shared ancestral
polymorphism. It means, for example, that the
history of L. arcana of the clade A and of the
clade G could be challenging to trace separate-
ly, because these clades could have coexisted
throughout the species lifetime. Generally, the
presence of one species in several diverged
mitochondrial clades on a phylogenetic tree,
that is ‘paraphyly’ based on mitochondrial mark-
ers, is does not necessarily suggest a true para-
phyly of this taxon, but appears due to incom-
plete lineage sorting or introgressive hybridisa-
tion during speciation event (see e.g. Ballard,
Whitlock, 2004; Peters et al., 2007; Choleva et
al., 2014). The mechanisms of premating isola-
tion due to habitat choice and postmating prezy-
gotic reproductive isolation have been suggest-
ed to play a crucial role in speciation events
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between species of the ’saxatilis’ group (Lobov
et al., 2019; Maltseva et al., 2021c, 2022). The
strength of these two types of isolating mecha-
nisms may vary depending on local conditions
(such as diversity of available microhabitats)
and genetic characteristics of coexisting sub-
populations, which may lead to different de-
grees of introgression between incipient species
in different parts of their initial ranges. Alto-
gether, this makes the overall patterns of genetic
divergence of L. arcana and L. compressa quite
difficult for the phylogeographic interpretations.
The evolutionary reconstructions are further
complicated by the absence in our analysis
populations of L. arcana and L. compressa from
France and South Norway and the fact that no
fossil records are known for both species (Reid,
1996). Below we suggest a plausible fragmen-
tary evolutionary scenario for this species group,
most parsimoniously explaining the data at hand.

LITTORINA ARCANA AND L. COMPRES-
SA ARE LESS POTENT COLONISERS THAN
L. SAXATILIS. Both L. arcana and L. compres-
sa are egg-layers while L. saxatilis is the only
brooder in the Neritrema clade. The benthic
eggs-masses are vulnerable to diverse stressors
of the intertidal zone such as temperature, des-
iccation, solar radiation, salinity variation, pred-
ators, etc. Further, the egg-layers probably have
a more limited long-distance dispersal potential
than the ovoviviparous L. saxatilis. According-
ly, neither L. arcana nor L. compressa are
known from the NWA and the Northcentral
Atlantic (NCA) coasts, the North East Atlantic
(NEA) islands, warm-temperate climatic zones,
estuarine areas (for details see Reid, 1996). No
cryptogenic populations of these species have
ever been reported, unlike Venice or San-Fran-
cisco populations of L. saxatilis (Panova et al.,
2011; Blakeslee et al., 2021). Brooding strategy
gives L. saxatilis an advantage for efficient
breaking into estuaries, mudflats, islands, warm-
climate zones (e.g., Spain, the North and South
Africa) and extremely cold-climatic zones (e.g.,
Svalbard and Novaya Zemlya), predisposing
this species to extremely wide distribution range
(the broadest across Littorina species). Thus, a
higher degree of connectivity can be expected in
this species compared to more fragmented pop-
ulation ranges in L. arcana and L. compressa,
which is illustrated by the lower values of be-

tween-region Fst in L. saxatilis than those in L.
arcana and L. compressa. In this context it is
meaningful that the level of differentiation be-
tween sympatric L. arcana and L. saxatilis was
low in the westernmost and easternmost sites of
the study with a high level of between-sites
differentiation within the species. This makes
plausible that the postglacial expansion of L.
arcana occurred from at least two source pop-
ulations, coexisted for a significant period with
L. saxatilis with some degree of between-spe-
cies genetic introgression in each source site.

IS L. SAXATILIS AN OLDER SPECIES
THAN L. ARCANA AND L. COMPRESSA?
Two new cytb clades F and G, grouping together
on some reconstructions (Supplement SM2),
were found in L. arcana (haplotypes of both
clades) and L. compressa (clade F), but not L.
saxatilis. Based on the positions on a phyloge-
netic tree, the speciation of these two ‘without-
saxatilis’ clades occurred close in time to the
separation of the main clades of L. saxatilis: A,
B, C and DE (these have a common root). In
turn, this implies that speciation of the L. arcana
(G clade) and L. compressa (F clade) occurred
when L. saxatilis was already widely dispersed
on both sides of the North Atlantic. Based on
Doellman et al. (2011) and Panova et al. (2011),
only the clade A spread on both sides of the
North Atlantic from north to south populations
in each case, as well as at the coasts of Green-
land and Iceland (NCA) demonstrating the wid-
est distribution pattern. It takes a basal place to
other clades in some reconstructions (Supple-
ment SM3) and has the oldest mean TMRCA
estimate to 220 Kya (Panova et al., 2011). The
region of this pan-North-Atlantic clade emer-
gence cannot be unambiguously established
since the diversity levels are similar on both
sides of the Atlantic, as if the NWA and the NEA
populations existed in parallel throughout the
species history. It could be hypothesised that the
ancestral population of L. saxatilis have existed
in the NCA, where the fossils of L. islandica
were found. This population may have har-
boured the ancient clade A haplotypes and acted
as an initial source for the first wave of parallel
preglacial colonisation of both the NEA and the
NWA coasts. Clades F and G are distributed in
the NEA only: modern L. arcana and L. com-
pressa are absent at the NCA and the NWA
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coasts; both these species harbour haplotypes of
the clade A and its subclades (with basal haplo-
types shared with L. saxatilis). This latter fact
may be interpreted as either an ancestral poly-
morphism inherited from L. islandica or an
early introgression from ancient L. saxatilis.
There are no reasons to surmise spreading of L.
islandica beyond the NCA coasts (see above),
and consequently, similar to L. saxatilis, the
NCA region seems the most plausible location
site of the ancestral populations of both L.
arcana (clade G) and L. compressa (clade F).
This surmise is compatible with the possibility
of independent colonisation of the British and
the European mainland coasts (see explanation
on this below). The presumed ancestral popula-
tions together with the oldest L. saxatilis and L.
islandica were lost during glaciation, when the
NCA coasts were covered by the ice sheet,
eliminating coastal fauna (Dunton, 1992; In-
golfsson, 1992; Thatje et al., 2005; Maggs et
al., 2008; Doelmann et al., 2011). Nevertheless,
L. arcana and L. compressa reached the North
European and British coasts in preglacial time
and survived in several refugia there together
with L. saxatilis as explained below.

THERE IS A DEEP DIVERGENCE BE-
TWEEN THE BRITISH AND THE CONTI-
NENTAL POPULATIONS OF SPECIES OF
THE ‘SAXATILIS’ GROUP. In our cytb anal-
ysis, the Wales populations of all three species
had unique characteristics compared to the main-
land: the unique presence of the clade C in L.
compressa and its predominance in L. saxatilis,
the unique presence of the clade F in L. arcana,
the British L. arcana was not revealed to have
clade A or its subclades, unlike its continental
populations, and the diversity of the clade A in
the British L. saxatilis was very limited. Consid-
ering the clade F, the diversity in the mainland
vs British populations of L. compressa was
similar (overlapping exclusively with the basal
haplotype), indicating no shorter independent
history of this clade on the continental coast
than on the British Isles. Such a tendency was
equally fair for the clade C in L. arcana. Taken
together, these facts illustrate a deep divergence
between the British and the mainland popula-
tions of all three species and low probability of
postglacial repopulation of the continental coast
from the British source. This conclusion is cor-

roborated fully by the microsatellite analysis
and agrees well with previous low estimates of
the ‘British Isles – mainland’ migration in ex-
ample of L. saxatilis (Panova et al., 2011).

The unique interchange of the cytb clades
between three ‘saxatilis’ species together with
the proximity of their microsatellite profiles in
Wales implies that all three species reached the
British coasts at the early stage of their diver-
gence and continuously coexisted there during
the glacial cycles. Moreover, some degree of
gene flow should have occurred between them
to provide the observed patterns. Modern L.
compressa cannot hybridise with its sibling spe-
cies due to efficient premating and postmating
isolating mechanisms (Warwick et al., 1990;
Maltseva et al., 2021c). However, it is well-
known that pre- and postmating prezygotic bar-
riers can evolve very quickly under sympatric
conditions (e.g., Zigler et al., 2005; Matute,
2010; Turissini et al., 2018). The possibility of
hybridisation between modern L. arcana and L.
saxatilis was inferred from population data
(Mikhailova et al., 2009; Granovitch et al.,
2013). The possibility of productive hybridisa-
tion was demonstrated in laboratory experi-
ments between modern British L. saxatilis males
and L. arcana females (not vice versa) (War-
wick et al., 1990), although this asymmetry may
be evolutionarily recent and geographically vari-
able as explained above. The strength of pre-
mating mechanisms based on habitat choice,
playing a pivotal role in reproductive isolation
between the Atlantic Neritrema snails (Maltseva
et al., 2021c), obviously depends on local condi-
tions. Hypothetically, both pre- and postmating
may have been less efficient during glaciation
time when L. arcana, L. compressa and L. saxa-
tilis were locked together by ice in the British
refugium (see Maggs et al., 2008) due to their
evolutionary youth and to a possibly limited
diversity of available microhabitats. On the main-
land coast, the pattern of interrelation between
three ‘saxatilis’ species turned out to be different.

LITTORINA ARCANA AND L. COMPRES-
SA DIFFER IN THEIR HISTORIES ON THE
EUROPEAN CONTINENTAL COAST. In
earlier studies, the origin of the clade C was
geographically related to the British Isles (Doell-
man et al., 2011; Panova et al., 2011), since its
haplotypes were described as most diverse and
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typical for the British populations of L. saxati-
lis. This study revealed that the clade C is
present and equally diverse in L. arcana. More-
over, considering the wide spread of the clade C
across populations of L. arcana far beyond the
UK, its British origin in L. saxatilis seems
doubtful, while its emergence in L. arcana sounds
more reasonable.

Although the divergence of the British vs the
continental populations seems to be similar in
all species of the ‘saxatilis’ group, L. arcana
demonstrates several peculiar phenomena. (1)
Besides the clade C, most probably originated
in L. arcana, this species also harboured the
clade G haplotypes. While clade C was ex-
changed between three species at least in Wales,
the clade G kept its strict specificity for L.
arcana (even though its haplotypes were report-
ed from Wales). Why did these two clades,
evolved in L. arcana and coexisting in its mod-
ern populations, have such a different history?
(2) L. arcana had a complex ancestry based on
microsatellite analysis: all its populations had a
common ancestry only at the level of two groups
(when this species was completely indistinguish-
able from L. saxatilis). At K=3 and higher, some
continental L. arcana populations received a
unique ancestry. In the population of the Bar-
ents Sea there were individuals with contrasting
genetic patterns. (3) Agreeingly, the 2bRAD
genomic profiling of populations of the sites of
Bodø and Kiberg also showed contrasting ge-
netic patterns in populations of L. arcana with
two fractions, originating from different sourc-
es: one was rather similar to sympatric L. saxa-
tilis, and the second fraction had a unique origin.
Even if these two fractions of L. arcana did
coexist in the same populations, they still re-
mained easily recognisable.

Thus, analyses of all three types of molecu-
lar markers (cytb, microsatellites, 2bRAD) clear-
ly showed that continental populations of L.
arcana are genetically heterogeneous and in-
clude individuals with strongly diverged ge-
nomic profiles. In a recent study (Maltseva et
al., 2021c) describing the mating activity in the
populations of the ‘saxatilis’ species in Kiberg
(specimens were included in the 2bRAD analy-
sis) and Dalnye Zelentsy (specimens were in-
cluded in the microsatellite analysis), it has been
hypothesised that L. arcana females, though
morphologically indistinguishable, were repre-

sented by a mixture of two different lineages
which significantly varied in their attractiveness
for the males of both L. arcana and L. saxatilis.
Our results on genotyping in these populations
are in a good agreement with such a hypothesis.
In turn, this implies that L. arcana appears in its
northern populations as two partially reproduc-
tively isolated lineages (since these keep their
genetic identity) and could be regarded as a
‘semiparaphyletic’ species. That is, lineages of
L. arcana were separated at the very early stages
of speciation (most probably in preglacial time),
finalising its divergence in the presence of sym-
patric L. saxatilis with possibility of differential
introgression from it in different parts of their
ranges. Our data do not suggest that contrasting
genetic profiles are present in the British popu-
lations of L. arcana and consequently do not
contradict results of Stankowski et al. (2020) on
populations of UK and South France.

Unlike L. arcana, continental populations
of L. compressa generally had a more uniform
clade composition: clades F + A (including A1
subclade) in all cases (and the same was in
Wales plus admixture of the clade C). This
uniformity is confirmed by the relatively low
‘by distance’ Fst compared to ‘by frequency’
Fst values on cytb data in L. compressa, while
the reverse tendency was observed in L. arcana.
Concordantly, in microsatellite analysis only
allele-frequency-based methods (DAPC and
SAMOVA) showed population differentiation
in L. compressa, while the STRUCTURE anal-
ysis did not. These facts point to another source
of the between-populations variation in L. arca-
na compared to L. compressa: predominance of
variation between sequences or allele combina-
tions over variation in their frequencies. L. com-
pressa was clearly separated from the two other
species in all the analyses performed based on
all genetic markers used. Also, the distinctive-
ness of L. compressa from the L. arcana / L.
saxatilis pair was previously described at the
proteomic, metabolomic, morphological and
ecological levels (Maltseva et al., 2020, 2021a)
and in its mating patterns (Maltseva et al.,
2021c). The separation of the British vs the
mainland lineages is the only traceable histori-
cal event in this species. The modern continen-
tal populations of L. compressa may have orig-
inated from a single European source during
postglacial recolonisation.



421History of Littorina (Neritrema) in the North-East Atlantic

Conclusion

In this study, we used a number of molecular
markers to reconstruct the recent phylogeo-
graphic history of three Littorina species of the
’saxatilis’ group in the Northeast Atlantic. Our
results suggest that speciation of L. arcana and
L. compressa from L. islandica occurred after
separation of L. saxatilis, and most probably
this happened on the NCA coasts. These species
reached the British and the North European
coasts during the eastward expansion in near
glacial time. Similar to other coastal species,
their ranges extremely shrank during glaciation.
All three sibling species survived in the ref-
ugium (or refugia) on the British coasts, most
probably on the south coasts of the Irish Sea, and
significantly introgressed into genomes of each
other there and then. On the continental coast, L.
compressa persisted in the single refugium, the
population of which acted as a source for the
post-glacial mainland colonisation. Littorina
arcana got through the glaciation in more than
one refugium (besides the Irish Sea), having
been locked by ice at the very early stages of
speciation; of these two L. arcana lineages with
contrasting genomic patterns, one had a genetic
introgression from sympatric L. saxatilis and
still demonstrates high similarity with this spe-
cies. Thus, the post-glacial colonisation of the
mainland L. arcana occurred from at least two
sources. The inclusion of more southern popu-
lations (e.g., of the South Norway and France) is
needed to make the picture more complete.
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