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Phylogeographic studies provide critical insight into the evolutionary histories of model organisms; yet, to

date, range-wide data are lacking for the rough periwinkle Littorina saxatilis, a classic example of marine

sympatric speciation. Here, we use mitochondrial DNA (mtDNA) sequence data to demonstrate that

L. saxatilis is not monophyletic for this marker, but is composed of two distinct mtDNA lineages (I and

II) that are shared with sister species Littorina arcana and Littorina compressa. Bayesian coalescent dating

and phylogeographic patterns indicate that both L. saxatilis lineages originated in the eastern North

Atlantic, around the British Isles, at approximately 0.64 Ma. Both lineages are now distributed broadly

across the eastern, central and western North Atlantic, and show strong phylogeographic structure

among regions. The Iberian Peninsula is genetically distinct, suggesting prolonged isolation from north-

eastern North Atlantic populations. Western North Atlantic populations of L. saxatilis lineages I and II

predate the last glacial maximum and have been isolated from eastern North Atlantic populations since that

time. This identification of two distinct, broadly distributed mtDNA lineages further complicates observed

patterns of repeated incipient ecological speciation in L. saxatilis, because the sympatric origins of distinct

ecotype pairs on eastern North Atlantic shores may be confounded by admixture of divergent lineages.
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1. INTRODUCTION
The evolutionary histories of North Atlantic benthic

marine species have been shaped by the trans-Arctic inter-

change (TAI) and subsequent, repeated glaciations

throughout the Pleistocene [1–3]. Following the opening

of a trans-Arctic migration route around 5.5 Ma, the TAI

(5.5–2.4 Ma) introduced numerous Pacific species to

novel selective regimes in the North Atlantic [1,4,5].

Ensuing glacial cycles drove oscillations in sea level and

habitat availability, which contracted populations into lim-

ited refugia during glacial maxima, and yielded repeated

range fluctuations, population subdivision and regional

extinctions on both sides of the North Atlantic [2–4].

The last glacial maximum (LGM), at approximately

18 Ka, has received significant attention because phyloge-

netic data demonstrate that its effects differed markedly

between populations of marine organisms on eastern and

western North Atlantic shores [3,4]. In the eastern

North Atlantic, there is evidence for multiple southern gla-

cial refugia, which buffered extinctions and allowed for

northward recolonization events during interglacial periods

[6–9]. In the western North Atlantic, regional extinctions

were common among rocky shore species, because most

of the suitable habitat was covered by the Laurentide ice
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sheet [2,8,10], although some species were able to survive

in southern [2,11] or northern refugia [3,7,11–14]. As a

result, many of the current western North Atlantic rocky

shore fauna (including the intertidal snails Littorina obtusata

and Nucella lapillus) recolonized the region following the

LGM, whereas other species (such as Semibalanus

balanoides and Mytilus edulis) appear to have persisted in

western North Atlantic refugia [2–4,8,10].

Amid the extensive climatic variation of the past 5.5 Myr,

Littorina (subgenus Neritrema) snails underwent a relatively

high incidence of speciation, giving rise to five North Atlan-

tic species, including three rough periwinkles: egg-laying

Littorina compressa and Littorina arcana, and the brooding

species Littorina saxatilis [1,15,16]. The brooder L. saxatilis

has the broadest range, spanning the North Atlantic from

northern Africa to the mid-Atlantic coast of North America,

while both egg-laying species have narrow distributions

restricted to the northeastern North Atlantic coasts of

Europe (e.g. France, the British Isles and Norway [15]).

Littorina saxatilis is also notable for its wide range of

morphologies [15], especially in eastern North Atlantic

regions (e.g. Sweden, Spain and Britain), where it exhi-

bits extreme local (i.e. on the scale of metres) habitat-

specific morphological differentiation driven primarily

by variation in crab predation and wave exposure

[15,17,18]. In each location, pairs of divergent ecotypes

display distinct morphologies (E & S, Sweden [19]; RB &

SU, Spain [20]; H & M, Britain [21]), partial reduction

of gene flow [22–25] and evidence of reproductive isolation
This journal is q 2011 The Royal Society
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[21,26,27], providing support for multiple independent

divergence events and suggesting L. saxatilis as a model of

incipient sympatric speciation [17,18,26,28]. Yet, despite

its importance as one of the few marine examples of incipi-

ent sympatric speciation [29], the necessity of lineage-wide

phylogenetic context for model systems of sympatric specia-

tion [30,31] and the established role of historical allopatric

divergence in North Atlantic marine species [3,4], little is

known about the evolutionary history of L. saxatilis across

its trans-Atlantic range.

Although extensive localized genetic studies of rough

periwinkles in the eastern North Atlantic have been con-

ducted, western North Atlantic populations remain largely

unexamined, and no comprehensive evaluation of range-

wide genetic variation within L. saxatilis exists. Here, we

use mitochondrial DNA (mtDNA) sequence data and

Bayesian phylogenetic analysis to reconstruct the evolution-

ary relationships among L. compressa, L. arcana and a range-

wide sampling of L. saxatilis. Using an mtDNA gene tree,

we ask whether these species are genetically distinct (i.e.

reciprocally monophyletic), date the origins of distinct

mtDNA lineages and define the phylogeographic structure

of L. saxatilis populations across the North Atlantic.
2. MATERIAL AND METHODS
(a) Sampling and molecular analysis

We sampled 405 individuals from 32 sites (electronic

supplementary material, table S1) across the range of L. saxa-

tilis (western, central and eastern North Atlantic). Additionally,

we collected 33 L. arcana and 20 L. compressa from the north-

eastern North Atlantic. To confirm specimen identity in areas

of sympatry, we used only females with a clearly defined brood

pouch (L. saxatilis) or jelly gland (L. arcana and L. compressa).

Littorina compressa was further distinguished by distinctive shell

grooves [15]. Snails were dissected live, frozen at 2808C or

preserved in 100 per cent ethanol prior to extraction. Whole

genomic DNA was extracted from head/foot tissue using hex-

adecyltrimethylammonium bromide extraction buffer and a

standard phenol/chloroform extraction protocol [32]. We

designed two new primers (LsaxMt_F, 50-CTG ATG CCG

CAA AAC TTC TT-30 and LsaxMt_R, 50-GTC AAC TGC

AAA GCC TCC TC-30) from published sequences [33,34]

and amplified a 1832 bp region of the mitochondrial

genome, including NADH1, tRNApro, NADH6 and partial

cytochrome b. PCR amplifications were obtained using Phire

Hot Start DNA Polymerase (Finnzymes) and a thermal profile

of 30 s at 988C, followed by 30 cycles of 988C for 5 s, 508C for

5 s and 728C for 1 min and 15 s. PCR products were cleaned

and sequenced in both directions using the PCR primers on

ABI 3700 capillary sequencers by Agencourt Bioscience

(Beverly, MA, USA). A 633 bp sequence was obtained for

NADH1 using the forward primer (GenBank accession nos

JF501729–JF501840). From the reverse primer, 521 bp

were obtained, including 61 bp of NADH6 and 451 bp of cyto-

chrome b (GenBank accession nos JF501841–JF501952). We

also included the 48 published sequences of Quesada et al. [34]

(EMBL-Bank accession nos AM500945–AM500965) for a

total of 453 L. saxatilis samples (electronic supplementary

material, table S1).

(b) DNA sequence analyses

We aligned and manually edited sequences using SEQUENCHER

v. 4.8 (Gene Codes Corporation). Mitochondrial DNA sequence
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variation was analysed using DNASP v. 5.10 [35] by species,

geographical region (Iberian Peninsula, and eastern, central

and western North Atlantic) and population. Calculations for

lineage-specific groupings were made based on the results of

the phylogenetic analyses described below. Our estimates also

include standard tests for deviations from neutrality, including

Tajima’s D, Fu and Li’s D* and Fu and Li’s F* [36,37].

A maximum parsimony network was constructed with TCS

v. 1.21 [38].

(c) Phylogenetic analyses and divergence estimates

Phylogenetic analyses were conducted using a Bayesian

approach in BEAST v. 1.5.3 [39]. The best-fit model of

sequence evolution was estimated as GTR þ G þ I using

AIC criterion generated in MRMODELTEST v. 2.3 [40]. This

model was implemented in BEAST under strict clock and

relaxed uncorrelated lognormal frameworks [41], using the

assumption of a constant coalescent population size par-

ameter. Bayes factor tests were used to evaluate differences

in outcome under alternative demographic models and

revealed that our data fit the molecular clock assumption

[42]. By including representative sequences from Littorina

fabalis and L. obtusata [34] (EMBL-Bank accession nos

AM500966–AM500967) as outgroups and applying a

prior probability distribution to the root of this tree, we

were able to estimate the times of divergence (i.e. the time

to most recent common ancestor, TMRCA) for lineages of

interest. The analyses were calibrated with a combination

of fossil evidence and published times of divergence among

members of the North Atlantic Neritrema. With a lognormal

prior, we fixed the minimum time of divergence at 2 Ma, as

this is the earliest known occurrence of distinct flat periwin-

kles (L. fabalis) and rough periwinkles (Littorina islandica, the

extinct proposed ancestor of the L. saxatilis group) in the

fossil record [15]. We used the previously published mean

estimate for divergence among all North Atlantic Neritrema

(2.83 Ma [43]) as the mean root age, and adjusted the stan-

dard deviation so that the upper bound of the 95 per cent

high probability density (HPD) approximated the opening of

the Bering Strait (approx. 5.5 Ma). We also examined lineages

for signatures of population size fluctuations using the GRMF

Skyride option in BEAST [44]. Applying a normally distribu-

ted clock rate prior, equivalent to that estimated for the full

tree, these analyses provided more conservative estimates of

TMRCA than the constant population size models. All ana-

lyses were run with chain lengths of 30 million, sampling

every 3000, and model performance was assessed in TRACER

v. 1.5 [45]. We constructed maximum clade credibility

phylogenies in TREEANNOTATOR v. 1.5.3 [39].
3. RESULTS
(a) Genetic diversity

Analysis of the mtDNA fragment produced an alignment

of 1154 bp with 125 variable sites and 113 unique haplo-

types. Across the North Atlantic, L. saxatilis (n ¼ 453

individuals) haplotype diversity is high (mean þ s.e. ¼

0.94 þ 0.01), with 95 unique haplotypes (electronic sup-

plementary material, table S2). Populations on western

(n ¼ 197) and eastern (n ¼ 107) North Atlantic shores

have equal haplotype diversities (both 0.85þ 0.02),

although a greater number of unique haplotypes were

recovered from the western North Atlantic (h ¼ 45 versus

25). The Iberian Peninsula (n ¼ 52) shows the highest



Table 1. Estimated node ages and time to most recent common ancestor (TMRCA) in millions of years (mean, median, 95%

high probability density).

TMRCA (Ma) node age (Ma)

mean median 95% HPD mean median 95% HPD

Neritrema 2.52 2.36 2.01–3.50 2.51 2.35 2.02–3.44
rough periwinkles 0.92 0.87 0.51–1.44 0.92 0.87 0.50–1.41
L. compressa 0.92 0.87 0.50–1.44 0.92 0.87 0.50–1.41
L. arcana 0.92 0.87 0.50–1.44 0.92 0.87 0.50–1.41

L. saxatilis 0.62 0.59 0.32–0.98 0.64 0.61 0.35–1.00
lineage I 0.32 0.30 0.15–0.53 0.32 0.30 0.15–0.53
lineage II 0.45 0.43 0.23–0.73 0.45 0.43 0.23–0.71
lineage I western 0.19 0.17 0.07–0.35 0.17 0.15 0.07–0.28
lineage II western 0.14 0.13 0.05–0.26 0.15 0.13 0.05–0.27
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regional haplotype diversity (0.89 þ 0.02), with 14 unique

haplotypes. Haplotype diversity in the central North Atlan-

tic (n ¼ 97) is lowest, at 0.79 þ 0.04 (h ¼ 18). Across the

eastern North Atlantic, L. arcana (n ¼ 33, h ¼ 12) and

L. compressa (n ¼ 20, h ¼ 9) show comparable haplotype

diversities of 0.73 þ 0.08 and 0.79 þ 0.09, respectively.

(b) Gene tree and divergence estimates

TMRCA estimates place the origin of the North Atlantic

Neritrema at 2.52 Ma (95% HPD 2.01–3.50; table 1). The

three rough periwinkles—L. compressa, L. arcana and

L. saxatilis—form a well-supported monophyletic clade

(figure 1), with a TMRCA of 0.92 Ma (0.51–1.44). None

of the three species is strictly monophyletic; rather, each is

made up of multiple divergent mtDNA lineages, most of

which are shared among species. The majority of L. compressa

and one L. arcana individual possess a basal mtDNA lineage

that originated at approximately 0.92 Ma. All L. saxatilis, the

majority of L. arcana and the remaining L. compressa mtDNA

haplotypes form a single well-supported clade (posterior

probability: 0.94) with an age of 0.64 Ma (0.35–1.00).

This clade is composed of four well-supported lineages,

with L. saxatilis falling into two distinct, strongly supported

mtDNA lineages, I and II, which originated approximately

0.64 Ma. Lineage I also includes L. compressa, whereas line-

age II contains both L. arcana and L. compressa. Two

additional mtDNA lineages, one composed of L. arcana

only and the other including L. compressa and L. arcana,

also fall within this clade. These mtDNA lineages originated

around the same time as lineages I and II (approx.

0.64 Ma); however, their phylogenetic relationships to

lineages I and II remain unresolved. All three species share

one identical lineage II haplotype (F), while a second is

shared between L. saxatilis and L. arcana (figure 2a).

Lineage II, with a TMRCA of 0.45 Ma (0.23–0.73,

table 1), is older and more diverse (figure 2a) than lineage

I, with a TMRCA of 0.32 Ma (0.15–0.53). Within these

lineages, there is further geographical subdivision: western

North Atlantic haplotypes (haplogroups A and J) fall into

well-supported clades within lineages I and II, respectively,

as do Iberian Peninsula haplotypes (haplogroups D and

H). Remaining haplotypes are shared broadly across

central and northeastern North Atlantic populations.

(c) Phylogeography

The ranges of both L. saxatilis lineages (I and II) overlap

broadly across the North Atlantic, but geographical
Proc. R. Soc. B (2011)
subdivision is evident, and patterns of overlap differ

among regions (eastern, central and western) and

between basal and derived haplotypes (figure 2). Basal

haplotypes of both lineages I (haplogroup B) and II (hap-

logroup F) are present across the northeastern and central

North Atlantic, in Britain, the Faroe Islands and Iceland.

Lineage I basal haplotypes (haplogroup B) are also found

in France and Greenland, whereas Ireland and Sweden

contain basal lineage II haplotypes (haplogroup F).

Derived lineage I and II haplotypes are also present across

the central and northeastern North Atlantic. Haplogroup C

(lineage I) has a northern distribution, across Ireland, the

Faroe Islands, Iceland and Greenland, whereas haplogroup

E (lineage I) is found primarily on North Sea shores

(France and Sweden), but also in Ireland, Iceland and

Greenland. Lineage II-derived haplogroup I is spread

among France, Ireland and the Faroe Islands, whereas the

divergent haplotype G is localized to southwestern Britain.

All four haplotypes recovered from Greenland are also

common across the northeastern (main haplotypes C, B

and E) or northwestern (J) North Atlantic (i.e. there are no

private haplotypes). The same three northeastern North

Atlantic haplotypes (C, B and E) are also found in Iceland,

along with two private haplotypes (in haplogroups C and F).

At the southeastern edge of our sampling range, the

Iberian Peninsula contains derived haplotypes from both

lineages I (haplogroup D) and II (haplogroup H). The

diversity within H is much deeper than other hap-

logroups, with a TMRCA of 0.28 Ma (0.13–0.48).

Unlike the rest of the eastern North Atlantic, 13 out of

14 Iberian Peninsula haplotypes are exclusive to this

region (i.e. private haplotypes); the 14th Iberian haplo-

type (D) was also recovered from the Faroe Islands.

The ranges of lineages I and II do not overlap on the Iber-

ian Peninsula: lineage I (haplogroup D) is found on

Spain’s Biscay Coast, while lineage II (haplogroup H) is

restricted to the North Atlantic coast.

The western North Atlantic is populated with derived

haplotypes from both lineages I and II, and all haplotypes

but one (J, also present in Greenland) are unique to this

region. The range of lineage I (haplogroup A) extends

from south of Cape Cod throughout the southern Gulf

of Maine, whereas lineage II (haplogroup J) spans the

southern and northern Gulf of Maine. Although their

ranges overlap throughout the southern Gulf of Maine

(figure 2b, inset), haplogroups A and J are more closely

related to central and eastern North Atlantic haplotypes
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than they are to each other (figure 2a). Western North

Atlantic haplotypes from lineage I (haplogroup A),

which are found predominantly in southern populations

in the western North Atlantic, show greater diversity than

those from lineage II (haplogroup J).
(d) Skyride analysis

GMRF Skyride analyses show no extreme fluctuations in

population size over time, and Bayes factor comparisons

reveal that demographic histories do not differ

significantly from a constant population size model.

We present the data for the western North Atlantic only

(figure 3) because inferred past population dynamics for

lineages I and II show similar patterns across the North

Atlantic. Lineage I (haplogroup A) shows a consistently

higher estimate of effective population size over time and
Proc. R. Soc. B (2011)
TMRCA estimates are slightly older, using both the con-

stant population size model (0.19 Ma, 0.07–0.35) and

the more conservative Skyride model (0.06 Ma,

0.03–0.10). Lineage II (haplogroup J) has younger,

though overlapping, estimates of TMRCA (0.14 Ma,

0.05–0.26, and 0.03 Ma, 0.01–0.06, respectively).
4. DISCUSSION
(a) Gene tree

Our mtDNA gene tree revealed surprising cryptic

diversity and a complex evolutionary history for the

three North Atlantic rough periwinkles—L. compressa,

L. arcana and L. saxatilis. Our results uphold basic

relationships within the accepted phylogeny [15],

although speciation events appear more recent than

previously estimated [43]. The most basal mtDNA
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lineage, predominantly composed of L. compressa and

exclusive to egg-laying species, diverged at approximately

0.92 Ma, coinciding with both the middle Pleistocene

transition (1.25–0.70 Ma)—a period of intensification

in glacial activity [46]—and the estimated time of diver-

gence between flat periwinkles L. obtusata and L. fabalis

[47]. Although L. saxatilis is a brooder [15], identical

haplotype and extensive lineage sharing with egg-laying

L. arcana and L. compressa were observed and have been

previously documented [48–50]. Because L. saxatilis

and L. arcana can hybridize (though not with L. compressa

[51,52]), haplotype sharing may be due to recent intro-

gressive hybridization. However, shared ancestral

variation is more likely [49,50] because (i) the shared
Proc. R. Soc. B (2011)
haplotype (F) is basal, (ii) no shared haplotypes are

observed at sites where the species were sampled together

(electronic supplementary material, table S1) and (iii) a

more complete complement of possible haplotype diver-

sity is not shared across the sympatric ranges of the

three species (unlike L. obtusata and L. fabalis [53]).

Our data indicate that the two mtDNA lineages (I and II),

which contain all L. saxatilis (i.e. brooding) individ-

uals sampled, began to diverge from a common

ancestor that they shared with the exclusively egg-laying

lineage around 0.92 Ma. Because the ranges of both

sister species (L. arcana and L. compressa) are limited to

the northeastern North Atlantic [15] and the basal diver-

sity in both L. saxatilis lineages I (haplogroup B) and II



time before present (Ma)

ef
fe

ct
iv

e 
po

pu
la

tio
n 

si
ze

0 0.01 0.02 0.03 0.04 0.05 0.06
0.001

0.01

0.1

1

10

Figure 3. GMRF Bayesian Skyride plot of effective popu-
lation size over time for lineages I and II on western North
Atlantic shores. Lineage I (haplogroup A) is shown in black
and lineage II (haplogroup J) is shown in grey. Solid and
dashed traces represent the median and 95% HPD values

for effective population size, respectively. Thick vertical
lines indicate mean TMRCA (estimated under a population
growth model), while thin vertical lines show the lower 95%
HPD TMRCA.

3180 M. M. Doellman et al. Deep divergence within rough periwinkles
(haplogroup F) is centred around the British Isles

(figure 2), it is most likely that both brooding L. saxatilis

lineages arose in the northeastern North Atlantic.

Phylogeographic patterns suggest that, following diver-

gence, both L. saxatilis lineages radiated outward,

reaching their current amphi-Atlantic distributions.

Both nucleotide diversity and TMRCA indicate that

range expansion may have occurred approximately

130 Kyr earlier for lineage II (approx. 0.45 Ma) than

lineage I (approx. 0.32 Ma).
(b) Phylogeography

Phylogeographic differences in both distributions of basal

and derived haplotypes and patterns of lineage overlap

across the range of surveyed L. saxatilis populations (Iberian

Peninsula, northeastern, central and western North Atlan-

tic) probably result from regional variation in historical

glacial processes. The Iberian Peninsula displays unique

genetic patterns, including independent ranges of lineages

I and II, a high frequency of private haplotypes, relatively

high haplotype diversity and population subdivision with

isolation by distance [34], which indicate relative population

isolation and stability [54]. Contrary to previous hypotheses

[34], our data indicate that the Iberian Peninsula was colo-

nized (from the northeastern North Atlantic) at least twice,

once by each mtDNA lineage (I and II). Bayesian estimates

suggest that most L. saxatilis populations on the Iberian

Peninsula have been isolated from remaining L. saxatilis

since lineage II colonized the Atlantic coast of the Iberian

Peninsula at approximately 0.28 Ma. For other taxa, the

Bay of Biscay has also served as an isolating barrier (e.g.

L. obtusata and L. fabalis [53], Ascophyllum nodosum [14])

and prevented the recolonization of the northeastern

North Atlantic by Iberian Peninsula genetic stocks during

interglacial periods (e.g. Fucus serratus [9]).

In the northeastern North Atlantic, from the Brittany

Peninsula to the Faroe Islands, the phylogeographic pat-

tern is the most complex and thus difficult to interpret.

It has been hypothesized that the geographical complexity

of this region’s shoreline, and repeated glacial disturbance

owing to ice cover and sea-level change, resulted in many
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glacial refugia, including the English Channel/Hurd

Deep, southwestern Ireland, the Faroe Islands and north-

ern Norway [3]. The broad distributions of lineage I and

II basal haplogroups (B and F, respectively) suggest mul-

tiple glacial refugia throughout the Pleistocene. Lineage I

haplogroup C, which is distributed across the Faroe

Islands, Iceland, Greenland and southwestern Ireland,

probably diverged in a more northern refugium, perhaps

the Faroe Islands, but may also have survived in south-

western Ireland. Lineage II haplogroup I shows a

similar pattern, whereas lineage II haplogroup E may

have recolonized the North Sea from a different northern

refugium (e.g. Norway [3]). Localization of haplotype G

to southwestern Britain supports a marine refugium in

the Hurd Deep during the LGM [7,14], while the

extent of native diversity in the Faroe Islands (nine private

haplotypes) provides evidence that they did indeed serve

as a marine refugium during the LGM [54–57] (but

see Ingolfsson [10,58]).

Our data suggest that the two central North Atlantic

(Iceland and Greenland) populations of L. saxatilis have

experienced the highest levels of glacial disturbance,

probably including local extinction. Similar to many

marine species [2,10], low haplotype diversity in this

region indicates that L. saxatilis recolonized it recently,

probably following the LGM, and phylogeographic pat-

terns show that recolonization proceeded predominantly

from the northeastern North Atlantic. A subset of the

variation found in the Faroe Islands, Ireland and the

North Sea (haplotypes C, B and E) was found in both

Iceland and Greenland. The presence of two private

haplotypes in Iceland, while Greenland lacked private

haplotypes, indicates that recolonization probably

occurred via east-to-west stepping-stone migration. Inter-

estingly, Greenland also appears to have been recolonized

from northwestern North Atlantic populations (haplotype J).

For the western North Atlantic, our data suggest three

key findings: (i) this region was colonized by L. saxatilis

in two separate trans-Atlantic migration events; (ii) con-

trary to previous hypotheses [15,59], western North

Atlantic L. saxatilis survived the LGM; and (iii) lineages

I and II survived in separate southern and northern glacial

refugia, respectively. Lack of trans-Atlantic haplotype shar-

ing in either lineage demonstrates that neither lineage I nor

II colonized the western North Atlantic following the

LGM [2]. TMRCA and haplotype diversity indicate that

lineage I (haplogroup A) arrived on western North Atlantic

shores prior to lineage II (haplogroup J), possibly as long

ago as 0.32 Ma, but probably around 0.19 Ma, during

the second to last interglacial period. TMRCA indicates

that lineage II (haplogroup J) may have arrived during

the last interglacial period. However, as haplogroup J is

more distantly related to the rest of lineage II than hap-

logroup A is to lineage I, haplogroup J may have been

isolated from eastern North Atlantic lineage II earlier

than we estimated. Haplogroup A appears to have survived

the LGM south of the Laurentide ice sheet [2,11], and

Skyride analysis indicates that effective population size

remained relatively high throughout the LGM (figure 3).

Haplogroup J probably survived in a northern location,

providing additional evidence for a periglacial refugium

in North Atlantic Canada [3,7,11–14]. Since the termin-

ation of the LGM (approx. 18 Ka), both populations

appear to have expanded and now share a zone of
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secondary contact in the southern Gulf of Maine [3]. It is

likely that the brooding life-history strategy [60] and flex-

ible habitat requirements [15] allowed L. saxatilis to

survive drastic climatic change and rocky habitat limitation

associated with the LGM, whereas many rocky intertidal

organisms suffered local extinction (e.g. L. obtusata

and N. lapillus [2,4,8]). Lack of extreme population

fluctuations in either lineage over this time period

(figure 3) indicates that the LGM did not severely impact

genetic diversity but instead drove the distribution of genetic

variation (e.g. [14]) in western North Atlantic L. saxatilis.

(c) Conclusions

The existence of two distinct mtDNA lineages, which

now show strong phylogeographic structure across the

trans-Atlantic range of L. saxatilis, demonstrates that

this species has had a complex evolutionary history

shaped by repeated glacial cycles and persistence in mul-

tiple glacial refugia. This broad phylogeographic context

also provides a framework for examination of patterns of

ecological differentiation and incipient speciation in

L. saxatilis. Future work must examine the relationship

between mtDNA lineage and nuclear gene exchange

(i.e. AFLP, SNP or microsatellites) across populations

and among L. saxatilis ecotypes. Britain, Sweden and

the region between Spanish Atlantic and Biscay coasts

will be of particular interest in defining the relative roles

of and/or interaction between sympatric and allopatric

processes, because our data indicate that genetic differen-

tiation may be ongoing at more than one scale in the

L. saxatilis system. In addition, a further focus on western

North Atlantic L. saxatilis is needed. Significant spatial

and temporal separation of lineages I and II, with recent

(less than 20 Ka) secondary contact in the southern

Gulf of Maine, make this the ideal region for detailed

examination of interactions between lineages. Identifi-

cation of reduced nuclear gene flow or reproductive

isolation between mtDNA lineages could lead to

redefinition of the species L. saxatilis.
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