
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 438: 207–218, 2011
doi: 10.3354/meps09286

Published October 5

INTRODUCTION

Present-day spatial genetic structure represents
the culmination of historical and contemporary influ-
ences on gene flow (e.g. Barton & Hewitt 1985, Avise
2000, Hewitt 2000). This interaction between con-
temporary and historical forces is particularly evident
in temperate and high latitude species where cycles
of glaciation have caused repeated range contrac-

tions and expansions (Pielou 1991, Hewitt 2000).
Both genetic and paleontological data suggest that
Pleistocene glacial advances constricted the ranges
of many terrestrial and marine temperate species to
isolated refugia (Bernatchez & Wilson 1998, Hewitt
2004, Maggs et al. 2008, Provan & Bennett 2008). Fol-
lowing glacial retreat, recolonization of previously
glaciated areas occurred. In areas where residents of
differing refugia came into contact, transition zones
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formed due to varying combinations of limited dis-
persal, genome incompatibilities, and reinforcement
(e.g. Bernatchez & Wilson 1998, Knowles & Richards
2005, Maggs et al. 2008).

In marine species several studies have identified
transition zones or regions of secondary contact
(Duvernell et al. 2003, Hickerson & Cunningham
2006, Maggs et al. 2008), suggesting that historical
barriers to gene flow may persist, often in association
with strong selection (e.g. Sotka et al. 2004, Bradbury
et al. 2010a). The relative importance of historical
and contemporary factors (i.e. vicariance vs. selec-
tion and dispersal) in determining contemporary con-
nectivity remains unexamined in most marine spe-
cies, despite the fact that the interpretation may
dramatically alter conservation priorities and objec-
tives (Waples et al. 2008). Resolving these influences
on spatial structure is complicated by the fact that the
time scales on which each function may dramatically
differ, and as such the comparison of molecular loci
that differ in their rate of mutation may likely be most
informative.

Rainbow smelt Osmerus mordax (Mitchill) is a
species of small pelagic fish found in coastal and
freshwater systems throughout northeastern North
America from New Jersey to Labrador (Nellbring
1989). Anadromous smelt spawn just above the tidal
influence in coastal rivers and streams and the lar-
vae develop in downstream estuaries (e.g. Ouellet &
Dodson 1985, Bradbury et al. 2004). Phylogeo-
graphic studies focusing on mainland eastern North
America have revealed the presence of 2 major
mtDNA clades, hypothesized to be associated with
glacial refugia on the Grand Banks off Newfound-
land and along the Atlantic coastal plain off the
eastern coast of the United States (Bernatchez
1997). Several studies have documented a region of
secondary contact between these clades within the
St. Lawrence estuary and Gulf of St. Lawrence
(Baby et al. 1991, Taylor & Bentzen 1993, Ber -
natchez 1997). More recently, extensive sampling
throughout Newfoundland and Labrador revealed
evidence of moderate genetic structuring and lim-
ited dispersal (Bradbury et al. 2006a, 2006b, 2008a),
though prior to this study, only 1 glacial clade had
been observed in Newfoundland.

Here we evaluate potential influences of historical
isolation, selection, and differing mutational dynam-
ics among loci on molecular divergence by examin-
ing both mtDNA sequence variation (ND5) and 11
microsatellite loci in an estuarine fish, the rainbow
smelt Osmerus mordax, from coastal Newfound-
land, Canada, an area adjacent to a proposed glacial

refuge. We identify a novel region of secondary con-
tact between 2 refugial lineages and highlight the
role that Pleistocene landscape structure may play on
contemporary genetic connectivity.

MATERIALS AND METHODS

Study area

Overall, 22 locations encompassing Newfoundland
and Labrador were sampled during the period from
2002 to 2006 with a few locations sampled in multiple
years (total = 26 samples, Fig. 1, Table 1). Newfound-
land’s coastline is characterized by numerous large
embayments (Fig. 1) of varying size and shape. Sam-
pling locations were distributed around the entire
coastline and were typically in small coastal streams
generally <5 m in width and <1 m depth (see Brad-
bury et al. 2006b, 2008b). Adult fish were collected
with dip and fyke nets from coastal streams or rivers
during the spawning period, and pectoral or caudal
fin clips were sampled and immediately placed in
95% ethanol. See Bradbury et al. (2008a) for previous
analysis of these samples.

Laboratory methods

DNA was extracted following the protocol of
Elphinstone et al. (2003), modified to work with a 96-
well filter plate and automated on a robotic liquid
handling system (Perkin Elmer). For mitochondrial
DNA (mtDNA) analysis, a ~522 bp portion of the ND5
gene was amplified in 20 µl volumes as follows: 2 µl
template DNA, 2.0 µl 10× PCR buffer (10 mM Tris-
HCl, pH 8.3; 50 mM KCl), 2.0 µl 2 mM dNTPs, 0.60 µl
10 µM forward (5’-TCT GAC CCA AAA CGA CAT
CA-3’  or 5’-CCA CGC CAG TAT CTG CCT A-3’)
and reverse primers (5’-TAA GGC AAG AAT AAC
GGC AA-3’) based on de posited ND5 Osmerus mor-
dax GenBbank sequences (see Pigeon et al. 1998; ac -
cession nos. AF034751-AF034752), and 1 U Taq DNA
polymerase (NEB). PCR products were visualized on
0.8% agarose gels stained with Gel Green (Biotium)
and cleaned with the Exo-SAP protocol (USB) prior to
se quencing. Sequences were run on an automated
DNA sequencer ABI3730XL (ABI). All samples were
sequenced bi-directionally, edited in the program
SEQUENCHER (Gene Codes) and aligned using
CLUSTALX v. 1.83 (Thompson et al. 1997).

For microsatellites, the following 13 loci were
used: Omo1, Omo2, Omo3, Omo4, Omo5, Omo6a,



Omo9, Omo11, Omo13, Omo14, Omo15, and Omo16
(Coulson et al. 2006). Primers for Omo6a amplified a
 second locus, Omo6b, which was also scored and
examined. Individuals were genotyped using PCR
conditions of 5 or 10 μl volumes containing 20 to
100 ng DNA, 1.5 mM MgCl2, 80 µM each dNTP,
0.5 U Taq DNA polymerase (New England Biolabs),
0.3 μM of each primer (forward primers were end-
labeled with HEX or ROX dye), and 10× PCR buffer
(10 mM Tris-HCl, pH 8.3; 50 mM KCl). Two temper-
ature profiles were used for touchdown to allow for
the possibility of multiplex PCRs. Touchdown PCR
conditions were as follows: 94°C for 2 min, followed
by 4 to 5 cycles of 94°C for 30 s, program specific
touchdown annealing temperatures (Ta) minus 1°C
per cycle for 30 s, 72°C for 30 s, followed by 25 to
26 cycles where the Ta was held constant at 4°C
below the starting temperature. A final extension
was held at 72°C for 5 min. Reactions were run on
Eppendorf thermocyclers and imaged on an FMBioII
system (Hitachi Genetic Systems). See Coulson et
al. (2006) for further details regarding PCR condi-
tions. This work builds on a previous microsatellite
study which examined variation in 8 of these loci
(Omo1, Omo2, Omo3, Omo4, Omo5, Omo9, Omo15,
and Omo16).

Data analysis

ND5 was sequenced in 170 individuals from 18
locations (Table 1), producing a sequence of 522 bp
spanning 3 of the diagnostic sites for the ‘A’ and ‘B’
lineages (see Bernatchez 1997). A reference individ-
ual from each of the ‘A’ and ‘B’ clades (provided by
J. Dodson, Université Laval) was also sequenced.
Unweighted maximum-likelihood distances were
used to derive a median-joining  network (MJN)
(Bandelt et al. 1999) using the program NETWORK v.
4.0.5.1 (www.fluxus-engineering.com). Differentia-
tion statistics were calculated using ARLEQUIN v.
3.5.1.2 (http://cmpg.unibe.ch/ software/arlequin35/)
as were analyses of molecular variance (AMOVA)
using the identified mtDNA clades or microsatellite
based STRUCTURE clusters (see below) as groups.
Associations between mtDNA and microsatellite
data were examined using Mantel tests implemented
in PASSAGE v. 1 (Rosenberg & Anderson 2011).

Microsatellites were examined for the presence of
null alleles and large allele dropout using MICRO-
CHECKER (van Oosterhout et al. 2004). Tests for
Hardy-Weinberg equilibrium (HWE) and linkage
disequilibrium were performed using FSTAT (v.
2.9.3.3, Goudet 1995) and GENEPOP (Raymond &
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Rousset 1995). F-statistics and significance were cal-
culated using FSTAT and ARLEQUIN, and the calcu-
lated G-statistics (GST) were corrected for heterozy-
gosity (G’ST) following Hedrick (2005) using
MICROSATELLITE ANALYSER (MSA; Dieringer
and Schlötterer 2003). In addition, RhoST was calcu-
lated using GENEPOP (Rousset 2008), and Jost’s D
was estimated using Eq. 11 of Jost (2008) to allow
comparison with GST and G’ST. As complex hierarchi-
cal spatial structure is likely present in this species,
we followed the hierarchical island model approach
outlined by Excoffier et al. (2009) to determine the
potential influence of selection on our microsatellite
loci, as implemented in ARLEQUIN v. 3.5.1.2 (Ex -
coffier & Lischer 2010). This software calculates FST

and heterozygosity from the data, which are com-
pared with null predictions based on coalescent sim-
ulations assuming a hierarchical island model. The
hierarchical island model is preferred over the island
model approach (Beaumont & Nichols 1996) because
it significantly reduces the number of false positives
present due to hierarchical population structure. The
simulations were run using recommended values

(Excoffier & Lischer 2010) of 100 demes, 50 groups,
and 20 000 simulations. Various numbers of groups
were examined (2, 5, 25) with no change in results.
Given the low number of loci examined for tests of
this sort, the potential for false positives remains rel-
atively high and the results are therefore tentative.

Bayesian clustering of the microsatellite data
(excluding Omo11) was done using STRUCTURE v.
2.0 (Pritchard et al. 2000) to examine whether the
predictions of 2 predominant groups present in
mtDNA and Omo11 were consistent with results
from remaining microsatellite loci. This approach
uses assumptions of HWE and linkage equilibrium
between loci, introduces population structure and
assigns populations that are not in linkage equilib-
rium using a Markov chain Monte Carlo (MCMC)
algorithm to estimate the number of populations (K).
The algorithm was run 3 times with K = 1 to 22 to
ensure convergence of values and with a burn in of
100 000 reps, 500 000 reps after burn in. The value of
K that represents the actual number of populations
was estimated using ΔK values calculated following
Evanno et al. (2005).
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Sample no. and name (year) Location Microsatellites mtDNA
N No. of Ho He N Haplotype Haplotype

alleles diversity A B

1. Salmonier River (02) St. Mary’s Bay 80 9.077 0.642 0.647 17 0.221 2 15
2. Salmonier River (03) St. Mary’s Bay 94 8.538 0.642 0.634 ns ns ns Ns
3. Salmonier River (06) St. Mary’s Bay 93 9.385 0.672 0.657 ns ns ns Ns
4. Colinet River (03) St. Mary’s Bay 94 9.308 0.657 0.646 10 0.222 0 10
5. North Harbour River (04) St. Mary’s Bay 94 8.923 0.650 0.634 11 0.182 0 11
6. Biscay Bay River (03) St. Mary’s Bay 94 8.692 0.639 0.648 13 0 0 13
7. Biscay Bay River (06) St. Mary’s Bay 93 8.231 0.600 0.628 ns ns ns Ns
8. Holyrood Pond Brook (05) Holyrood Pond 94 9.615 0.598 0.658 16 0 0 16
9. Holyrood Pond Park(04) Holyrood Ponda 94 8.846 0.634 0.639 ns ns ns Ns
10. Deer Pond Brook (04) Holyrood Ponda 41 7.538 0.606 0.601 ns ns ns Ns
11. Pathend Brook (05) Holyrood Ponda 94 8.846 0.646 0.648 ns ns ns Ns
12. Southeast Placentia (05) Placentia Bay 94 8.462 0.608 0.617 13 0.385 0 13
13. Long Harbour Brook (04) Placentia Bay 79 7.077 0.596 0.592 11 0 0 11
14. North Harbour River (03) Placentia Bay 80 7.462 0.602 0.639 12 0 0 12
15. Salt Pond Brook (03) Placentia Bay 92 8.769 0.631 0.687 15 0 14 1
16. Garnish River (04) Fortune Bay 74 10.154 0.719 0.775 9 0 9 0
17. Conne River (04) Bay d’Espoir 94 10.385 0.599 0.618 8 0 7 1
18. Little River (04) Bay d’Espoir 94 9.385 0.618 0.625 9 0.389 7 2
19. Point Amal (04) Port aux Port Peninsula 80 12.846 0.784 0.794 12 0.709 11 1
20. Mary’s Harbour (04) Labrador 55 7.231 0.583 0.604 12 0.167 12 0
21. St. Anthony (03) Northern Peninsula 76 8.692 0.646 0.704 3 0.667 2 1
22. Gambo River (03) Bonavista Bay 80 9.538 0.585 0.658 10 0.378 0 10
23. Gambo River (05) Bonavista Bay 80 9.308 0.564 0.664 ns ns ns ns
24. Salmon Cove River (05) Conception Bay 94 9.385 0.583 0.618 18 0.399 1 17
25. Chuff Brook (06) Bonavista Bay 93 10.385 0.632 0.686 ns ns ns ns
26. Traverse Pond (06) Bonavista Bay 93 9.615 0.611 0.660 7 0.286 1 6

Table 1. Locations for rainbow smelt samples used for microsatellite and mtDNA analysis from coastal Newfoundland and
Labrador collected from 2002 to 2006. Ho: observed heterozygosity; He: expected heterozygosity; ns: not sequenced as spatial 

or temporal replicates. aLocation found within St. Mary’s Bay
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RESULTS

mtDNA analysis

The haplotype network based on the 522 bp region
of the ND5 gene revealed the presence of the 2 major
mitochondrial clades (Fig. 2; Table 1) previously
identified for rainbow smelt (Baby et al. 1991, Taylor
& Bentzen 1993, Bernatchez 1997). Among the
170 individuals included in the sequence alignment,
13 haplotypes were found. Based on the known indi-
viduals, the ‘B’ haplotypes predominated in SE New-
foundland (Avalon Peninsula to Bonavista Bay),
while the ‘A’ haplotypes predominated along the
south shore and northward to the northern Peninsula
and Labrador. The highest haplotype diversity was
found in Point Amal on the SW coast of the island
(Table 2). AMOVA results (Table 3) indicated the
largest component of the variation (79%) was
explained when individuals are grouped by putative
glacial race, followed by 20% of the variance present
within each sample.

Microsatellite analysis

Average microsatellite heterozygosities within
populations were variable ranging from 0.58 to 0.78

(Table 1; Table S1 in the supplement available at
www.int-res.com/articles/suppl/m438p207_supp. pdf).
Deviations from HWE were sporadic and not associ-
ated with locations or loci with the exception of
Omo14, which was significantly out of HWE in >90%
of comparisons (Table S2 in the supplement available
at www.int-res.com/articles/suppl/m438p207_supp.
pdf). Evidence of linkage disequilibrium was de -
tected between Omo6a and Omo6b in ~90% of com-
parisons. Omo16 and Omo3 displayed some evi-
dence of linkage in <50% of comparisons. Instances
of null alleles estimated using MICRO-CHECKER
(van Oosterhout et al. 2004) were rare and not consis-
tently associated with a specific locus or population.
Nulls were estimated to be present in ~5% of all
comparisons (loci × location) and when present the
estimated frequency was usually <5%. In light of
these results, the analysis was conducted on a
dataset containing 10 microsatellite loci, including
Omo11 but excluding Omo14, Omo6b, and Omo16.

Overall genetic differentiation (FST) was 0.124 ±
0.04 (mean ± SD) using all loci. With the exclusion of
Omo11, overall differentiation dropped slightly to
0.113 ± 0.03. Average microsatellite pairwise FST

among samples from each of the mtDNA clades was
0.087 ± 0.023 compared with 0.032 ± 0.021 within
each of the groups. Single-locus estimates of GST

were 0.060 to 0.150 for the 10 non-outlier loci (see
below) but were higher (0.224) for Omo11 (Fig. 3a).
Locus-specific GST was negatively related to het-
erozygosity (Fig. 3a, p < 0.001, R2 = 0.60). The rank-
ing changed upon standardization for heterozygosity
(Fig. 3b) and there was a positive relationship
between heterozygosity and G ’ST or D (Fig. 3b,c).
Locus specific RhoST was not associated with het-
erozygosity and identified Omo3, Omo5, and Omo15
as the most divergent among the samples, though
none were clearly elevated or outliers (Table S1).
Hierarchical tests for selection yielded results sug-
gestive of selection acting on 2 loci (Omo11 and
Omo4; Fig. 4a). Omo11 displayed significantly ele-
vated levels of differentiation consistent with direc-
tional selection and Omo4 displayed reduced diver-
gence consistent with the possibility of balancing
selection (Fig. 4a). These were significant at α = 0.01,
but again given small numbers of loci the potential
for false positives is quite high. Examination of
allele frequencies at Omo11 revealed 2 predominant
 alleles with relatively discrete spatial distributions
(Fig. 4b,c). One allele, 190 bp, was at high frequency
in St. Mary’s Bay (>70%) and declined in frequency
with distance from the Bay both to the north and west
(Fig. 4c). These declines coincided with an increase
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Fig. 2. Median-joining haplotype network based on 522 bp
of ND5 mitochondrial sequence. The node size is propor-
tional to the frequency of each haplotype and color codes
represent broad regions of interest. For each of the groups of
haplotypes (‘A’ vs. ‘B’ clade), yellow colors represent known
positive ‘A’ or ‘B’ individuals (contributed by J. Dodson, 

Université Laval)

http://www.int-res.com/articles/suppl/m438p207_supp.pdf
http://www.int-res.com/articles/suppl/m438p207_supp.pdf
http://www.int-res.com/articles/suppl/m438p207_supp.pdf
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in the frequency of the second common allele
(166 bp), which was widely distributed but the
common allele on the south and northeast coasts.
In contrast to these uniform patterns, the west
coast showed a mixture of alleles, and the sample
from Labrador lacked both of the 2 common
island alleles.

Comparison of spatial trends

STRUCTURE analysis, excluding Omo11, using
K = 1 to 22 indicated strong support for 2 major
clusters (Fig. 5) evident in the largest ΔK (Evanno
et al. 2005). The majority of individual Q-values
were associated with these 2 main groups and
few intermediate individuals were observed
(Fig. S1 in the supplement available at www.int-
res.com/articles/suppl/m438p207_supp.pdf). How -
ever, the likelihood values plateaued at approxi-
mately K = 15 or 16, suggesting that micro -
satellites (excluding Omo11) resolved finer-scale
differentiation (Fig. 5). AMOVA of the microsatel-
lite data suggested the major 2 groupings were
significant and explained 3.67% (p < 0.001) of the
total variance (Table 3).

Multidimensional scaling of FST values revealed
a clear tendency for the Avalon Peninsula loca-
tions to cluster together based on the first axis,
though the exact composition of clusters varied
with the marker (Fig. 6). The spatial distribution
of the common mtDNA clades was consistent
with a transition zone along the south and north-
east coasts (Fig. 7a). Similar clines, though not
identical, were observed in the frequencies of the
common Omo11 alleles (Fig. 7b) and the distribu-
tion of the 2 STRUCTURE clusters (see ‘Data ana -
lysis’, Fig. 7c). Mantel tests examined associations
among the pairwise differentiation statistics and
revealed significant associations between nuclear
and mtDNA loci. Differentiation observed among
mtDNA haplotypes was significantly correlated
with differentiation at Omo11 (r = 0.26, t = 3.33,
p < 0.001) and neutral loci though the correlation
was weak (r = 0.16, t = 2.14, p = 0.032).

DISCUSSION

Interpreting the relative roles of historical and
 contemporary processes in determining genetic
structure of natural populations remains a recur-
ring challenge in marine population genetics and
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conservation (Waples et al. 2008). Increasingly, his-
torical vicariant processes are being implicated in the
formation and maintenance of contemporary pat-
terns of spatial connectivity (e.g. Duvernell et al.
2003, Orsini et al. 2008, McCusker & Bentzen 2010).
Our results suggest that broad-scale contemporary
genetic  differentiation of anadromous smelt largely
reflects historical glacial isolation and subsequent
recolonization. We demonstrate the presence of re -
peated transitional zones in mtDNA and micro -
satellite clades in smelt inhabiting Newfoundland
and Labrador in the absence of any contemporary
physical or hydrographic barriers to dispersal. The
isolation of the southern Avalon Peninsula is consis-
tent with a hypothesis of a Pleistocene Grand Banks
refugium and secondary contact along the south and
north coasts of Newfoundland. Overall, our results
support the growing consensus that contemporary
genetic structure in northern species largely reflects
the influences of Pleistocene glaciation and sub -
sequent range expansions.

Awareness is increasing that isolation in Pleisto -
cene refugia and postglacial recolonization may be a
principle determinant of contemporary genetic con-
nectivity in many northern species (Bernatchez &
Wilson 1998, Wilson & Veraguth 2010). During peri-
ods of glaciation, lower sea temperatures and a
reduction of coastal and shelf habitat restricted many
species to mid latitude refugia (e.g. Bigg et al. 2008).
Many continental shelf species, such as Atlantic cod
Gadus morhua, display large genetic discontinuities
between the eastern and western Atlantic that are
indicative of a lack of suitable northern habitat dur-
ing periods of glaciation (Verspoor 2005, Bigg et al.
2008, Bradbury et al. 2010b). Following glacial retreat,
range expansions reestablished contact and several

213

Grouping Source of variation df Sum of Variance Percent FCT FSC FST

squares component of total

A) mtDNA clades
Among groups 1 49.3 0.7656 78.6 0.7861
Among populations within groups 15 3.97 0.0064 0.66 0.0310
Among populations 151 30.5 0.2020 20.7 0.7926
Total 167 83.7 0.9741 100

B) Microsatellite loci excluding Omo11
Among groups 1 306.37 0.1172 3.67 0.0367
Among populations within groups 24 1085.55 0.2467 7.71 0.0800
Among populations 4460 12627.34 2.8312 88.63 0.1131
Total 4485 14019.26 3.1946 100

Table 3. AMOVA results comparing variation in (A) 2 mtDNA clades shown in Fig. 2 and (B) 2 microsatellite loci clusters iden-
tified with the STRUCTURE analysis in smelt populations sampled in Newfoundland coastal waters. See Table 1 and Fig. 1

for sample details and locations, respectively. All F-statistics were significant at p < 0.0001
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instances have been reported where secondary con-
tact of these eastern and western Atlantic races
occurs in the western Atlantic off Newfoundland
(e.g. Atlantic salmon Salmo salar, Verspoor 2005).
However, the impact of Pleistocene glaciation seems
to vary dramatically among coastal species (e.g.
Wares & Cunningham 2001, Maggs et al. 2008) and

likely depends on specific thermal tolerances and
habitat requirements. In smelt, Bernatchez (1997)
hypothesized the existence of 2 glacial refugia along
the Atlantic coast of North America that diverged
~700 000 yr before present (YBP); one on the Atlantic
coastal plain thought to be associated with the ‘B’
mitochondrial clade, and the other on the Grand
Banks off Newfoundland, assumed to be the source
of the ‘A’ clade. Contrary to previous studies (Baby et
al. 1991, Taylor & Bentzen 1993, Bernatchez 1997),
the mtDNA results obtained in this study indicate
that both mitochondrial lineages are present in New-
foundland. As previous work had only observed the
‘A’ clade in Newfoundland (Bernatchez 1997), this
clade was thought associated with a refugium
located on the exundated Grand Banks of New-
foundland. The documentation of the ‘B’ clade in
eastern Newfoundland directly adjacent to the pro-
posed Grand Banks refugium suggests that a revision
of the current recolonization hypothesis is required.

Both microsatellite and mtDNA analysis support a
hypothesis of limited introgression among the 2
groups observed. Mechanistically this could result
from limited dispersal, strong barriers to introgres-
sion, reinforcement, or some combination of the
above. As dispersal in Newfoundland smelt has been
shown to be very limited during both the larval
(Bradbury et al. 2006b) and adult stages (Bradbury et
al. 2008a), low levels of gene flow may reduce the
potential for introgression. Previous work (Bradbury
et al. 2008a) observed limited gene flow and strong
genetic isolation in Newfoundland smelt, but failed
to resolve a historical signature because the number
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of loci was low (n = 8) and did not include Omo11 or
mtDNA sequence data. The general observation of
limited dispersal among smelt populations and the
absence of any physical or hydrographic barriers to
explain the observed clines support the hypothesis
that these are historical in nature.

Nonetheless, the possibility of selection associated
with an unidentified environmental gradient re -
mains, and the role of selection and adaption in struc-
turing marine populations is increasingly receiving
attention across a suite of taxa (e.g. Pogson 2001,
Gagiotti et al. 2009, Bradbury et al. 2010a,b). In
Atlantic cod, parallel clines in multiple temperature
associated genes have recently been reported in the
eastern and western Atlantic consistent with temper-
ature associated adaptation over fine spatial scales
(Bradbury et al. 2010b). Our application of the hierar-
chical test for elevated differentiation and selection
suggests that Omo11 may be experiencing direc-
tional selection and Omo4 stabilizing selection. Inter-
estingly, similar results were obtained by Gaggiotti
et al. (2009) in a study of Atlantic herring Clupea
harengus where 2 loci of 8 were associated with
selection. In that case, clear associations were ob -
served between outlier allele frequencies and sal -
inity and feeding migrations which supported the
hypothesis of selection. In the absence of such associ-
ations here, it remains unclear what role the pres-
ence of selective barriers to introgression play in
the structuring the observed clines. Furthermore, the
observation that standardizing for heterozygosity
(e.g. G’ST value or D) removed the outlier status of
Omo11 supports a neutral mechanism. Nonetheless,
selective barriers and reinforcement have been im -
plicated in the isolation of postglacially colonized
sympatric smelt populations. These examples in clude
evidence of reduced fertilization success in hybrid
crosses and low survival of immigrating individuals
(Bradbury et al. 2008b, 2010a), both of which support
a role for selection in reinforcing isolation in contem-
porary populations.

Estimates of the strength of selection required to
maintain the observed clines (mtDNA and Omo11)
could represent upper bounds on the magnitude of
selection required in the absence of barriers to gene
flow. The spatial pattern at Omo11 can be treated as
2 separate clines, one to the north and another to the
west originating at the center of St. Mary’s Bay, and
as such the strength of contemporary selection re -
quired to maintain the observed clines can be esti-
mated. At equilibrium the balance between gene
flow and selection should be approximated by w 2 =
σ2s−1 where w is the clinal width, σ the standard devi-
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ation in dispersal distance from parents to offspring,
and s the strength of selection (Barton & Hewitt
1985). Based on estimates of dispersal for smelt
encompassing all life stages in these habitats (1 to
10 km, Bradbury et al. 2006b, 2008a,b), we expect
selection values of <0.01 would be necessary to
maintain the observed gradients at Omo11. As values
of selection in this range are commonly reported in
natural systems (Endler 1977, Kingsolver et al. 2001,
Sotka et al. 2004), the values estimated here certainly
seem reasonable. Nonetheless, in the absence of
environmental data or obvious gradients and given
the clear influence of mutation rate on divergence,
such inferences regarding the role of selection
should be made cautiously.

Although similar, the geographic patterns identi-
fied by the marker types (Omo11, non-outlier
microsatellites and mtDNA) were not identical.
This was most evident along the northeast coast,
where both Omo11 and the non-outlier microsatel-
lites suggested a secondary contact zone in the
Conception Bay to Bonavista Bay area, whereas the
mtDNA data suggested a contact zone somewhere
to the north of this area in a region not sampled in
this study. This disagreement may reflect the dif-
ferential introgression of nuclear and mitochondrial
markers. The differences in the relative ability of
the various markers and loci to resolve signatures

of historical isolation or in contemporary dispersal
patterns may in part be due to differences in muta-
tion rate. Given the ex pected differences in muta-
tion rate between microsatellites and mtDNA (e.g.
10−2 to 10−6 for microsatellite loci, Schug et al. 1997,
Weber & Wong 1993; ~10−8 for mtDNA or ~5.2 ×
10−6 when correcting for sequence length, Haag-
Liautard et al. 2008), the assumption that differenti-
ation revealed by microsatellite loci may reflect
contemporary trends in gene flow to a greater
degree is reasonable. Moreover, among microsatel-
lites, mutation rates have been shown to vary with
variation in mutation rate usually associated with
microsatellite length or the presence of interrup-
tions in a repeat sequence (Sainudiin et al. 2004).
Omo11 contains an interruption, which may explain
the observed difference with the remaining
microsatellites. Attempts to correct for mutation
rate support a mutational basis for differences
among microsatellite loci (e.g. O’Reilly et al. 2004)
because Omo11 did not display elevated diver-
gence upon correction using either G’ST value or D.
As expected, loci characterized by high heterozy-
gosity are likely to be more responsive to contem-
porary gene flow and a complete picture of historic
and contemporary structuring forces may only be
achieved when a variety of markers or loci repre-
senting a range of mutation rates are compared.

Mar Ecol Prog Ser 438: 207–218, 2011216

Fig. 7. Spatial distribution of the (a) 2 predominant mtDNA haplotypes, (b) common Omo11 allele frequencies, and (c) 2 groups
identified using the neutral loci (excluding Omo11) and STRUCTURE (S) clusters with K = 2.(d, d) common alleles or groups, 

(d) pooled frequency of other alleles present (B only)
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CONCLUSIONS

The interplay of spatial structuring forces in natural
populations of non-model organisms remains notori-
ously difficult to disentangle. We suggest that present
genetic spatial structure in northern aquatic species
may be primarily due to range contractions and ex-
pansions associated with historical glaciation. The dif-
fering ability of individual loci and markers to resolve
the various spatial structuring influences implicates
mutation rate as an explanation. Thus, a complete pic-
ture of the forces that influence spatial genetic con-
nectivity seems to be apparent only when a variety of
markers representing a range of mutation rates are
compared, and single approach/marker studies risk
failing to resolve cryptic structure. Finally, in light of
the documented secondary point of contact within
Newfoundland, a re-evaluation of the colonization
history of smelt in eastern North American will be re-
quired as previous hypotheses seem unlikely.
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