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Abstract

Invasive species are often composed of highly differentiated populations or sibling species
distributed across their native ranges. This study analysed patterns of distribution and the
evolutionary and demographic histories of populations within the native range of the copepod
species complex Eurytemora affinis. Genetic structure was analysed for samples from 17
locations from both the invaded and native ranges in the St Lawrence River drainage basin,
using 652 base pairs of the mitochondrial cytochrome oxidase subunit I gene. This study
revealed a high degree of heterogeneity in genetic structure and habitat type in the native
range, as well as a bias in the sources of invasive populations. Two genetically distinct clades
showed a pattern of niche partitioning within the St Lawrence basin. The noninvasive
North Atlantic clade primarily occupied the central portion of the St Lawrence Middle
Estuary, whereas the invasive Atlantic clade was more prevalent along the margins, in the
upstream reaches of the estuary and downstream salt marshes. Habitat partitioning and
genetic subdivision was also present within the Atlantic clade. The freshwater populations
were genetically more proximate to the Atlantic clade populations in the estuary than to
those in the salt marsh, suggesting the estuary as the source of the invasive populations.
The freshwater invading populations showed evidence of a modest population bottleneck.
Populations from both clades showed genetic signatures of demographic population ex-
pansions that preceded the timing of the last glacial maximum, supporting the St Lawrence
as a secondary contact zone between the two clades. Additional analyses on physiological
and evolutionary properties of populations in the native range, along with analysis of the
selection regime within native habitats, might yield insights into the evolutionary potential
to invade.
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Introduction

Invasive species are often composed of highly differen-
tiated populations or sibling species distributed across
their native ranges (Lee 1999, 2000, 2002; Tsutsui et al. 2001;
Gelembiuk et al. 2006; May et al. 2006; Ross et al. in press).
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Intriguing patterns are beginning to emerge, as population
genetic analyses are beginning to document biases in the
sources of invasions from the native range (Lee 1999;
Tsutsui ef al. 2001; Saltonstall 2002; Meusnier et al. 2004;
Brown & Idris 2005; Chu et al. 2006; May et al. 2006; Caldera
et al. submitted). It appears that particular populations (or
sibling species) become invasive, whereas others do not.
For example, genetically distinct populations (and sibling
species) of the zebra mussel Dreissena polymorpha span
the Black and Caspian Sea region and ancient brackish and
freshwater lakes to the south of the seas. However, invasive
populations most likely arose from the Black Sea basin and
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not from the ancient lakes (Gelembiuk et al. 2006; May et al.
2006). Similarly, the Argentine ant, Linepithema humile,
and the fire ant, Solenopsis invicta, exhibit considerable
population genetic structure across their native ranges
in South America (Tsutsui et al. 2001; Ross et al. in press),
yet the invasive populations arose from restricted locations
within floodplain regions of northeastern Argentina (Tsutsui
et al. 2001; Caldera et al. submitted). What factors enable
some populations to invade? Might functional differences
among these populations affect their ability to invade?
Comprehensive population genetic and functional analyses
within the native ranges of invasive species might yield
insights into the evolution of invasive populations, but
such studies are still rare.

This study analysed the evolutionary and demographic
histories of populations within the native range of the
copepod species complex Eurytemora affinis. This study
focused on two genetically distinct clades (or sibling species)
that overlap in distribution in the St Lawrence River drainage.
The copepod E. affinis is a dominant species inhabiting
estuaries and salt marshes of the Northern Hemisphere,
but has invaded freshwater lakes and reservoirs multiple
times independently within the past century as a result of
human activity (Fig. 1; Lee 1999, 2000). For example, this
copepod extended its range into freshwater reservoirs
along the St Lawrence River and into the Great Lakes fol-
lowing the opening of the St Lawrence Seaway c. 1959
(Willey 1923; Engel 1952; Anderson & Clayton 1959; Faber
et al. 1966; Patalas 1972; Lee 1999, 2000). Such invasions
might have important implications for disease transmission,
as E. affinis is a major host of many pathogens, including Vibrio
cholerae, V. vulnificus, and V. parahaemolyticus (Huq et al. 1983;
Heidelberg et al. 2002; Colwell 2004).

As is the case for many invasive species, E. affinis
constitutes a cryptic species complex. Rates of molecular
evolution, morphological evolution, and patterns of re-
productive isolation are discordant, such that species
boundaries are difficult to define (Lee 2000; Lee & Frost
2002; see Methods). E. affinis is composed of clades that are
morphologically indistinguishable (Lee & Frost 2002), yet
with large genetic distances and idiosyncratic patterns of
reproductive isolation among the clades (Lee 2000).

Within the North American continent, genetically
divergent and reproductively isolated clades overlap in
distribution on the Atlantic and Pacific coasts, probably
reflecting secondary contact following speciation events
(Fig. 1; Lee 2000). Within the St Lawrence River system,
two reproductively isolated clades coexist in the native
saline habitats of E. affinis (Lee 1999, 2000). Most notably,
only one of the clades (Atlantic clade) has extended its
range into freshwater reservoirs and the Great Lakes
following the opening of the St Lawrence Seaway, while
the other clade (North Atlantic clade) has remained restricted
to its native range (Lee 1999, 2000).

The co-occurrence of invasive and noninvasive clades
(or sibling species) within the St Lawrence drainage raises
intriguing questions regarding range limits, and factors
that allow the ranges to shift. Why did one clade invade
fresh water, but not the other? A companion study found
that populations from the two clades differed in low salin-
ity tolerance and starvation resistance, in a manner that
had implications for their ability to invade fresh water
(Skelly et al. submitted). Under high food conditions,
populations from both clades had similar response to low
salinity conditions. However, under low food concentra-
tions the population from the noninvasive clade could
not tolerate fresh water (Skelly et al. submitted). Given the
close geographic proximity of the two clades in the native
range, what evolutionary mechanisms might have led to
differences in physiological tolerance and in their ability to
invade?

The goals of this study were to analyse the genetic
structure of populations from invasive and noninvasive
clades to gain insights into: (i) finer-scale geographic
distribution and levels of genetic subdivision within the
St Lawrence drainage and (ii) evolutionary and demo-
graphic histories of populations within both clades.
Information on geographic distributions of the clades
could reveal the nature of the environments that the
clades occupy in their native range, and the types of
selective pressures they might experience. Evolutionary
and demographic histories, as revealed by genetic sig-
natures of population bottlenecks and expansions, would
yield clues into the nature of their past environments, such
as the degree of instability or constancy (Gelembiuk ef al.
2006). Past selection regimes could have profound effects
on physiological tolerances, evolvability, and invasibility
of populations.

We analysed population genetic structure for samples
from 17 locations using 652 base pairs of the mitochondrial
cytochrome oxidase subunit I (COI) gene. We sampled
locations from both the native (estuary and salt marsh
pools) and invaded (lakes and reservoirs) ranges within
the St Lawrence River drainage (Table 1). Mitochondrial
haplotype identity of populations within the St Lawrence
drainage yielded information on the geographic distri-
butions of the clades and genetic subdivision within
each clade. Extracting population genetic parameters
from the genetic data provided information on the evolu-
tionary and demographic histories of populations from
each clade.

Materials and methods

Population sampling

To analyse the population genetic structure between and
within the sympatric clades of Eurytemora affinis within the
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Table 1 Locations sampled within the St Lawrence River System for populations of Eurytemora affinis. SLME refers to the St Lawrence
Middle Estuary. Sites 1-4 , and 15 are recently invaded freshwater habitats

Sample Salinity — Tidal Latitude Longitude
Sampling locations Sampling date size* (PSU)t  influence (N) (W) Description of locations
(1) Lake Michigan at Green Bay, WI  1994-1998 2 0 No 44° 88° From Lee (1999)
(2) Lake Michigan at Racine, WI 5 July 2005 25 0 No 42°43'46” 87°46'44” Shallow enclosed harbour
(3) Lake Erie at Detroit, MI 2001 8 0 No 42°20'24” 82°55’47” Enclosed harbour at Windsor
(4) Lac St Pierre, Cornwall, Ontario 29 November 2003 5 0 No 45°01'50”  74°40°03” Reservoir on St Lawrence R.
(5) Berthier sur Mer, Québec 25 June 2003 26 0-0.5 Yes 46°56'07”  70°4407" Shallow bay, southern SLME
(6) Montmagny, Québec 13 June 2004 34 0-0.5 Yes 46°59'26” 70°33'13” Shallow bay, southern SLME
(7) Cap Brulé, Québec 16 June 2003 32 0.5-20 Yes 47°07'55”  70°41'08” Deep (24 m) northern
channel of SLME

(8) St Jean Port Joli, Québec 13 June 2004 22 0.5-10 Yes 47°12'59”  70°16'22" Shallow bay, southern SLME
(9) La Pocatiere, Québec 26 June 2003 20 10-20 Yes 47°22'08” 70°05’33” Shallow bay, southern SLME
Baie de L'Isle Verte, Québec Series of small, shallow,

(10) Pond M1 5 August 2004 2 28 Yes 48°00720”  69°25'50” ephemeral tide pools

(11) Pond U2 5 August 2004 28 33 Yes 48°00'14”  69°25'49” M1-2 = middle intertidal

(12) Pond U1 10 November 2003 5 15 Yes 48°0014”  69°25'31” U1-3 = upper intertidal

(13) Pond M2 5 August 2004 1 28 Yes 48°0028” 69°23'31”

(14) Pond U3 11 October 2004 36 15 Yes 48°00"13”  69°23"29”
(15) Lac St Jean, Québec 1994-1998 4 0 No 48° 71° From Lee (1999); reservoir
(16) Baie de Ha! Ha!, Saguenay 1994-1998 4 0.5-20 Yes 48° 70° From Lee (1999); shallow bay
River, Québec
(17) Riviere du Loup, Québec 26 June 2003 7t 15-25 Yes 47°46'44”  69°36'19” Shallow bay, southern SLME

*Number of individuals sequenced per location.
tAs recorded at time of sampling.

1Genetic and morphological analyses identified individuals from this site as Eurytemora herdmani rather than E. affinis.

St Lawrence drainage, samples from 17 locations were
used for this study (Table 1), including 14 locations that
were sampled between 2001 and 2005 and three locations
from a previous study (sites 1, 15, 16) (Lee 1999). The
middle estuary (sites 5-9, 17) and salt marshes (sites 10-14)
were assumed to constitute the native range of both the
invasive Atlantic and noninvasive North Atlantic clades
within the St Lawrence drainage based on sampling studies
that preceded the freshwater invasions (Willey 1923). The
St Lawrence Middle Estuary is defined as the estuarine
transition zone spanning from Ile d’Orléans farther upstream
to the downstream locations at Tadoussac (north shore)
and Baie de LIsle Verte (south shore). Recently invaded
locations included a reservoir farther upstream near
Cornwall (reservoir Lac St Pierre, site 4), a reservoir on
the Saguenay River (Lac St Jean, site 15), and the Great
Lakes (sites 1-3). Samples were collected with a 63-um
plankton net from the surface layer (1-2m deep) from
shore (sites 4-6, 8), or by boat using a Boston Whaler (sites
7,9, 17). Five salt marsh ponds farther downstream at
Baie de L'Isle Verte (sites 10-14), were sampled by filtering
tide pool water collected in a 1-L jar over a 63-um sieve.
These sampling locations varied in salinity and tidal
influence (Table 1).

In this study, the clades within the St Lawrence estuary
were regarded as sympatric as they were found to co-occur

at estuarine and salt marsh locations (sites 7 and 11, respec-
tively). However, we are not certain whether the two clades
are truly sympatric in the strict sense of the term. There
could be spatial separation due to behavioural or micro-
habitat differences, which would not be detected using
vertical plankton tows. In situ sampling would be required
to confirm the precise distributions of the two clades
within a location.

From hereon, the term ‘clade’ is used to refer to the
Atlantic and North Atlantic clades rather than ‘species’,
because clade designations are easier to define from the
phylogenetic relationships (Lee 2000), whereas boundaries
for species are unclear. Mating experiments showed that
populations from the Atlantic and North Atlantic clades
are reproductively isolated and form separate biological
species (Lee 2000). However, reproductive isolation was
also found between genetically proximate populations
within the Atlantic clade (Lee 2000). Therefore, species
boundaries are difficult to define. While genetic diver-
gences are very large between the clades (see Results), such
high genetic distances are common among morphologic-
ally indistinct populations (or sibling species) of copepods
(Burton & Lee 1994; Lee & Frost 2002; Goetze 2003; Caudill
& Bucklin 2004). The degree to which this pattern is a result
of rapid molecular evolution or morphological stasis is
unclear.

© 2007 The Authors
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Fig. 2 Geographic distribution and frequency of COI haplotypes for Eurytemora affinis from 17 locations within the St Lawrence River
drainage basin. Warm (orange, red, purple) colours represent haplotypes from the invasive Atlantic clade, whereas cool (teal, blue) colours

represent haplotypes from the noninvasive North Atlantic clade.

DNA sequencing

To determine genetic structure between and within the
invasive Atlantic and noninvasive North Atlantic clades
in the St Lawrence drainage, DNA sequence data were
collected for individual copepods from 17 locations (sample
sizes are shown in Table 1; Fig. 2). For each individual,
652 bp of the mitochondrial COI gene was sequenced.
DNA was extracted from ethanol-preserved copepods
using a cell-lysis buffer with Proteinase-K protocol
modified from Hoelzel & Green (1992) (Lee & Frost
2002). Primers COIH 2198 and COIL 1490 (Folmer et al.
1994) were used for polymerase chain reaction (PCR)
amplification, using a PCR profile taken from Lee
(2000). The PCR product was purified by 1.5% agarose
gel-purification using a QIAGEN gel-extraction kit.
The purified PCR product was cycle-sequenced using
ABI Big Dye and DNA sequenced with Applied Bio-
systems 311 and 3100 sequencers. Complementary
strands of most individuals were sequenced to confirm
accuracy.

© 2007 The Authors
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Haplotype diversity and haplotype networks

Estimators of genetic diversity were calculated using
DNASP version 4.0 (Rozas et al. 2003), including haplotype
diversity (Hd, probability that two randomly chosen haplo-
types are different in the sample; Nei 1987), nucleotide
diversity (r, average number of nucleotide differences per
site between two sequences; Nei 1987), and Watterson’s 6,
based on number of segregating sites (Watterson 1975).
Statistical parsimony haplotype networks were constructed
to show genetic relatedness among extant haplotypes
within the Atlantic (sites 1-7, 11-12, 14-16) and the North
Atlantic (sites 7-11, 13) clades using the software package
tcs 1.21 (Clement ef al. 2000).

Analysis of molecular covariance

The hierarchical distribution of genetic covariance was
assessed for populations of E. affinis (Table 1) by perform-
ing an analysis of molecular covariance (AMOvA) using the
software package ARLEQUIN version 3.01 (Excoffier et al.
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2005). The amova was performed at two hierarchical
scales: (i) between the Atlantic and North Atlantic clades,
and (ii) between estuarine (sites 5-7) vs. salt-marsh popu-
lations (sites 11, 12, 14) within the Atlantic clade. In
addition, an AMovA was also performed within the Atlantic
clade to test for the more probable saline source of the
freshwater-invading populations. Specifically, an aAmova
was performed where the freshwater (invading) popu-
lations (sites 1-4) were grouped with either (iii) the salt-
marsh populations (sites 11, 12, 14) or (iv) the estuarine
populations (sites 5-7). The grouping that combined the
invading freshwater populations with the genetically more
proximate saline populations (i.e. the more probable
source) would be expected to explain a larger share of the
covariance (and show larger covariance between the groups).
Significance of the observed values of the @ statistics was
tested using a random permutation procedure available
in the AMova method in ARLEQUIN version 3.01 (Excoffier
et al. 2005), under the null hypothesis of no population
structure.

Pairwise fixation indices (Fgr) among populations from
all locations were also computed by treating mitochondrial
DNA (mtDNA) haplotypes as allelic data at a single locus,
and significance was tested by bootstrapping using 1000
permutations (Excoffier et al. 2005). The Raymond &
Rousset (1995) exact test of population differentiation was
used to test for the null hypothesis of identity of haplotype
distribution across populations.

Tests of population expansion

Population genetic parameters were determined from the
genetic data in order to infer demographic history of the
populations. Tests for population growth were performed
by coalescent modelling of sequence evolution using
the software package LAMARC version 2.1 (Kuhner 2006).
Maximume-likelihood estimates were obtained for the joint
likelihood surface for 6, (= 2Ny for mtDNA, where u =
mutation rate, N; = female effective population size) and
population growth rate ¢ under a model of exponential
growth. The 6, computed here is the final 8 following
population growth. A Metropolis—-Hastings Markov chain
Monte Carlo algorithm was used, with 10 Markov chains
each with 10 000 steps and two final Markov chains each
with 200 000 steps. The relationship between 8, 6,, time (t)
and population growth rate () is 8, = 8;es* (Kuhner 2006).
A positive value of g indicates population growth, whereas
a negative value indicates diminishing population size.
Tests were performed for 30 randomly chosen individuals
from the Atlantic clade (sites 1-7, 11, 12, 14) and North
Atlantic clade (sites 7-11, 13) populations, while all indi-
viduals were included in the analyses for freshwater,
estuarine, and salt-marsh populations from the Atlantic
clade (see Table 3). To test for deviations from a neutral

Wright-Fisher model consistent with population expansion,
Fu’s Fg, Fuand Li’s F¥, Fuand Li’s D* and Tajima’s D statistic
were calculated using DNAsP 4.10 (Rozas et al. 2003).

The pairwise mismatch distribution was used to
estimate the time since demographic expansion, T (=2ut,
where | =mutation rate per generation and t = time in
generations), as well as initial and final 8, under a model
of sudden demographic expansion, using the software
package ARLEQUIN version 3.01 (Excoffier et al. 2005).
A generalized least-squares approach was employed for
parameter fitting to the pairwise mismatch distribution.
Confidence intervals for the mismatch parameters, T and
initial and final 6, were calculated using 1000 permutations.
A goodness-of-fit test was performed to test the validity
of the sudden-expansion model, using a parametric
bootstrap approach based on the sum of square deviations
(SSD) between the observed and expected mismatch
distributions (Schneider & Excoffier 1999). The pairwise
mismatch analysis was performed for freshwater (sites
1-4), estuarine (sites 5-6), and salt-marsh (sites 11, 12, 14)
populations from the Atlantic clade, and for populations
from the North Atlantic clade (sites 7-11, 13). We excluded
the four Atlantic clade sequences from Cap Brulé (site 7)
from the pairwise mismatch analysis because the algo-
rithm for fitting the model to the observed mismatch dis-
tribution failed to converge. In order to estimate effective
population size and timing of population expansion (in
years), a mutation rate of 0.7% per million years was
used based on rates of COI sequence divergence in
snapping shrimps (Knowlton & Weigt 1998). This rate
estimate was used because a calibrated molecular clock
does not exist for mtDNA in E. affinis. Generation time
used was based on six generations per year, observed
for E. affinis in the St Lawrence Middle Estuary (G. Winkler,
unpublished data).

Results

Coexistence of genetically divergent clades within the
St Lawrence drainage

Haplotype sequencing of the mitochondrial COI gene
from 17 locations within the St Lawrence drainage (Table 1)
revealed evidence of habitat partitioning between the
Atlantic (invasive) and North Atlantic (noninvasive) clades
(Fig. 2). While the two clades showed a pattern of
sympatry on a larger geographic scale within the native
range, particular locations tended to be heavily dominated
by a single clade (Fig. 2).

Within the native range, the noninvasive North Atlantic
clade occurred predominantly in the central region of the
St Lawrence Middle Estuary (0.5-20 PSU; sites 7-9), including
in the deeper northern channel (15-20 m), while the invasive
Atlantic clade occurred both upstream and downstream

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd



POPULATION GENETIC STRUCTURE IN THE NATIVE RANGE 421

Table 2 Patterns of mtDNA haplotype variation of Eurytemora affinis populations at each location. A = Atlantic clade; NA = North Atlantic clade

No. of Haplotype  Nucleotide
No. of private diversity diversity
Habitat Population (site no.) Clade N haplotypes haplotypes (Hd)+ SE () + SE
Great Lakes Lake Michigan, Green Bay (1) | A 2 2 0
and reservoir Lake Michigan, Racine (2) A 25 14 4 0.940 + 0.024 0.004 + 0.0005
(freshwater) Lake Erie (3) A 8 3 0 0.464 +0.200 0.002 + 0.0005
Lac St Pierre, reservoir (4) A 5 1 0
[~ Estuarine Cap Brulé (7) A 4 4 3
(northern channel) NA 28 15 12 0.791 +0.081 0.004 + 0.001
[ Berthier sur Mer (5) A 26 18 9 0.957 £ 0.027 0.005 = 0.0007
Estuarine Montmagny (6) A 34 18 7 0.918 + 0.035 0.004 + 0.0006
St Lawrence (south shore) St Jean Port Joli (8) NA 22 13 10 0.870 + 0.066 0.004 + 0.0009
Middle | La Pocatiere (9) NA 20 11 9 0.805 + 0.090 0.004 + 0.001
Estuary ™ M1 (10) NA 2 1 0
U2 (11) A 26 7 2 0.760 + 0.073 0.005 + 0.0008
Salt Marsh NA 2 1 0
Ul (12) A 4 0
M2 (13) NA 1 1 0
L | U3(14) A 36 14 6 0.898 + 0.030 0.006 + 0.0005
Saguenay River Freshwater Lac St Jean, reservoir (15) A 4 1 1
Estuarine Baie de Ha! Ha! (16) A 4 1 0
Overall A 179 52 0.930 +0.012 0.0054 + 0.0003
NA 75 34 0.779 +0.051 0.0037 + 0.0006

of the North Atlantic clade (Fig. 2). Populations within the
native range from the Atlantic clade occurred in the oligo-
haline (low salinity) upstream region of the middle estuary
in shallow bays (sites 5, 6), in the salt marshes in the Baie
de L'Isle Verte (sites 11, 12, 14), and in the Saguenay River
(site 16). The salinity distribution of the Atlantic clade
was more extreme than that of the North Atlantic clade, with
conductivity fluctuating between 500 uS/cm to approxi-
mately 1600 pS/cm in the oligohaline region close to Mont-
magny (site 6) (Roy 2002), and salinity fluctuating seasonally
between 15 PSU and 40 PSU in the salt marsh ponds
(M. Ringuette, personal communication). We found only
the invasive Atlantic clade in freshwater locations, such
as the Great Lakes (Lakes Erie and Michigan; sites 1-3) the
reservoir Lac St Pierre at Cornwall (site 4), and Lac St Jean
(site 15).

Distribution of these two clades overlapped at Cap Brulé
(site 7), in the highly dynamic northern channel, and in the
salt marsh of Baie de L'Isle Verte (site 11) (Fig. 2). However,
the few individuals from the North Atlantic clade found
in the salt marsh ponds (Fig. 2, Table 1, sites 10, 13) could
have been washed into the tidal pools from the main
estuary, rather than represent reproducing populations.
At Riviere du Loup (site 17), neither of these clades was
present, but only the congener Eurytemora herdmani (Fig. 2).

Patterns of genetic polymorphism within clades

The two clades had a mean sequence divergence at COI
of 12.4% (Tamura—Nei model). While haplotype diversity
(Hd) was high in both clades, haplotype and nucleotide
diversities were higher in the Atlantic clade than in the

Table 3 Estimates of the population genetic parameter 8 (2Ny1), based on number of segregating sites (Watterson 1975) and on coalescent
modelling of sequence evolution in LAMARC (Kuhner 2006). Female effective population size (N;) was calculated from the values of 6.
Population growth rate (g) was computed under a model of exponential growth using LAMARC

Watterson’s LAMARC 6, ;o
Populations (sites) Gper site £ SD N; (95% CF) N; g (95% CF)
Atlantic clade (1-7, 11, 12, 14) 0.01556 + 0.0039 6.67 x 106 0.0985 (0.050-0.999) 422 x 107 1699 (911-3007)
Freshwater (1-4) 0.00721 + 0.0026 3.09 x 106 0.0681 (0.020-0.764) 2.92 x 107 1734 (1056-4568)
Estuarine (5-7) 0.01362 + 0.0041 5.84 x 106 0.141 (0.060-0.721) 6.04 x 107 1752 (1118-2911)
Salt marsh (11, 12, 14) 0.00675 + 0.0023 2.89 x 106 0.0114 (0.0046-0.018) 4.89 x 106 193 (-332-852)
North Atlantic clade (7-11, 13) 0.01098 + 0.0033 4.71 x 106 0.0203 (0.009-0.071) 8.70 x 106 427 (4.09-2444)

© 2007 The Authors
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North Atlantic clade (Table 2). The maximum number of
private haplotypes per location was nine for the Atlantic
clade and 12 for the North Atlantic clade (Table 2, Fig. 2).
Watterson’s 6 (per site; 2Ny1) was higher in the pooled
populations from the Atlantic clade relative to the North
Atlantic clade (Table 3), but the values were similar, sug-
gesting similar effective population size.

The haplotype network for the estuarine and freshwater
populations from Atlantic clade was star-like, centring
around the most frequent haplotype (Fig. 3). In contrast,
the haplotype network for the salt-marsh populations from
the Atlantic clade was less star-like and more dispersed
(Fig. 3). The dominant haplotype in the salt marsh (Fig. 3,
sites 11, 12, 14) was only one mutational step away from
the most frequent Atlantic clade haplotype. However,
this haplotype, and many others in the salt marsh, were
not found elsewhere, reflecting the genetic differentiation
between the salt marsh and other habitats. The haplotype
network for the North Atlantic clade was star-like and cen-
tred around the most frequent haplotype, which was found
in all the North Atlantic clade populations (Fig. 3; sites 7—
11, 13). Nevertheless, there was a satellite cluster 7 muta-
tional steps from the most frequent haplotype, indicating a
subgroup within the North Atlantic clade.

Hierarchical patterns of genetic subdivision

We performed an analysis of molecular covariance (AMOvA)
to determine the hierarchical distribution of genetic
covariance between and within clades (Table 4a), and
between and within habitat types within the Atlantic clade

Atlantic Clade

Fig. 3 Parsimony mtDNA haplotype net-
works for the Atlantic and North Atlantic
clades. The areas of the circles are pro-
portional to the frequency of haplotypes.
Black bars represent missing haplotypes.
Colours indicate the geographic locations
of haplotypes. Numbers refer to the same
locations shown in Fig. 2 and Table 1.

(Table 4b). Our AMOVA test revealed that most of the genetic
covariance was distributed between the Atlantic and the
North Atlantic clades (95.3%, Table 4a). When we compared
estuarine vs. salt-marsh populations within the Atlantic
clade (sites 5-7 vs. 11, 12, 14), the covariance distributed
between the estuarine and salt marsh habitats was
substantial (21.9%, Table 4b), although not significant,
suggesting genetic subdivision between habitats within
the St Lawrence Middle Estuary.

We also performed an AMova within the invasive Atlan-
tic clade to identify the saline populations most proximate
to the freshwater-invading populations (Tables 4c,d). Our
results suggested greater genetic proximity between the
freshwater populations (sites 1-4) and those in the estuary
(sites 5-7), than between freshwater populations and those
in the salt marsh ponds (sites 11, 12, 14). The higher value
of @-rand the lower value of @, when the freshwater
populations were grouped with the estuarine populations
(Dor=0.24, P =0.011; & =0.02, P = 0.099, Table 4d) than
with the salt-marsh populations (@-=0.07, P =0.137;
@D,-=0.13, P < 0.0001, Table 4c), supported the closer genetic
proximity between the freshwater and estuarine populations.

The high pairwise genetic distances between popu-
lations (Fgr) and the significant P values for the Raymond
and Rousset (1995) exact test suggested significant genetic
subdivision within the Atlantic clade, but not within the
North Atlantic clade (Table5). The upstream estuarine
(sites 5, 6) and Lake Michigan (site 2) populations were
genetically distant from the salt-marsh populations (sites
11, 14). The low and nonsignificant pairwise Fq; values
among populations from Lake Michigan, Berthier, and
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Table 4 Analysis of molecular covariance (AMova, Excoffier et al. 2005) (a) between and within clades and (b) between and within habitat
types. Freshwater populations (invasive) were then grouped with salt-marsh populations (c) and with estuarine populations (d) to test for
putative source populations. @ is defined as the variance among groups divided by total variance, @y is the variance among populations
divided by the variance among and within populations and @g; is the variance among groups and among populations divided by total

variance (Excoffier et al. 2005)

Source of variance DF Covariance % Total Fixation indices (P value)
(a) Atlantic vs. North Atlantic clades
Between clades (2) 1 333 95.3 Der = 6% /6, 0.95 (< 0.0001)
Among populations within clades (¢?2) 16 0.3 0.7 Pse = ot/ (o3 + 62) 0.16 (<0.0001)
Within populations ((;f) 236 14 39 Dy = ((5§ + c%) /GTZ 0.96 (<0.0001)
Analyses within the Atlantic clade
(b) Estuarine (sites 5-7) vs. salt-marsh (sites 11, 12, 14)
populations
Between groups (cg) 1 047 21.9 Dy 0.22 (0.091)
Among populations within groups (oﬁ 4 007 33 Dy 0.04 (0.052)
Within populations ((53) 125 1.61 74.9 Dy 0.25 (<0.0001)
(c) Freshwater populations (sites 1-4) grouped with salt-marsh
(sites 11, 12, 14) vs. estuarine populations (sites 5-7)
Between groups (62) 1 013 7.0 Dep 0.07 (0.137)
Among populations within groups (cﬁ) 8§ 023 12.4 Dy 0.13 (< 0.0001)
Within populations ((53) 161 147 80.6 Dy 0.19 (<0.0001)
(d) Freshwater populations (sites 1-4) grouped with estuarine
(sites 5-7) vs. salt-marsh (sites 11, 12, 14) populations
Between groups (oi) 1 048 244 Dy 0.24 (0.011)
Among populations within groups (c? 8 0.03 13 Dy 0.02 (0.099)
Within populations ((53) 161 147 744 Dy 0.26 (< 0.0001)

Table 5 Pairwise genetic distances between populations from (a) the invasive Atlantic clade and (b) the noninvasive North Atlantic clade.
Estimated pairwise Fg; values are indicated in the lower triangular matrix, with asterisks indicating significance level: *P < 0.05 and
**P < (0.001. Values in the upper triangular matrix are estimated P values of the Raymond & Rousset (1995) exact test of significance (10 000

steps in the Markov chain)

(a) Atlantic clade Lake Michigan (site 2) ~ Berthier (site 5) Montmagny (site 6) Pond U2 (site 11)  Pond U3 (site 14)
Lake Michigan (site 2) 0.330 0.354 <0.001 <0.001

Berthier (site 5) 0.008 0.485 <0.001 <0.001
Montmagny (site 6) 0.007 -0.003t <0.001 <0.001

Pond U2 (site 11) 0.192** 0.177*** 0.208*** 0.354

Pond U3 (site 14) 0.260*** 0.252%** 0.294*** 0.086*

(b) North Atlantic clade  Cap Brulé (site 7) St Jean Port Joli (site 8)  La Pocatiere (site 9)

Cap Brulé (site 7) 0.718 0.870

St Jean Port Joli (site 8) -0.014+ 0.599

La Pocatiere (site 9) -0.022+ -0.016%

tBecause parameter estimates will often deviate from the true value, a small negative estimate of Fg; could be obtained if the true

parameter value is zero.

Montmagny (sites 2, 5, 6), suggested a lack of genetic
subdivision among them, despite large geographic dis-
tances. The low, but significant pairwise F¢; value between
populations from ponds U2 (site 11) and U3 (site 14),
suggests some degree of restricted gene flow at small
spatial scales of a couple of hundred metres, or multiple
founder effects. However, the Raymond & Rousset (1995)
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test did not show significant differentiation between
these ponds (Table 5a). For the North Atlantic clade estua-
rine populations (sites 7-9), the low and nonsignificant
pairwise genetic distances (Fgr) and the high P values from
the Raymond & Rousset (1995) exact test indicated lack of
genetic subdivision (Table 5b), suggesting one panmictic
population.
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Table 6 Statistical tests of deviation from the standard neutral model, used to test for population growth. Significance values are shown in

parentheses. We did not correct for multiple testing

Populations (sites) Fu’s Fg Fuand Li’s F* Fu and Li’s D* Tajima’s D
Atlantic clade
Freshwater (1-4) -10.22 (<0.0001) -2.880 (0.008) —-2.631 (0.017) -2.038 (0.002)
Estuarine (5-7) -30.27 (<0.0001) -3.988 (0.002) -3.946 (0.001) —2.331 (0.001)
Salt marsh (11, 12, 14) -2.393 (0.186) -1.744 (0.070) -1.997 (0.035) -0.526 (0.360)
North Atlantic clade (7-11, 13) -33.97 (<0.0001) —4.031 (0.001) —4.087 (<0.0001) ~2.215 (0.001)

Table 7 Population genetic parameters estimated by pairwise haplotype mismatch analysis under a sudden-expansion model. Based on
the population genetic parameters, timing of population expansion and female effective population size before (Ny,) and after expansion
(Ny) were calculated, assuming six generations per year and a mutation rate of 0.7% million/years

Atlantic clade: Atlantic clade: Atlantic clade:
freshwater estuarine salt-marsh North Atlantic clade:
populations populations populations all populations
(sites 1-4) (sites 5-6) (sites 11,12, 14) (sites 7-11, 13)
Number of individuals 40 60 67 75
T 2.34 2.59 6.99 0.64
e0 (per sequence) 0 0 0 1.80
1 (per sequence) 7.64 104.26 5.86 9.35
(Sim. SSD > Obs. SSD) 0.83 0.12 0.62 0.93
Timing of population expansion (years BP) 2.57 x 105 2.84 x 105 7.66 x 105 7.01 x 104
CI5% 7.19 x 104 1.51 x 105 2.59 x 105 0
CI95% 5.65 x 105 3.97 x 105 1.40 x 106 8.35 x 105
Ny 0 0 0 1.18 x 106
CI 5% 0 0 0 0
CI 95% 9.65 x 105 8.34 x 105 1.73 x 106 3.16 x 106
Ng 5.02 x 106 6.85 x 107 3.85 x 106 6.15 x 106
CI 5% 1.13 x 106 4.19 x 106 1.39 x 106 8.18 x 105
CI 95% 2.36 x 108 9.36 x 108 2.13 x 107 1.23 x 108

*Significance from a goodness-of-fit test of a sudden-expansion model, where a small P value would reject the model.

Population expansion events

Populations from both clades showed evidence of a history
of population expansion events. Freshwater and estuarine
populations from the Atlantic clade and populations from
the North Atlantic clade showed evidence of population
growth based on significant positive values for g (Table 3),
significant deviation from a neutral Wright-Fisher model
(Table 6), and analyses of pairwise mismatch distributions
(Table 7, Fig. 4). Both the freshwater (sites 1-4) and estuarine
populations (sites 5-6) from the Atlantic clade showed
unimodal mismatch distributions (Fig. 4a, b), consistent
with population growth. The pairwise mismatch distribution
for the North Atlantic populations (sites 7-11, 13) showed a
dominant peak in frequency at two pairwise differences,
consistent with population growth (Fig.4d). A second
much smaller peak at seven pairwise differences was
consistent with the satellite cluster at seven mutational

steps from the most frequent haplotype in the haplotype
network (Fig. 3).

For the salt-marsh populations from the Atlantic
clade (sites 11, 12, 14), the value for g did not differ signif-
icantly from zero (Table 3), and three of the four statistical
tests (Fu’s Fg, Fu and Li’s F*, Tajima’s D) did not deviate
significantly from the neutral Wright-Fisher model
(Table 6). These salt-marsh populations showed a bimodal
distribution (Fig. 4c), which could be consistent with popu-
lation size constancy, but a model of sudden expansion
could not be rejected (P g, ssp > obs. ssp) = 0-62; Table 7).

Mismatch distribution analysis under a sudden-
expansion model suggested that timing of a population
expansion event occurred earlier in populations from
the invasive Atlantic clade than in the noninvasive North
Atlantic clade (Table 7). However, confidence intervals
were very large. In addition, timing of population expan-
sion appears to have been earlier in the Atlantic clade
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(a) Atlantic clade: Freshwater populations

0.35 1
0.30 -
0254 \
0.20 4,

0.15 -
0.10 -
0.05 -

0.00 e e
10 15 20

— Exp
~o-- Obs

Frequency

Pairwise differences

(c) Atlantic clade: Salt marsh populations

0.20 A — Exp

~o- Obs

4
o
o

Frequency
o
I

0.05 1

0.00 -
0 5 10 15 20 25

Pairwise differences

(b) Atlantic clade: Estuarine populations

— Exp
~o-- Obs

0.25 -
0201 }
0157 |
0101/
0.15 -
0.00 -

Frequency

"O--o.-0:

0 5 10 15 20

Pairwise differences

(d) North Atlantic clade
0.30 1
0.25 1 .
020\
0.15 A
0.10 A
0.05 -
0.00

— Exp
<o Obs

Frequency

0 5 10 15 20 25
Pairwise differences

Fig. 4 Pairwise haplotype mismatch distributions for populations from the Atlantic and North Atlantic clades. The solid line represents the
expected pairwise mismatch distribution under a Wright-Fisher model, while the dashed lines are the observed frequencies. Graphs show
populations from (a) freshwater, Atlantic clade (sites 1-4) (b) estuarine, Atlantic clade (sites 5-6) (c) salt marsh, Atlantic clade (sites 11, 12,

14), and (d) North Atlantic clade (sites 7-11, 13).

salt-marsh populations (T = 6.99; sites 11, 12, 14) than in the
Atlantic clade estuarine populations (t = 2.59; sites 5-6)
(Table 7). Given assumptions of mutation rate and gener-
ation time (see Methods), the onset of rapid population
growth was ~284 000 years BP for Atlantic clade estua-
rine populations and ~766 000 BP for the Atlantic clade
salt-marsh populations (Table 7; note large confidence inter-
vals). Timing of population expansion for the Atlantic
clade freshwater populations (~256 000 BP) was similar to
that of the Atlantic clade estuarine populations
(Table 7). We estimated a much more recent timing of pop-
ulation expansion for the North Atlantic clade popula-
tions of ~70000 8P (Table 7). Given the possibility of
genetic draft (Gillespie 2001), we cannot rule out the pos-
sibility that these estimates of demographic expansion
actually refer to the timing of the last selective sweep
(Bazin et al. 2006).

Across all habitats and both clades, estimates of female
effective population sizes were moderately large (106-107;
Tables 3 and 7). Estimates of female N; based on pairwise
mismatch analysis (Table 7) and LaAMARc (Table 3) tended
to be larger than those based on Watterson’s 6 (Table 3),
as the first two methods allow for population growth.
The pairwise mismatch analysis in ARLEQUIN assumes
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a sudden-expansion model, LAMARC assumes continuous
population growth up to the present, while Watterson’s
0 assumes constant population size. The model assumption
of sudden population expansion in ARLEQUIN might
be the most realistic for this system, given the support
for population expansion (Tables 3, 6 and 7) and the
geological history of glaciation and recent colonization
in this region. Relatively constant estimates for N; across
methods for the Atlantic clade salt-marsh populations
(Tables 3 and 7) might result from relative demographic
constancy.

Reduction in effective population size (Table 7) and the
shift in haplotype frequency (Fig. 2) were consistent with a
modest population bottleneck associated with invasion
into the Great Lakes. Haplotype distribution between the
estuarine (sites 5-7) and freshwater (sites 1-4) populations
was significantly distinct (Fisher’s exact test, P = 0.0339;
shared vs. private haplotypes). The core haplotype con-
stituted ~22% in the estuarine populations (i.e. found in
14 out of 64 sampled individuals), but increased to ~43%
in the Great Lakes (i.e. found in 17 out of 40 sampled
individuals). Also, in Lac St Jean, all four individuals
possessed one unique haplotype, consistent with a popu-
lation bottleneck.
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Discussion

Geographic distribution of invasive and noninvasive
clades within the St Lawrence drainage

This study revealed a high degree of heterogeneity in
genetic structure and habitat type in the native range of
an invasive species. The St Lawrence River drainage
contained two genetically divergent clades that overlap in
distribution, but differ in their potential to invade (Figs 1
and 2). The two clades, the Atlantic (invasive) and North
Atlantic (noninvasive), showed evidence of habitat parti-
tioning, where particular locations tended to be heavily
dominated by a single clade (Fig. 2). Populations from the
Atlantic clade tended to dominate in the more marginal
habitats, including upstream oligohaline regions (low salinity,
500-1600 uS/cm) and highly fluctuating salt-marsh ponds
(1540 PSU). In contrast, populations from the North Atlantic
clade dominated the central mesohaline portion (0.5-20
PSU) of the middle estuary where food concentrations are
sufficient to support a high standing stock of Eurytemora
affinis in this zone (Vincent et al. 1996; Winkler et al. 2003).

The geographic partitioning between the two clades
was striking, given that strong hydrodynamic forces acting
in St Lawrence Middle Estuary would be expected to
homogenize the distribution of two clades if the copepods
and larvae dispersed as passive particles (Simons ef al.
2006). Preliminary modelling of passive and active
(vertical migrating) particles (Simons et al. 2006) showed
that particles released in the Northern Channel would
disperse throughout the entire brackish zone of the St
Lawrence Middle Estuary, including the south shore
region (R. Simons and G. Winkler, unpublished data).
Behavioural differences between the two clades might
be important for achieving separate distributions and
maintaining populations within physiologically favourable
zones (C. E. Lee, personal observations).

Microhabitat differences due to niche partitioning
between the clades in the native range might explain
differences in their physiological tolerances and ability to
invade fresh water. For example, the reduced freshwater
tolerance and lower starvation resistance of the North
Atlantic clade might reflect an evolutionary history in a
more stable and food-rich habitat (Skelly et al. submitted).
In contrast, the occurrence of the invasive clade in the
marginal habitats, removed from the food-rich central
portion of the estuary (Vincent et al. 1996; Winkler ef al. 2003),
might select for physiological phenotypes with the capacity
to tolerate novel and stressful environments.

Genetic subdivision within the clades

Significant genetic subdivision and habitat partitioning
was evident within the invasive Atlantic clade, but not

within the noninvasive North Atlantic clade. Within the
invasive Atlantic clade, an AMovA revealed considerable
genetic covariance distributed between estuarine (sites
5-7) and salt marsh habitats (sites 11, 12, 14) in the native
range (21.9%, Table 4b). Genetic subdivision between
estuarine and salt-marsh habitats was also supported
by the high and significant pairwise genetic distances
between populations (Fgp) and low P values from the
Raymond and Rousset exact test (1995) (Table 5a). Such
genetic subdivision could have arisen from restricted gene
flow between these two habitat types. For example, the
presence of both the North Atlantic clade and Eurytemora
herdmani in the central portion of the St Lawrence Middle
Estuary (Fig.2) might have acted as a barrier, possibly
through competitive exclusion, between the estuarine and
salt-marsh populations of the Atlantic clade.

Results from the Atlantic clade suggest greater demo-
graphic constancy over time for the salt-marsh relative to
the estuarine populations. The bimodal pairwise mismatch
distribution (Fig. 4c), dispersed haplotype network (Fig. 3),
low value for g (Table 3), and lack of significant deviation
from the standard neutral model for three out of four test
statistics (Table 6) support the greater demographic
constancy in the salt-marsh populations. Older estimates
for timing of population expansion supported longer-term
stability, and possibly a more ancient origin, of the salt-
marsh populations (Table 7). In contrast, the star-like
haplotype network for the estuarine and freshwater popu-
lations from Atlantic clade suggested a signal of a more
recent population bottleneck and expansion. However, the
star-like pattern (Fig. 3) could have also arisen from a selec-
tive sweep in the not-too-distant past (Bazin et al. 2006).

More extensive sampling of the St Lawrence drainage
might reveal additional levels of heterogeneity and
population genetic structure within the Atlantic clade. For
example, the Atlantic clade population in the deep channel
at Cap Brulé (site 7) contained three unique haplotypes out
of four individuals, suggesting that populations in the
deep channel might be quite diverged from those in other
habitats, including those in the shallow regions of the
estuary. Significant Fq; values between salt-marsh ponds
(Table 5a) suggest that additional sampling from the salt
marshes might reveal additional genetic structure within
and among tidal marsh flats. Additional sampling might
also reveal the origins of the Lac St Jean population, which
contains one unique haplotype.

In contrast to the genetic subdivision within the Atlantic
clade (Table 5a), there was a lack of genetic subdivision
within the North Atlantic clade (sites 7-9; Table 5b),
consistent with panmixia. The large numbers of private
haplotypes found in the North Atlantic clade estuarine
populations (Table 2, Fig. 2) were likely an indication
of high genetic diversity rather than genetic subdivision.
Hydrodynamic conditions of the middle estuary would
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promote panmixia among estuarine populations, where
tides vary between 3 m and 5m in height, and current
speeds may reach 2-3 m/s (along channel) and 0.3-0.5 m/
s (cross-channel) (d’Anglejan et al. 1981; Simons et al. 2006).

Geographic sources of freshwater invasions

Freshwater invasions into the Great Lakes coincided with
the opening of the St Lawrence Seaway in 1959 (Engel 1952;
Anderson & Clayton 1959; Faber et al. 1966; Patalas 1972;
Lee 1999). Shipping activity and ballast water transport
might have served as the mechanism for the recent invasions.
Reduced polymorphism and lower values for 6 (Tables 3
and 7) suggested a modest bottleneck following invasions
into freshwater habitats (see Results).

Population genetic analyses within the Atlantic clade
indicated that the freshwater populations (sites 1-4) were
probably derived from the estuary (sites 5-7), rather than
from the salt-marsh populations (sites 11, 12, 14). The low
pairwise Fg between freshwater (site 2) and estuarine popu-
lations (sites 5, 6) (Table 5) supported the lack of genetic
differentiation between freshwater and estuarine popu-
lations. Likewise, the AMovaA supported closer genetic
proximity between the freshwater and estuarine populations
(Table 4d) than between the freshwater and salt-marsh
populations (Table 4c) (see Results). In addition, the reser-
voir Lac St Jean (site 15) contained a unique haplotype that
was more closely related to those in the upstream estuarine
populations (sites 5-7) than to the haplotype in the nearby
Saguenay River (site 16), which was closely related to the
salt-marsh haplotypes (Fig.3). However, we cannot
completely exclude the possibility that the salt-marsh
populations gave rise to the freshwater populations, because
several haplotypes were shared among all populations in
the Atlantic clade.

The results above are intriguing, as they indicate that
invasions likely arose from only a subset of populations
from the Atlantic clade. Thus, heterogeneity in the native
range characterizes not only divergences between the
Atlantic and North Atlantic clades, but also differentiation
within the Atlantic clade. Why would invasions arise from
particular habitats? Results from another study revealed
physiological differences between populations from the
Atlantic and North Atlantic clades, with important impli-
cations for the ability to invade fresh water (Skelly ef al.
submitted). Such functional and physiological differences
might also exist among populations within the Atlantic
clade. Differences in selection regime among microhabitats
might have led to physiological differences among
populations.

Alternatively, patterns of invasions might simply reflect
differences in transport opportunity or chance events. The
mere location of the Atlantic clade in the upstream estuary
might have facilitated its invasion into freshwater habitats.
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On the other hand, there might be similar probability for
either clade to invade, where the clade that invades first
would adapt to freshwater conditions, allowing it to com-
petitively exclude the other clade. However, variation in
habitat type and physiological differences among popula-
tions in the native range do raise questions regarding the
role of the selection regime on native populations.

In several other case studies, invasive populations have
appeared to emerge from native habitats characterized by
disturbance. This pattern appears to hold for invasive
ants from the flood plains of Argentina (Tsutsui ef al. 2001;
Caldera et al. submitted) and invaders into the Great Lakes
from the Ponto-Caspian basin (Lee & Bell 1999; Ricciardi
& Maclsaac 2000; May et al. 2006). Likewise, the marginal
habitats of the invasive clade of E. affinis are also character-
ized by disturbance, with fluctuations in environmental
conditions occurring on multiple timescales (seasonal,
diel). Fluctuating conditions in the more ancient salt-marsh
populations (Table 7) might have selected for quantitative
genetic variation for physiological tolerance, enabling the
colonization of lower salinity regions of the estuary (Barton
& Turelli 1989; Ellner & Hairston 1994; Turelli & Barton
1994). The upstream estuarine populations might have
then allowed for pre-adaptation to lower salinities, and
served as a stepping-stone for freshwater invasions (Skelly
et al. submitted).

Environmental disturbance could be reflected in genetic
signatures of population bottlenecks and low effective
population size (Gelembiuk et al. 2006; May et al. 2006). For
example, invasive populations of zebra mussels most
likely arose from the Black Sea basin where N,, based on
Watterson’s 8, was estimated at only 80 000 individuals
(Gelembiuk et al. 2006). However, effective population size
of E. affinis in the native range was relatively large (female
N, of 106-107; Tables 3 and 7). Overlapping generations
provided by the diapause egg bank might contribute to the
large effective population size. As would be expected,
effective population size of E. affinis was much smaller than
the census size, where conservative estimates were on the
order of 1010 in the middle estuary (Winkler et al. 2005).

Evolutionary history in the native range

High genetic divergence between the Atlantic and North
Atlantic clades supported that the St Lawrence Middle
Estuary constitutes a secondary contact zone between the
clades. The timing of population expansion for both clades,
estimated from pairwise mismatch analysis of haplotypes
(Table 7), greatly preceded the timing of the last glaciation
(Wisconsinian glaciation, maximum advance 18 000 years
ago) when the St Lawrence drainage basin was covered
with ice (Bernatchez 1997). Thus, populations must have
persisted in glacial refugia and subsequently colonized the
St Lawrence drainage without suffering severe population
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bottlenecks (Tables 3 and 7). Timing of contact between the
two clades in the St Lawrence drainage might have occurred
c. 7800 years ago after the retreat of the Wisconsinian
glaciations, when sea levels and oceanographic conditions
in the estuary and Gulf of St Lawrence became comparable
to present-day conditions (Fulton & Andrews 1987;
Schmidt 1986 in Bernatchez 1997).

Timing of population expansion suggested that popu-
lation expansion of the Atlantic clade occurred earlier
than that of the North Atlantic clade (Table 7). However,
the timing is uncertain given the large confidence intervals
(Table 7). Also, we cannot rule out the possibility that the tim-
ing of the last population expansion event actually represents
the timing of the last selective sweep (Bazin et al. 2006).

Given the large genetic divergence between Atlantic and
North Atlantic clades, it is likely that they occupied separ-
ate glacial refugia during the last glacial maximum. The
clades probably diverged around the Miocene-Pliocene
boundary (~5 million years ago; Lee 2000). Two main
regions might have provided glacial refugia for the two
clades, one to the southeast and another to the northeast of
the St Lawrence basin, as has been proposed for northern
fishes (Bernatchez 1997; Lafontaine & Dodson 1997). The
current geographic distribution of the Atlantic clade
along the east coast of North America (Fig. 1a; Lee 1999,
2000) suggests that the Atlantic clade might have recolon-
ized the St Lawrence basin from the unglaciated coastal
waters south and east of the Appalachian Mountains along
the Atlantic coastal plains (Dyke & Prest 1987). Coloniza-
tion could have begun c. 12 000 years ago from the south
via the Hudson River valley when the brackish Champlain
Sea developed (covering the St Lawrence River, Ottawa
River and Champlain Lake) (Rubec 1975). In contrast, the
North Atlantic clade might have followed an alternative
colonization pathway from the northeastern refuge at the
Grand Banks near Newfoundland, via the Goldthwait Sea
(region of the present St Lawrence Gulf) (Stemberger 1995).
This region was characterized by high salinities and cold
temperatures (de Vernal et al. 1993), but transformed into
estuarine conditions c. 8000-7500 years ago. The current
restricted distribution of the North Atlantic clade in the
northern coastal region of the Atlantic (Fig. 1a) might
have resulted from colonization arising from this north-
eastern glacial refugium, following the establishment of
the Atlantic clade in the St Lawrence basin and along the
Atlantic coast.

Information from the native range: management and
policy implications

Our understanding of factors that contribute to the
evolution of invasive populations remains poor (Lee 2002).
This study revealed a striking degree of heterogeneity
in habitat type and genetic structure within the native

range of an invasive species. Characterizing the population
genetic structure and microhabitat distribution within the
native environments is a critical first step toward analysing
the invasive potential of populations. Additional informa-
tion regarding this heterogeneity would provide insights
into environmental conditions that tend to give rise to
invasive populations. Such information would include: (i)
environmental conditions within native habitat types, in-
cluding information on the selection regimes, and (ii)
physiological responses of populations from the native
habitats, including quantitative genetic variance underlying
the traits critical for survival in the invaded range (e.g. Lee
et al. 2003, 2007).

Information on the selection regimes in the native range
is important because previous selection regimes shape
physiological properties, levels of phenotypic plasticity,
and the evolutionary potential of invasive populations. For
example, anecdotal and qualitative observations suggest
that levels of ‘disturbance’ in the native range might be an
important selective agent for generating weedy species (Di
Castri 1989). While this property has not been extensively
quantified, it is possible that ‘disturbance” in the form of
temporally fluctuating selection might be an important
force for generating invasive populations in some cases.
Temporally fluctuating conditions could select for the
maintenance of genetic variance for critical phenotypic
traits, and promote the evolutionary potential of those
traits (Barton & Turelli 1989; Ellner & Hairston 1994;
Turelli & Barton 1994). Integrating information on environ-
mental conditions in the native habitats, such as the
magnitude and duration of environmental fluctuations,
along with physiological responses of the native popula-
tions would allow us to discern the types of environmental
conditions that might give rise to invasive populations.
Such insights would allow us to focus management and
mitigation efforts toward those populations that are
likely to successfully adapt to novel environments during
invasions.
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