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Abstract Twenty-two Mya arenaria samples spanning
seven marine ecoregions mostly situated in the Cold
Temperate Northwest Atlantic (CTNA) biogeographic
province were collected between 2001 and 2010 and gen-
otyped at seven highly polymorphic microsatellite loci to
test for population differentiation. Results showed strong
regional differentiation with six genetic clusters: (1)
Northern Gulf of St. Lawrence (GSL), (2) Magdalen
Archipelago, (3) Southern GSL, (4) Lower Atlantic Can-
ada, (5) US Coasts and (6) Northern Europe. Population
structure was supported no matter the statistical approach
and generally does not reflect the geographical limits of
marine ecoregions. A latitudinal cline in allelic richness
provides evidence for a northward post-glacial expansion
range for this species. While geographical distance
explains the genetic variation detected in southern CTNA,
increased heterogeneity observed in northern CTNA can be
explained by isolation by distance, marine landscaping and
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presumable selective processes acting at the Mar5 locus.
Exclusion of Mar5 from analyses resulted in the detection
of three genetic clusters instead of six.

Introduction

Several marine invertebrate species that remain sedentary
during adult stages reproduce through a pelagic larval dis-
persal phase (Thorson 1950; Mileikovsky 1971). The
genetic structure of such species provides important insights
on the patterns of gene flow occurring in the marine system
and generally reflects the dispersal pathways that facilitate
the migration of new recruits amongst subpopulations (e.g.
Dupont et al. 2007; Yasuda et al. 2009). Knowledge of the
genetic diversity of marine invertebrate settlements pro-
vides essential tools for fisheries management, conservation
biologists and understanding the population ecology of
broadcast-spawning marine organisms. It can also improve
the practice of artificial seeding of nursery-reared juveniles
in the wild (e.g. Congleton et al. 2003; Redjah et al. 2010)
by helping to maintain the genetic integrity of indigenous
populations.

The softshell clam (Mya arenaria) is an ideal model
species for population structure studies of benthic marine
invertebrates undergoing a planktotrophic larval phase. It is
a commercially important, broadcast-spawning and poten-
tially long-distance dispersing species of bivalve residing
in the soft-bottom environments of intertidal zones, estu-
aries, shallow sand bars and mud flats (e.g. St-Onge and
Miron 2007; Shanks 2009). Settlements are found in most
temperate ecoregions of the Atlantic and Pacific oceans
(MacNeil 1965; Ponurovskii and Kolotukhina 2000), most
especially in the Cold Temperate Northwest Atlantic
(CTNA) biogeographic province (Spalding et al. 2007)
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where the first invasion from now extinct Pacific stocks is
believed to have occured during the Pliocene over 2.5
million years ago (MacNeil 1965).

The CTNA is characterized by highly heterogeneous
coastlines with hundreds of estuaries, coastal lagoons,
shallow and deep bays as well as a wide variety of inter-
tidal regimes (Schmidt et al. 2008). The area can be further
fragmented into distinct biogeographic marine ecoregions
(Fig. 1) mainly delimited by strong taxonomic, thermal and
biogeochemical similarities (Engle and Summers 1999;
Spalding et al. 2007). Strong latitudinal gradients in mean
summer sea surface temperature (SST) are also observed in
the CTNA during summer months, varying between 8 and
12 °C in the St. Lawrence estuary (Vézina et al. 1995) and
20 °C in Chesapeake Bay (Shiah and Ducklow 1994). Such
distinct physical and environmental conditions observed
amongst ecoregions may (1) represent significant barriers
limiting larval exchanges between them, (2) restrict gene
flow and (3) influence the population structure through
local adaptation (e.g. Wares 2002; Drouin et al. 2002;
Domingues et al. 2010).

However, studies evaluating the genetic diversity of
M. arenaria populations are scarce and show very little
population differentiation across its natural distribution.
Genotyping of the ITS-1 ribosomal DNA marker in 12
populations sampled along the New England coast resulted
in only two haplotypes and no significant genetic hetero-
geneity (Caporale et al. 1997). For their part, Lasota et al.

(2004) genotyped 302 adult clams from seven North
European populations with six allozyme loci (Gpi, Idh,
Lap, Mdh, Pgd and Pgm). They found low polymorphism
(mean number of alleles between 2.0 and 2.7) and no
population structure (mean Nei’s Fgy = 0.0133, non-sig-
nificant). Finally, Strasser and Barber (2009) widened the
range of study and sampled 212 adults from 12 North
American and North European populations spanning three
different coastlines. Sequencing the cytochrome oxidase
(COI) mitochondrial gene revealed significant genetic
divergence between North American and North European
populations (global Fgy = 0.159, P < 0.001) but no evi-
dence of significant differentiation amongst North Ameri-
can populations due to one haplotype dominating (65-100
%) at all sites sampled.

The ribosomal DNA, allozyme loci and COI mito-
chondrial gene analysed in the above-mentioned studies
could not detect the presence of population structure in
M. arenaria due to very little genetic variation. Population
genetic studies using multi-locus analyses of polymorphic
microsatellite markers specific to M. arenaria (St-Onge
et al. 2011) may thus be more appropriate for detecting
finer-scale patterns of population structure in the North-
west Atlantic (Selkoe and Toonen 2006). Lack of such
studies tends to lead conservation biologists towards
bioregionalization concepts like marine ecoregions to help
them delineate marine protected areas and implement
resource management policies (Fogarty and Botsford

Fig. 1 Map of part of the Cold
Temperate Northwest Atlantic
(CTNA) biogeographic
province showing the location
of the 22 sampling sites and the
limits of marine ecoregions

(Spalding et al. 2007). Upper
inset map shows the O1 and E1
sampling sites. Names, labels
and GPS coordinates of each
subpopulation are found in
Table 1
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2007; Spalding et al. 2007). However, the relevance of
marine ecoregion classifications has seldom been tested
genetically for marine species naturally distributed over
large geographical areas like the CTNA. Results may
provide more weight to factors such as geographical dis-
tance between settlements, environmental and physical
discontinuities or local adaption (e.g. Pineira et al. 2008;
Schmidt et al. 2008). Evaluating latitudinal differences in
genetic diversity of M. arenaria across the CTNA could
also give more information on its colonization history
during the last deglaciation of the Late Glacial Maximum
(between 10 and 13 thousand years ago) when ice
retreated from most of northern CTNA and Europe (Dyke
and Prest 1987; Maggs et al. 2008). Such knowledge is
essential to help separate genetic patterns into distinct
categories, mainly the ones resulting from historical col-
onization and those resulting from contemporary factors
affecting gene flow and larval dispersal between
settlements.

The main goal of this study will be to use a series of
polymorphic microsatellite markers to test the hypothesis
of significant genetic differentiation amongst M. arenaria
settlements sampled across several marine ecoregions of
the CTNA. More specifically, the study will investigate
whether the population structure of this species (1) corre-
sponds with the geographical limits of major biogeographic
marine ecoregions, (2) reflects a post-glacial recolonization
genetic signature caused by the last deglaciation event, (3)
is correlated with distance between settlements, (4) is
caused by important barriers to gene flow and (5) is
influenced by locally selective processes.

Materials and methods
Sampling and genotyping

Because allele frequencies can vary over time and amongst
breeding seasons (Waples 1989), we first established
whether temporal structure in M. arenaria populations
could be detected. Adult clams were collected at the two
sampling sites of N1 and G8 (Fig. 1) and separated
according to three age classes per site. Age was determined
by counting shell annuli (Maximovich and Guerassimova
2003). Thirty-five individuals of each age class were gen-
otyped with seven microsatellite markers (described
below). No genetic differences were detected amongst the
three age classes after 1,000 allele randomizations at either
N1 (global Os7 = 0.0027, P = 0.109) or G8 (global Ogy =
—0.0004; P = 0.919). Therefore, this study focused on
evaluating the spatial genetic structure.

To assess the spatial genetic structure, a total of 604
adult and juvenile softshell clams were collected between
2001 and 2010 at 22 sampling sites spanning seven marine
ecoregions (Spalding et al. 2007) (Table 1; Fig. 1). These
included 13 sites in the Gulf of St. Lawrence/Eastern
Scotian Shelf (G), one site in South Newfoundland (N), one
site in the Scotian Shelf (S), three sites in the Gulf of
Maine/Bay of Fundy (M), two sites in the Virginian (V),
one site in the Oregon, Washington, Vancouver Coast and
Shelf (O) and one site in the North Sea (E). Sample size
differed for each site, ranging from 11 to 37 individuals.
Eight of the 22 samples (G12, M1-M3, V1-V2, Ol and
E1) were comprised of individuals analysed in a prior study
(Strasser and Barber 2009).

Although some clams were dissected fresh, most col-
lected clams were frozen at —40 °C upon arrival at the
laboratory. Once partially thawed, small tissue samples of
mantle, foot or siphon were preserved into a vial filled with
95 % ethanol. Genomic DNA of each individual was
extracted from approximately 100 mg of preserved tissue
with an E.Z.N.A. kit (Omega Bio-Tech Inc.).

Using a fluorescent labelling method, seven microsatellite
loci (Marl-GenBank accession number JN191327.1, Mar3—
JN191329.1, Mard—IN191330.1, Mar5—IN191331.1,
Mar6—JIN191332.1, Mar7-JN191333.1 and Mar8-JN19
1334.1) were amplified in each individual according to the
methods described in St-Onge et al. (2011) (see also Molecular
Ecology Resources Primer Development Consortium 2011).
Amplified fragments were analysed by capillary electropho-
resis on an ABI 3130 genetic analyser using a Genescan
LIZ1200 size standard (Applied Biosystems Inc.). Raw allelic
scores were assessed with the GENEMAPPER software
(Applied BioSystems Inc.) (Chatterji and Pachter 2006). Final
allele identity for all genotypes was based on resulting allele
intervals generated by the TANDEM software (Matschiner
and Salzburger 2009) and corrected by visually inspecting
scatter plots of raw scores. Finally, the quality of data for the
analysis of population structure (periodicity of markers,
probability of null alleles, stuttering patterns and large allele
dropouts at each locus of each sample) was evaluated with
MICROCHECKER v.2.2.3. (Van Oosterhout et al. 2004).

Sample characteristics

Number of detected alleles, allelic richness, linkage dis-
equilibrium between pairs of loci and conformance to
Hardy—Weinberg equilibrium were all assessed with
FSTAT v.2.9.3 (Goudet 2001) with the two latter set at a
significance level of 5 % and adjusted for multiple com-
parisons. Private alleles were summarized with CONVERT
v.1.31 (Glaubitz 2004), while observed and expected
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Table 1 Statistics calculated over seven microsatellite loci for 22 M. arenaria sampling sites with GPS coordinates and year of sampling

Label—sampling site (GPS coordinates) Year sampled N Ns wiAR (n=10) sNpa H, Hg Fig
G1—Saguenay, Quebec (048°12'N, 069°54'W) 2005 20 68 7.26 1 0.79 0.78 —-0.02
G2—Baie de Métis, Quebec (048°40'N, 068°01'W) 2005 22 67 1723 1 0.75 0.77 0.04
G3—Pointe-aux-Outardes, Quebec (049°03'N, 068°27'W) 2010 35 87 7.69 0 0.79 0.79 -0.01
G4—Mingan, Quebec (050°18'N, 063°59'W) 2005 35 84 7.68 1 0.77 0.80 0.04
N1—Little Barasway Bay, Newfoundland (047°36'N, 057°39'W) 2005 32 88 7.99 3 074 0.78  0.05
G5—Havre-aux-Maisons, Quebec (047°26'N, 061°47'W) 2005 36 99 7.99 2 0.77 0.78 0.01
G6—Malpeque Bay, Prince Edward Island (046°28'N, 063°42'W) 2010 34 83 7.77 0 0.74 0.78 0.06
G7—Tabusintac, New Brunswick (047°20'N, 064°60'W) 2010 32 91 8.13 1 075 0.79  0.05
G8—Kouchibouguac, New Brunswick (046°50'N, 064°56'W) 2009 37 89 7.73 0 0.69 0.76  0.09
G9—St.-Louis-de-Kent, New Brunswick (046°45'N, 064°55'W) 2009 32 92 8.05 2 0.79 0.78 —0.03
G10—Richibucto, New Brunswick (046°43'N, 064°53'W) 2009 34 92 7.82 2 0.78 0.77 —-0.01
G11—Bouctouche, New Brunswick (046°31’N, 064°41'W) 2010 35 100 8.35 1 0.76 0.78 0.03
G12—Antigonish, Nova Scotia (045°37'N, 061°59'W) 2001-2006 31 96 8.17 3 0.81 0.81 —-0.01
G13—Ingonish Harbour, Nova Scotia (046°38'N, 060°25'W) 2010 35 87 17172 2 0.78 0.78 0.00
S1—Port-Mouton, Nova Scotia (043°52'N, 064°48'W) 2010 33 92 8.65 0 0.79 0.82  0.05
MI1—St.-John, New Brunswick (045° 17'N, 066°04'W) 2001-2006 11 60 8.55 1 071 0.80  0.11
M2—Pembroke, Maine (044°57'N, 067°10'W) 2001-2006 15 74 9.01 1 0.80 0.85 0.06
M3—Barnstable, Massachusetts (041°42'N, 070°20'W) 2001-2006 12 63 940 1 074 086  0.14%*
V1—Stony Brook, New York (040°54’N, 073°07'W) 2001-2006 13 66 8.66 1 0.83 0.85 0.02
V2—Chesapeake Bay, Maryland (038°47'N, 076°08'W) 2001-2006 35 117 9.98 6 0.81 0.87  0.08*
O1—Newport, Oregon (044°36'N, 124°03' W) 2001-2006 20 76 8.05 1 0.76 0.81 0.07
E1—Sylt, Germany (054°55'N, 008°21'E) 2001-2006 15 47 6.29 2 0.74 0.79  0.06

Significant Fg values (Bonferoni-adjusted nominal level of 0.032 % after 3,080 randomizations) are shown in bold font with asterisk

N total number of individuals sampled, 7V, total number of detected alleles, »;AR = mean within-loci allelic richness based on 10 diploid
individuals, 7Np,4 total number of detected private alleles, Hp, Nei’s non-biased expected heterozygosity, Hx Nei’s observed heterozygosity, and

Fs inbreeding coefficient

heterozygosity values (Nei 1978) were determined with
GENETIX v.4.05 (Belkhir et al. 1996).

Spatial genetic structure

Different analytical approaches were used to investigate
the population genetic structure of softshell clams sampled
across the Cold Temperate Northwest Atlantic (CTNA)
biogeographic province. Population differentiation was
first assessed with an exact G-test (Goudet et al. 1996) with
FSTAT v.2.9.3 (Goudet 2001) using the global Og; statistic
(Weir and Cockerham 1984), an unbiased estimate of Fgy
calculated from multi-locus allelic frequencies. FSTAT
was also used to calculate pairwise Ogr values (Weir and
Cockerham 1984). Both tests were set at a significance
level of 5 % and appropriately adjusted for multiple com-
parisons if needed. To account for the use of highly poly-
morphic microsatellite markers, mean pairwise Dggr values
(Jost 2008) were also calculated with SMOGD (Crawford
2010) and averaged across all loci. Confidence intervals
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(95 %) were calculated by averaging the mean variances of
all individual loci (Sokal and Rohlf 1981).

Population structure was also investigated using a
Bayesian model-based MCMC clustering method as
implemented in the program STRUCTURE v.2.3.3.
(Pritchard et al. 2000; Falush et al. 2003). This method
can be used to infer population genetic structure from
individual multi-locus genotypes assuming Hardy—Wein-
berg and linkage equilibrium. Four simulations were
carried out for each inferred K ranging between two and
22 and allowed admixture of individuals as well as
correlations between allele frequencies (Falush et al.
2003). Each run consisted of a burn-in period of 50,000
steps followed by 50,000 Markov Chain Monte Carlo
(MCMC) repetitions. The geographical location of indi-
viduals was only used as a prior to assist the clustering
process (Hubisz et al. 2009). Resulting estimated log
probabilities for each run were then used to compute the
ad hoc statistic 4K (Evanno et al. 2005), representing the
most probable number of genetic clusters (K) in the data
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set. Individual clams were then probabilistically assigned
to one of K distinct genetic clusters.

Isolation by distance

Three independent isolation-by-distance analyses were
carried out with the IBDWS program (Jensen et al. 2005)
by way of a Mantel test (10,000 randomizations) corre-
lating pairwise Osr (1 — Os7)~ ! values (Weir and Cock-
erham 1984; Rousset 1997) with geographical distance.
Distance was based on the main sea surface pathways
(Shore et al. 2000; Savenkoff et al. 2001; Kenchington
et al. 2006) and estimated with the distance calculator
available in the GEBCO Digital Atlas (British Oceano-
graphic Data Centre 2003). Independent analyses were
carried out for samples in (1) CTNA (N = 20), (2) G and N
only (N = 14), and (3) S, M and V only (N = 6). The same
three sets of samples were also used to analyse isolation by
distance with pairwise Dggr values (Jost 2008). These
analyses were carried out with the Isolde program imple-
mented in the Genepop v.4.0.10 on the web (Raymond and
Rousset 1995; Rousset 2008) and using a Spearman rank
correlation test (¢« = 5 %) (Sokal and Rohlf 1981).

Barriers to gene flow

The software BARRIER v.2.2 (Manni et al. 2004) was used
to build a Delaunay triangulated connectivity network with
Voronoi tessellations based on the geographical location of
each sample. The five most significant geographical bar-
riers to gene flow were then detected using Monmonier’s
algorithm (Monmonier 1973) from pairwise genetic dis-
tances (Nei 1978) between linked samples in the network.

Positive selection

Finally, locus-specific values of Osr (Fig. 2) were calcu-
lated for each marker using FSTAT v.2.9.3 (Goudet 2001).
Results showed that Mar5 had a Ogy value of 0.058,
amounting to nearly twice that of the global Oy value of
0.031 calculated across all seven loci. The multi-loci
neutrality test procedure described in Beaumont and Nic-
hols (1996) arrived to a similar conclusion by placing Mar5
outside and over the 95 % confidence limit of the expected
p-hat distribution (Cockerham and Weir 1993) calculated
under the island (Wright 1931, 1943) and infinite alleles
mutational models (Kimura and Crow 1964). Such results
suggest that Mar5 could be a candidate marker for positive
selection. Pairwise Ogy, isolation-by-distance (with pair-
wise Ogr and Dggy) as well as a clustering analysis with the
STRUCTURE software were thus repeated without Mar5
as described above. Slopes for the isolation-by-distance
correlations with and without Mar5 were compared using a

0.07 4
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0.04 4

0.03 1

0.02 4

Locus-specific dgT1

0.01 4

0.00

Mari Mar3 Mar4d Mar5 Mar6 Mar7 Mar8
Microsatellite locus

Fig. 2 Locus-specific values of Ogr for each microsatellite marker

one-sided paired ¢ test (¢ = 0.05) (Zar 1999). However,
some parameters for the clustering analysis differed from
those described above in that only three runs were carried
out for K values ranging from 2 to 10 with a burn-in period
of 25,000 steps and 25 000 MCMC repetitions.

Results
Sample characteristics

Analyses with MICROCHECKER showed that evidence
for null alleles (homozygote excess) was found in only 12
out of 154 (7.8 %) combinations of loci and samples,
including five for Marl (G5, G6, G8, M2 and M3) and
three for Mar3 (M1, M2 and V2). However, there was no
evidence of technical problems associated with stuttering
patterns or large allele dropouts. Data were considered
acceptable for the analysis of population structure.

No linkage disequilibrium was found between any pair of
loci with P values ranging between 0.02 (Mar4—Mar6) and
0.94 (Marl-Mar6). Significance for this test was Bonferroni-
adjusted to 0.002 % after 420 randomizations. Each indi-
vidual locus was thus considered statistically independent.
High genetic variability was found in M. arenaria across all
seven loci and 22 populations with a mean allelic richness of
8.1 (based on a minimum sample of 10 individuals; see Mar8
in the sample M3) as well as high observed and expected
heterozygosity values of 0.77 and 0.80, respectively (Tables
1, 2 and Online Resource 1). When calculated across samples
(Table 2), total number of alleles varied between seven
(Mar6) and 50 (Mar4), mean allelic richness (N = 10) ranged
from 3.2 (Mar6)to 11.2 (Marl), while observed and expected
within-sample heterozygosity values varied from 0.50
(Mar6) to 0.86 (Mar8) and from 0.52 (Mar6) to 0.89 (Marl),
respectively. When calculated across loci (Table 1), mean
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Table 2 Global descriptive statistics calculated over all samples of M. arenaria individuals genotyped at seven microsatellite loci

Marl Mar3 Mar4 Mar5 Mar6 Mar7 Mar8

All 22 samples
N 601 604 601 601 604 604 599
Na 30 28 50 28 7 24 33
MNA 14.00 11.82 20.05 8.27 3.68 11.91 14.36
Npa 5 3 3 9 1 5 8
MmwsAR 11.20 8.54 9.80 5.84 3.19 8.45 9.66
sewsAR 0.42 0.30 0.31 0.40 0.11 0.27 0.28
mwsHo 0.83 0.81 0.85 0.71 0.50 0.83 0.86
sewsHo 0.02 0.02 0.02 0.03 0.02 0.03 0.02
ymwsHEg 0.89 0.86 0.88 0.72 0.52 0.85 0.88
sewsHE 0.01 0.01 0.02 0.02 0.02 0.01 0.01
wsFis 0.07% 0.04%* 0.02 0.03 0.01 0.03 0.03%*

Within-sample inbreeding coefficients (wsF;s) showing significant deficiencies in heterozygotes are highlighted in bold font with asterisk (after

1,000 allele randomizations)

7N total sample size, 7N, total number of detected alleles, ,,N4 mean number of detected alleles per sampled site, 7/Vp4 total number of private
alleles, »y/wsAR mean within-sample allelic richness as calculated from a minimum sample size of 10 diploid individuals, »;wsAR standard error of
within-sample mean allelic richness, jwsHo mean within-sample observed heterozygosity, spwsHo standard error of within-sample observed
heterozygosity, ,wsHg Nei’s mean non-biased within-sample expected heterozygosity, sgpwsHg standard error of within-sample expected het-

erozygosity, wsFis within-sample inbreeding coefficient

GE 1 North

South

Mean allelic richness (N = 10)

Fig. 3 Allelic richness (N = 10) based on the genotyping of 22
M. arenaria sampling sites from seven microsatellite markers

allelic richness (N = 10) decreased with increasing latitude
(Fig. 3) and was the lowest in the E1 sample (6.3) and the
highest in the V2 and M3 samples (10.0 and 9.4, respec-
tively). Observed heterozygosity ranged from 0.70 (GS8) to
0.83 (V1), while expected heterozygosity varied between
0.76 (G8) and 0.87 (V2). Global statistics (Tables 1 and 2)
revealed deviations from Hardy—Weinberg equilibrium at
Marl, Mar3 and MarS8 (P < 0.001, 0.003 and 0.005, respec-
tively) and in V2 and M3 (both P = 0.0003). In total, 32
private alleles were observed in 18 out of 22 samples with six
of them (18.8 %) exclusive to the V2 sample.

@ Springer

Spatial genetic structure

The global multi-locus Ogr revealed significant population
differentiation (Osr = 0.031, P < 0.001). Pairwise Osr
values varied between —0.003 (G2 and G3) and 0.099 (G5
and E1) (Table 3). Out of 231 pairwise Osy values, 161
(69.7 %) showed significant differences in allelic fre-
quencies (see Online Resources 2 to 8 for allelic frequency
tables per locus and sample). Most of the 70 pairwise tests
that did not show significant differences were between sites
sampled within the same geographical region. None of the
10 pairwise tests generated with G1-G4 and N1 samples
(Fig. 1) showed significantly different allelic frequencies.
Only six out of 36 pairwise tests (16.7 %) generated with
the remaining nine G samples showed significantly dif-
ferent allelic frequencies with five of them implicating GS5.
Ten out of 21 pairwise Ogr tests (47.6 %) generated with
the seven samples originating from both American coasts
showed significantly different allelic frequencies. Six of
these differences occurred between the northern S1, M1
and M2 and the southern V2 and Ol samples (Fig. 1).
Finally, the E1 sample had allelic frequencies significantly
different from all other samples.

Mean pairwise Dggr values (Jost 2008) across all loci
and samples amounted to 0.180, which is considerably
higher than the global Ogy value of 0.031. Structure pat-
terns based on the 95 % confidence interval were more
conservative than those detected with the pairwise Ogr
method and showed fewer significant pairwise differences
(105 out of 231 or 45.5 %), especially between samples
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Fig. 4 Summary plots of the 604 M. arenaria individual coefficients
of membership to each inferred cluster obtained with the STRUC-
TURE software performed with a six clusters (K = 6) and all seven
loci (clusters 1-6 in Table 4) and with b three clusters (K = 3) and six
microsatellite markers (all but Mar5). Shade colours within each plot
represent distinct clusters. Sifes are labelled as in Table 1, while
letters and numbers in cluster name boxes refer to membership
probabilities in Table 4

from the northern range of the CTNA (Table 3). Most
values outlying the 95 % confidence interval were observed
between samples south and north of M1.

Six genetic clusters (K = 6) were detected with
STRUCTURE (Figs. 4a and Online Resource 9): (1) four
northern G samples (G1-G4); (2) GS5; (3) all remaining G
samples (G6-G13); (4) N1, S1 and MI; (5) V and O
samples including M2 and M3; and (6) E1 (see Table 4 for
membership probabilities to each cluster).

Isolation by distance

Pairwise Ogy (1 — Og7)~! and mean pairwise Dggr values
obtained between the 20 CTNA samples showed a signif-
icant positive correlation with distance (r2 =0.463 and r§~ =
0.567, respectively, both P < 0.0001) (Fig. 5a, b). The
same results were observed when the data set was parti-
tioned according to only G and N samples (> = 0.307, P =
0.0006 and % = 0.303, P < 0.0001, respectively) (Fig. 5cd)
and only S, M and V samples (r2 =0.686, P =0.0011 and
3 =0.716, P < 0.0001, respectively) (Fig. 5e, f).

@ Springer

Barriers to gene flow

The implementation of Monmonier’s algorithm from the
Delaunay triangulated connectivity network built with
BARRIER v.2.2 showed that most probable barrier to gene
flow was detected around the G5 sample (Fig. 6a), while
the second, third and fourth most probable barriers isolated
the three southernmost samples, that is, M3, V1 and V2
(Fig. 6b, c, d). Finally, the fifth barrier to gene flow isolated
the four northernmost GSL samples (G1-G4) (Fig. 6e).

Positive selection

Removal of the Mar5 locus from the analyses revealed its
strong influence on the genetic population structure of
M. arenaria in the CTNA. The clustering analysis carried
out with STRUCTURE without Mar5 genotypes resulted in
only three genetic clusters (K = 3) instead of six (Table 4;
Figs. 4b and Online Resource 10). In this scenario, the N1, S1
and M1 samples were clustered with G1-G4 in the northern
Gulf of St. Lawrence, the G5 sample was clustered with G6—
G13 in the southern Gulf of St. Lawrence, while the sample
E1 was clustered with M2-M3, V1-V2 and O1.

Furthermore, the pairwise Ogy analysis performed
without Mar5 revealed that only 133 pairwise tests out of
231 (57.6 %) were significantly different (Online Resource
11) compared to 161 (69.7 %) when Mar5 was included
(Table 3). A proportion of 41.9 % of altered significant
differences caused by the removal of Mar5 occurred
between northern and southern G samples. Exclusion of
Mar5 genotypes also significantly reduced the influence of
distance on the isolation of samples in the northern CTNA
(Paired £ test, t;73 = 3.17, P < 0.002) (Fig. 5c), while it
significantly increased in the whole CTNA range (Paired
t test, 1376 = 2.99, P < 0.005) (Fig. 5a). Although genetic
distance as a function of geographic distance increased in
the southern range without Mar5 (Fig. Se), slopes were not
significantly different (Paired ¢ test, t,6 = 0.39, P > 0.50).
Allelic distribution for Mar5 showed a dominance of the
182-bp allele in the northern part of the G ecoregion (G1-
G4) and in the N ecoregion (N1) and a dominance of the
170-bp allele in the southern part of the G ecoregion (G5-
G13) (Fig. 7). The frequencies of these alleles were more
evenly distributed in the remaining sampled sites.

Discussion
Spatial genetic structure
Regardless of which statistical approach was used and contrary

to previous studies (Caporale et al. 1997; Lasota et al., 2004;
Strasser and Barber 2009), the use of polymorphic
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Table 4 Probabilities of membership as determined with STRUCTURE to each of the six clusters (K = 6) when the locus Mar5 is included and
to each of the three clusters (K = 3) when Mar5 is excluded from analyses

Label—sampling site

Probabilities of membership to each inferred cluster

Including Mar5 (K = 6)

Excluding Mar5 (K = 3)

1 2 3 4 5 6 a b c
G1—Saguenay, Quebec 0.44 0.19 0.30 0.04 0.01 0.02 0.50 0.48 0.01
G2—Baie de Métis, Quebec 0.63 0.14 0.03 0.19 0.00 0.02 0.58 0.41 0.01
G3—Pointe-aux-Outardes, Quebec 0.42 0.25 0.10 0.22 0.01 0.01 0.59 0.40 0.02
G4—Mingan, Quebec 0.45 0.21 0.05 0.25 0.03 0.02 0.65 0.34 0.01
N1—Little Barasway Bay, Newfoundland 0.25 0.42 0.03 0.21 0.09 0.01 0.74 0.16 0.10
G5—Havre-aux-Maisons, Quebec 0.08 0.02 0.71 0.16 0.02 0.02 0.04 0.94 0.02
G6—Malpeque Bay, Prince Edward Island 0.04 0.01 0.32 0.58 0.02 0.02 0.03 0.96 0.02
G7—Tabusintac, New Brunswick 0.11 0.02 0.26 0.57 0.03 0.01 0.11 0.86 0.04
G8—Kouchibouguac, New Brunswick 0.15 0.03 0.23 0.57 0.01 0.01 0.18 0.81 0.01
G9—St.-Louis-de-Kent, New Brunswick 0.06 0.03 0.28 0.56 0.02 0.05 0.09 0.87 0.04
G10—Richibucto, New Brunswick 0.10 0.03 0.17 0.66 0.02 0.02 0.189 0.79 0.02
G11—Bouctouche, New Brunswick 0.09 0.02 0.35 0.49 0.03 0.03 0.07 0.89 0.04
G12—Antigonish, Nova Scotia 0.08 0.07 0.18 0.55 0.09 0.03 0.16 0.74 0.10
G13—Ingonish Harbour, Nova Scotia 0.11 0.17 0.30 0.40 0.02 0.01 0.35 0.64 0.01
S1—Port-Mouton, Nova Scotia 0.02 0.35 0.13 0.23 0.27 0.01 0.41 0.29 0.30
M1—St.-John, New Brunswick 0.04 0.43 0.03 0.12 0.26 0.12 0.52 0.10 0.38
M2—Pembroke, Maine 0.03 0.32 0.10 0.06 0.40 0.09 0.45 0.09 0.46
M3—Barnstable, Massachusetts 0.14 0.10 0.03 0.14 0.44 0.15 0.25 0.08 0.67
V1—Stony Brook, New York 0.03 0.21 0.01 0.03 0.68 0.03 0.23 0.03 0.74
V2—Chesapeake Bay, Maryland 0.03 0.01 0.01 0.02 0.93 0.01 0.03 0.01 0.96
O1—Newport, Oregon 0.04 0.04 0.05 0.06 0.72 0.09 0.11 0.04 0.85
E1—Sylt, Germany 0.01 0.07 0.02 0.02 0.01 0.87 0.12 0.03 0.85

The most probable cluster for each population is indicated in bold font for both analyses

microsatellite markers in this study clearly showed the exis-
tence of six spatially distinct genetic clusters of M. arenaria
subpopulations, five of which were situated exclusively within
the Cold Temperate Northwest Atlantic (CTNA) province
(Fig. 4a). Results show a much greater genetic structuring of M.
arenaria than what was previously reported in the CTNA for
other marine bivalve species, such as the Arctic surfclam
Mactromeris polynyma (Cassista and Hart 2007) or to a lesser
extent Placopectenmagellanicus (Kenchington et al. 2006).
Clusters detected with the STRUCTURE software will here-
after be named (1) Northern GSL (G1-G4), (2) Magdalen
Archipelago (G5), (3) Southern GSL (G6-G13), (4) Lower
Atlantic Canada (N1, S1 and M1), (5) US Coasts (M2-M3,
V1-V2 and O1) and (6) Northern Europe (E1). The validity of
these clusters was independently supported by pairwise Ogr
(Table 3) and landscape genetic analyses (Fig. 6).

Genetic relevance of marine ecoregions

The geographical patterns of the above-mentioned genetic
clusters are not synonymous with those delimiting

biogeographic marine ecoregions (Spalding et al. 2007)
given the fact that the Lower Atlantic Canada and US
Coasts clusters each cover three distinct ecoregions (Fig.
1). Another important discrepancy was observed at the
level of the G ecoregion which is comprised of three dis-
tinct genetic clusters: Northern GSL, Southern GSL and
Magdalen Archipelago. Similar conclusions of discrepan-
cies between genetic structure and marine ecoregions could
be made with other mollusc species, for example, the
brooding gastropod Littorina saxatilis (Panova et al. 2011).
However, our results are in agreement with the biodiversity
assemblages described for this ecoregion which follow the
same geographical patterns as described above, especially
for the northern and southern regions of G (Chabot et al.
2007; DFO 2009; Archambault et al. 2010).

Since the difference between age classes (see “Materials
and methods™) and the marine ecoregion classifications
were both ruled out as potential factors explaining the
genetic variation in our data set, four other major factors
can be invoked to explain the genetic population differ-
entiation of M. arenaria settlements in the CTNA. These
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Fig. 5 Isolation-by-distance
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are enumerated here in what seems to be the most likely
chronological order of their historical impact on the current
state of population structure: (1) northward post-glacial
expansion range, (2) differentiation of sampling sites due to
the geographical distance, (3) marine landscaping limiting
or facilitating larval dispersal and gene flow between set-
tlements, and (4) variable selection pressures and sub-
sequent maintenance of spatially distinct genotypes
potentially due to environmental heterogeneity within the
study area.

Post-glacial expansion range

One could argue that the sample showing the highest
number of private alleles (V2) should be considered older
than the others and thus a source population from which
neighbouring settlements likely originated through a
source-sink post-glacial colonization scenario (Maggs et al.

@ Springer
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2008; Vuilleumier et al. 2010). In these scenarios, geo-
graphic regions characterized with relatively high allelic
richness are associated with ancient glacial refugia where
surviving populations were maintained outside of the ice
sheet cover areas (Maggs et al. 2008; Kenchington et al.
2009). Since V2 also represents the most southerly site
included in the US Coasts cluster, the colonization was
probably achieved incrementally in a northward fashion
following the disappearance of the Laurentide ice sheet
present over Atlantic Canada and most of the northern
United States during the end of the Pleistocene (Dyke and
Prest 1987). This would explain the observed northward
latitudinal decrease in allelic richness (Fig. 3) and suggest a
southern refugia during the Last Glacial Maximum, which
is also in agreement with preliminary identification reports
suggesting the relative absence of M. arenaria shells in
Holocene shell deposits along the north shore of the
St. Lawrence estuary (Bernatchez et al. 1999; A. Martel,
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Fig. 6 Delaunay triangulated
connectivity network of the 20
CTNA samples with Voronoi
tessellations built with the
BARRIER v.2.2 software. Grey
lines represent the five most
probable barriers to gene flow
(decreasing probability from
a—e) as detected with
Monmonier’s maximum
difference algorithm from
pairwise genetic distances (Nei
1978)

personal communication). A northward expansion trend
was also observed in other marine organisms (Wares and
Cunningham 2001; Young et al. 2002; Zuccarello and West
2003; Baker et al. 2008; Kenchington et al. 2009; Santos
et al. 2012). However, the opposite southward trend was
observed for both the ocean quahog Arctica islandica
(Dahlgren et al. 2000) and the cockle Cerastoderma edule
(Krakau et al. 2012), suggesting a rather northern refugia
for these species during the Last Glacial Maximum.

Since results suggest that the northern distribution of
M. arenaria was the most recently colonized, one could
find it surprising to observe up to four distinct genetic
clusters in Atlantic Canada alone. However, it seems that
the Gulf of St. Lawrence region was characterized by the
presence of local ice caps around 18,000 years ago which
may have contributed to M. arenaria invading different
locations at separate occasions (Dyke and Prest 1987).
Additionally, when the candidate marker to positive
selection Mar5 is excluded from analyses, only two genetic
clusters remain. The extent at which M. arenaria popula-
tions are structured at neutral markers in the north-western
Atlantic is thus similar to that of other marine bivalves that
readily expanded in the northern Atlantic during the Late
Glacial Maximum (e.g. Santos et al. 2012).

Sea surface currents that modulated larval dispersal
during this geological phenomenon differed from those
prevailing today (Paul and Schifer-Neth 2003;

Kenchington et al. 2009) and might then have been
favourable to a northward range expansion for M. arenaria.
However, a southward direction of post-glacial coloniza-
tion was suggested for A. islandica despite the evidence for
dispersal occurring predominantly from the western
Atlantic to the eastern Atlantic (Dahlgren et al. 2000). One
should thus be careful when solely using contemporary
current patterns to explain the population structure of
broadcast-spawning bivalves and should attribute a great
importance to the colonization history of the species
through geological time (Wares 2002). In this context,
contemporary currents are rather associated as important
barriers to gene flow, useful in explaining how the genetic
integrity of clusters is maintained across generations.

Isolation by distance

Geographic distance between M. arenaria samples influ-
ences the degree of genetic differentiation at various spatial
scales, including both northern and southern ranges of the
CTNA as well as the CTNA as a whole (Fig. 5). Distance
separating the S, M and V samples explains between 69
and 72 % of the genetic variation (Fig. 5e, f). This strong
isolation along the US Coasts cluster is most likely
responsible for driving the isolation observed in the CTNA.
Interestingly, the US Coasts is the only cluster found within
a very wide geographical range of approximately 1,450 km
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Fig. 7 Relative frequencies of
the 182 (light grey) and 170 bp
(black) Mar5 alleles found in
three random sampling sites of
the a Northern GSL, b Southern
GSL/Magdalen Archipelago, y/
and ¢ American Coasts clusters. f
Relative frequencies of
remaining Mar5 alleles are \
represented by the other \
incrementing grey colours "

(a) Northern Gulf of St. Lawrence

G1 G2

(b) Southern Gulf of St. Lawrence

(c) American Atlantic Coast

(distance between M2 and V2; Fig. 1) and includes both M
and V ecoregions. An increasing southward cline in
membership probabilities (difference of 53 %) to the
cluster is, however, clearly observed between samples at
both geographical extremes of the cluster, that is, M2 and
V2 (Table 4), which also show significantly different allelic
frequencies (Pairwise Ogs7 = 0.0173; P = 0.0002) (Table 3).

These patterns of isolation by distance imply that gene
flow between the more geographically separated samples
of the US Coasts cluster was accomplished incrementally
over several generations through accumulated colonization
events. Such results are also consistent with a mean dis-
persal range of 35 km for M. arenaria larvae (as reviewed
by Shanks 2009) and the observed barriers to gene flow
(Fig. 6). The O1 sample is closely related to all other US
Coasts samples (Table 3; Fig. 4a) despite the significant
distance separating them, which is consistent with the fact
that clams were introduced onto the western American
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coast sometime during the last 150-400 years from North-
western Atlantic stocks (Powers et al. 2006; Strasser and
Barber 2009).

On the other hand, the northern part of the CTNA
sampling range (G and N ecoregions) was scattered across
a smaller area with a maximal geographical distance of
approximately 1100 km between G1 and GI12 (Fig. 1).
Despite being smaller, this area is comprised of two genetic
clusters when the potentially selected Mar5 is not consid-
ered (Fig. 4b) and up to four clusters when it is indeed
considered (Fig. 4a). Distance between settlements was
significantly correlated with transformed pairwise Ogr
values but only explains between 30 and 31 % of the
genetic variation (Fig. S5c, d). This implies that the
M. arenaria population structure in northern CTNA and in
the G ecoregion is more genetically heterogeneous than in
the south. Clustering of the more northerly samples should
thus be the consequence of differential spatial distribution
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of a smaller number of alleles (relatively to southern
CTNA) maintained by both selective effects and possibly
lower rates of gene flow between settlements (Fig. 6a, e).

Both pairwise Ogr and Dggr statistics produced similar
results as dependent variables for isolation-by-distance
analyses (Fig. 5). As expected, pairwise Dggr values were
greater than pairwise gy values (Table 3). Even if Ogr is
usually considered valuable to infer population genetic
structure, it can underestimate population differentiation
due to the high mutation rate associated with highly
polymorphic microsatellite loci which tend to increase
heterozygosities and lower Oy values (Hedrick 2005; Jost
2008). However, structure patterns based on the 95 %
confidence intervals of the pairwise Dggy distribution were
more conservative than those observed using the pairwise
O approach (Table 3) (see Table 2 in Schunter et al. 2011
for similar findings). This may be due to the fact that Dggr
is not a statistic meant to test for the null hypothesis of no
significant differentiation between two samples, rather
representing an actual relative measure of genetic differ-
entiation between two samples independent from Nei’s
(1978) gene diversity statistics.

Barriers to gene flow

Three out of the five most probable barriers to gene flow
detected from Monmonier’s algorithm (Fig. 6b, c, d) were
observed between samples included in the US Coasts
cluster, suggesting that gene flow between settlements in
southern CTNA most likely follows a linear stepping-stone
model (Kimura and Weiss 1964). A break in surface cur-
rents around Cape Cod, Massachusetts (e.g. Wares 2002;
Strasser and Barber 2009), is likely to explain the presence
of Barrier B. Site-dependent physical factors such as major
sea surface or local currents, coastal topography and the
presence of density fronts impeding water masses from
mixing can significantly modulate gene flow by shaping
dispersal pathways and allowing or prohibiting the trans-
port of larvae from one site to another. A good example is
the coastal sea surface current that primarily flows south-
ward from the Grand Banks of Newfoundland to Cape
Hatteras, North Carolina, where it is cut-off by the Gulf
Stream (e.g. Pietrafesa et al. 1994; Shearman and Lentz
2010). These southward currents may have contributed to
the historical maintenance of some of the more southerly
clam settlements and may also have limited the historical
northward spread of the species (Wares 2002).

In our data set, V2 had the highest number of private
alleles and the highest mean allelic richness based on 10
genotyped individuals (Table 1; Figs. 3, 6c). The area
covered by the Chesapeake Bay is semi-sheltered from all
other US Coasts settlements which could explain the
presence of Barrier C favourable to larval retention

processes and the fixation of rare alleles arising from
mutations (Slatkin 1985).

In the vicinity of the G ecoregion, the barriers to gene
flow shaping the Northern GSL, Magdalen Archipelago
and Southern GSL clusters are not as straightforward as
predicted above for US Coasts, mainly because of the more
complex landscape and physical characteristics of the Gulf
of St. Lawrence estuarine system. Surface water circulation
in the St. Lawrence Estuary (SLE) is mainly characterized
by an outflow of fresh St. Lawrence River water along the
southern shore which generates the Gaspe Current (Sheng
2001; Gan et al. 2004). While a small part of the latter runs
into the Magdalen Shallows, a more important volume is
flushed directly into the Atlantic Ocean through the Cabot
Strait following the Laurentian Channel (Sheng 2001; Gan
et al. 2004), partly explaining the presence of Barrier E
(Fig. 6e). Limited gene flow occurring between northern
and southern G settlements is thus more likely to be
achieved in a southward fashion as most water being
transported into the SLE is situated very deep below the
zone where primary production is optimal and where
developing larvae thrive (i.e. photic zone).

Terrestrial boundaries and barriers (e.g. Newfoundland,
Prince Edward Island and Nova Scotia) also limit gene
flow between most of the Canadian and American settle-
ments. Several samples included in the Southern GSL
cluster were sampled in enclosed bays and lagoons pro-
tected by prominent sand dunes or terrestrial peninsulas
with restricted (e.g. G7-G9) and semi-restricted openings
(e.g. G6 and G10-Gl11) to the open sea. These might sig-
nificantly diminish the ability of pelagic larvae to travel
across clusters. Barrier effects to gene flow can often be
caused by the presence of fjords (e.g. Suneetha and
Naevdal 2001; Skold et al. 2003). However, M. arenaria
individuals sampled in the Saguenay Fjord (G1) were not
different from those sampled in the neighbouring estuary
(G2—-G4). This lack of differentiation was also observed for
other species, including bottom fishes and crustaceans
analysed with microsatellite and allozyme loci (Sevigny
et al. 2009). Interestingly, the Magdalen Archipelago
sample (G5) was significantly differentiated from all
samples included in the Southern GSL cluster and repre-
sent the most significant barrier to gene flow in the ana-
lysed data set (Fig. 6a). However, G5 is clustered with the
rest of the Southern GSL cluster when Mar5 is not taken
into account, which suggests that differentiation of this
cluster is due to selection rather than geographical
seclusion.

Positive selection

Exclusion of Mar5 genotypes from analyses clearly shows
the influence of this locus on the genetic structuring of
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M. arenaria settlements throughout the CTNA. This is
especially true for the clustering analysis that fuses the
Magdalen Archipelago and Southern GSL clusters and
fuses the Lower Atlantic Canada and Northern GSL clus-
ters (Fig. 4b). Removal of Mar5 also resulted in 28 fewer
significant pairwise Oy tests, mostly between northern and
Southern GSL samples (Online Reource 11). Mar5 also
influenced isolation by distance which significantly
decreased in the G and N ecoregions (although still sig-
nificantly different) (Fig. 5¢) but significantly increased in
the CTNA as a whole (Fig. 5a). While the latter shows the
importance of geographical isolation in the southern range
of the CTNA (see above), the former suggests that selective
effects may potentially be responsible for a portion of the
genetic differentiation of northern settlements.

Region-specific allelic distributions show that the
182-bp allele dominated in the Northern GSL cluster while
the 170-bp allele dominated in both Magdalen Archipelago
and Southern GSL clusters (Fig. 7). The major discrepancy
between both group locations is the sea surface temperature
(SST). Summer SST within the GSL ecoregion averages
8-12 °C in the St. Lawrence Estuary (Vézina et al. 1995)
and over 25 °C in the shallow bays and lagoons of the
southern Gulf of St. Lawrence (Lachance et al. 2008).
Strong salinity gradients in the G ecoregion are also present
since the St. Lawrence Estuary represents one of the largest
discharge of fresh water in the world (Dai and Trenberth
2002).

Differentiation originating from environmental variables
causing selection can sometimes be detected if microsat-
ellites or other presumably neutral loci are linked to the
locus on which selection is acting (e.g. Larsson et al. 2007,
Westgaard and Fevolden 2007). Allelic diversity in several
species of marine invertebrates has been shown to covary
with environmental factors, including latitudinal SST gra-
dients (e.g. Elderkin and Klerks 2001; Kenchington et al.
2006), salinity gradients (e.g. Michinina and Rebordinos
1997; Camilli et al. 2001) and even levels of intertidal
desiccation (e.g. Schmidt et al. 2000; Schmidt and Rand
2001).

The environmental factors described above are likely to
influence larval and juvenile clams during two critical
periods. The first of these periods is during their pelagic
larval development, that is, immediately before reaching
competency. Lutz and Jablonski (1978) showed that size at
metamorphosis of developing M. arenaria pediveligers in
the water column was inversely correlated with water
temperature, most likely due to high metabolism rates at
higher temperatures. The second critical period of devel-
opment susceptible of being influenced by selective pro-
cesses is during the competency period which includes
habitat exploration, delayed metamorphosis, settlement and
other various post-settlement events. For example, several
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studies investigating the role of selection in the recruitment
processes of the acorn barnacle (Semibalanus balanoides)
found that survival rates of different genotypes were con-
tingent upon the habitat encountered in the few days
immediately following settlement (Schmidt et al. 2000;
Schmidt and Rand 2001; Drouin et al. 2002; Schmidt et al.
2008). Larvae should have optimal survival rates at their
birth location, whereas incoming larvae from broodstock
adapted to a different set of environmental conditions are
likely to be at a disadvantage, following a resident pre-
emption dynamic (Vuilleumier et al. 2010). These selection
processes can lead to the isolation of favoured genotypes
and increase population structuring.

Conclusion

This study showed the presence of six spatially defined
genetic clusters of M. arenaria settlements across seven
distinct marine ecoregions. Selection processes and geo-
graphical barriers to gene flow are suggested to play a more
important role in the northern range of the CTNA, whereas
geographical distance mainly dictates the intensity of
genetic differentiation in the southern range of the CTNA.
It is thus important to consider both processes (selection
and gene flow) together with the post-glacial colonization
history when examining the genetic structure of M. are-
naria. The examination of multi-locus patterns of genetic
variation at large geographical scales carried out in this
study will provide an interesting framework for future
smaller-scale connectivity and recruitment studies.
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