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Abstract

Natural selection is presumed to be the driving force behind the occurrence of phenotypi-
cally and genetically divergent populations in sympatry within many north temperate
freshwater fishes. If, however, these populations have different ancestral origins, history
could also contribute to their divergence. We previously found evidence for the role of
selection in the evolution of divergent outflow and inflow breeding populations of migratory
brook charr (Salvelinus fontinalis) inhabiting postglacial Mistassini Lake (Québec, Canada).
Here, we show that these populations do not have a common origin, through the use of
admixture and spatial analyses with seven microsatellite loci. Divergent populations clus-
tered into two different population groups when compared to samples from surrounding
drainages, although inflow populations appeared to be more admixed between the two
population groups than the outflow population. These results are noteworthy since outflow
and inflow populations were monomorphic at mitochondrial DNA (338-bp sequence of the
control region) and are only moderately differentiated (mean Fg = 0.10). Colonization by
two ancestral populations was also consistent with known outflow direction changes
throughout lake formation. In addition to providing insight into how phenotypic diver-
gence in sympatry may have been affected by the nature (i.e. timing and direction) of
colonization of ancestral populations, our results also suggest that ancestral populations
may have differed in their ability to colonize certain lake habitats.
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Introduction

Understanding how natural selection and history may
interact to lead to evolutionary diversification is a fund-
amental goal of evolutionary biology (Travisano ef al. 1995;
Losos ef al. 1998; Taylor & McPhail 2000; Langerhans &
DeWitt 2004). The intraspecific population divergence
observed within many freshwater fish species of northern
temperate regions is useful for examining such interactions.
On one hand, many populations within separate lakes
exhibit parallel phenotypic and genetic differences, indicating
an important role of divergent natural selection in their
diversification since colonization of newly formed postglacial
lake niches (7000-18 000 Bp: Taylor & Bentzen 1993;
Robinson & Wilson 1994; Schluter 1996; Taylor et al. 1996;
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Pigeon et al. 1997; Gislason et al. 1999; Lu & Bernatchez
1999; Taylor 1999; Rundle et al. 2000; Rogers et al. 2002;
Saint-Laurent et al. 2003; Behrmann-Godel et al. 2004;
Ostbye et al. 2005; Rogers & Bernatchez 2005). On the other
hand, dynamic changes in watershed connections during
glacial advances and retreats also readily opened the way
for multiple population lineages to come into secondary
contact (Svdrdson 1961; Bernatchez & Dodson 1990; Hynes
et al. 1996; Taylor 1999; Taylor & McPhail 2000; Turgeon &
Bernatchez 2001). Consequently, population differentiation
may not be the sole product of divergent natural selection
in sympatry. It may instead be partly caused by unique
histories, presumably stemming from features of specific
lineages and chance events (Harvey & Pagel 1991; McPhail
1993; Taylor & McPhail 2000).

Determining the ancestral origin of sympatrically occur-
ring populations within individual lakes is therefore a crit-
ical first step to assess whether history could have played
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arolein their divergence. Indeed, history is less likely to be
important in differentiation if divergent populations have
a common origin. But if divergent populations have differ-
ent origins, it is still difficult to know whether history has
actually contributed to their divergence. Generally, obtain-
ing clear evolutionary relationships of divergent popula-
tions with molecular data has been challenging. First,
contemporary gene flow may erode pre-existing genetic
differences between allopatrically derived populations
within lakes. This can create the impression that divergent
populations are more closely related than populations
outside each lake (Taylor 1999; Lu ef al. 2001; Hendry et al.
2002). Second, the detection of multiple colonization events
within some lakes may be difficult given the potentially
shallow divergence of colonizing lineages (Taylor &
McPhail 2000; Tessier & Bernatchez 2000).

Three genetically distinct populations of brook charr
(Salvelinus fontinalis) inhabit Mistassini Lake (Québec,
Canada; Fig. 1). These populations are characterized by
seasonal migrations between their feeding areas in the lake
and breeding areas in rivers entering the lake (as well as
within feeding areas) (Fraser ef al. 2004; Fraser & Bernatchez
2005). Genetic differentiation is especially pronounced
between an outflow-breeding population (Rupert) and two
northeast inflow-breeding populations (Cheno and Pepesh-
quasati) (Fg; = 0.10; between inflow populations: Fg; = 0.02;
Fraser et al. 2004). Relative to outflow charr, inflow charr
have longer migrations between breeding and feeding

areas (as well as within feeding areas), and marked spatial
overlap within feeding areas. Inflow charr also have more
fusiform bodies with longer posterior regions than outflow
charr (Fraser & Bernatchez 2005). It appears that these
differences have evolved in response to divergent natural
selection in the environments that outflow and inflow
charr utilize. Specifically, morphological characteristics of
inflow charr are better suited for sustained swimming
(Taylor & Foote 1991) needed for long migrations. Spatial
segregation in feeding areas between outflow and
inflow populations is also related to differential habitat
selection and presumably reflects adaptive divergence
in alimentation and/or predation regimes (Fraser &
Bernatchez 2005). Outflow and inflow populations also
differ in other traits related to divergent breeding environ-
ments, including breeding migration timing, breeding time,
and age at maturity (Fraser ef al. 2004; Fraser & Bernatchez
2005).

In a species-wide phylogeographical survey of mito-
chondrial DNA (mtDNA), Danzmann et al. (1998) reported
that much of the northern distribution of S. fontinalis
(including Ontario, Québec and eastern Canada) was
colonized by fish sharing the same mtDNA haplotype ‘1’
of assemblage ‘B’ (one of six assemblages). The authors
provided evidence that haplotype 1 was common within
two distinct glacial refugia (Atlantic and Mississippian),
and based on the likely postglacial dispersal of S. fontinalis
from these refugia, they proposed a possible contact zone

James Bay 73°W

Mistassini Lake

Lake Saint-Jean
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Fig. 1 Geographic locations of Mistassini
N Lake and Salvelinus fontinalis populations
sampled from surrounding drainages
between the Hudson/James Bay (A1-A6)-
Lake Saint-Jean (B1-B9) region of central
Québec, Canada, and Maine, USA (C1).
Mistassini Lake populations: Rupert (RUP),
Cheno (CHE), Pepeshquasati (PEP); Lake
Waconichi, WAC; Lake Albanel, ALB.
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in Ontario or Québec. Colonization of Québec from multi-
ple refugia has also been suggested in other fish species
(Legendre & Legendre 1984; Wilson & Hebert 1998; Turgeon
& Bernatchez 2001). It is therefore noteworthy that striking
directional changes in Mistassini Lake’s outflow occurred
from the south to west during postglacial formation (7000
8000 BP: Fig. 2; Bouchard 1980). This may have permitted
S. fontinalis to colonize the lake from at least two routes, either
by fish originating from two distinct glacial refugia
possessing haplotype 1, or by different ancestral populations
from within either refugium.

The objective of this study was thus to determine whether
outflow and inflow S. fontinalis populations in Mistassini
Lake have a common origin or different origins. As expected
based on previous studies, our initial screening of mtDNA
(n =75, 338 bp of the most variable segment of the control
region, using single strand conformation polymorphism
analysis; Sheffield et al. 1993) and verification with sequenc-
ing (n = 8, with at least two samples from each Mistassini
Lake population) confirmed that divergent populations
were monomorphic for haplotype 1 of assemblage B desig-
nated in Danzmann et al. (1998) (data not shown). Because
of this limitation of mtDNA, we employed microsatellite
DNA markers for discerning historical relationships of
divergent populations. Indeed, recent studies have shown
them to be effective for resolving phylogeographical struc-
turing at potentially shallower evolutionary timescales or
situations where gene flow still occurs between sympatric
populations (e.g. Angers & Bernatchez 1998; Taylor &
McPhail 2000; Lu et al. 2001; Koskinen et al. 2002). Alter-
native hypotheses of a common origin vs. different origins
of divergent populations were principally tested using
admixture analyses by clustering Mistassini Lake popula-
tions into population groups defined a posteriori from
possible postglacial colonization routes surrounding the lake.

Materials and methods

Sampling scheme and microsatellite DNA polymorphism

Mistassini Lake is drained via the Rupert River into James
Bay, Canada (Fig. 1). Genetic diversity of Salvelinus fontinalis
in Mistassini Lake populations (Cheno, CHE; Pepeshquasati,
PEP; Rupert, RUP) and two nearby lakes that empty into
Mistassini Lake (Waconichi, WAC; Albanel, ALB) was
compared with 16 surrounding samples predominantly
from drainages in the James Bay (coded ‘A’) and Lake
Saint-Jean (coded ‘B’) region (mean 2 = 23.6; Fig. 1, Table 1).
Samples collected from these drainages represented all
possible postglacial colonization routes for S. fontinalis
into the Mistassini Lake region based on its postglacial
formation (Bouchard 1980). Two of these samples were also
from Hudson Bay, Canada (A1, A2) and one sample was
from Maine, USA (C1), so that geographical outliers were

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509
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Fig. 2 Reconstruction of Mistassini Lake following the last
Pleistocene glaciation (7000-8000 Br), following Bouchard (1980).
Arrows represent the direction of discharge from Mistassini Lake,
while striped lines indicate the location of the glacial ice margin at
each successive stage. (I) A single lake initially covered Lake
Waconichi (WAC) and parts of the Mistassini Lake basin, and the
outflow was south-southwesterly from the southwest end of the
lake. (I) Lake Albanel (ALB) was connected to the Mistassini
basin, and the outflow shifted west-southwest via the Broadback
River drainage. (III) Drainage then became westward via the
Rupert River, Lake Waconichi became separated, Lakes Mistassini
and Albanel were separate but interconnected, and eventually the
ice margin arrived at the present day northeast rivers (Pepeshquasati
and Cheno).
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Table 1 Locations, sample sizes (1), and microsatellite diversity estimates within sample sites from drainages surrounding Mistassini Lake.
Codes represent drainage regions where populations are found (James Bay, A, as well as Lake Waconichi, Mistassini Lake populations and
Lake Albanel; Lake Saint-Jean, B; southern Maine, C1; see Fig. 1). Alleles per locus (A), corrected allelic richness (AC, corrected to n = 20),
expected heterozygosity (Hp) and observed heterozygosity (H) are shown as averages over the seven microsatellite loci used

River drainage Sampling sites Code Latitude Longitude n A A Hg Hg,
Sutton Sutton R. Al 55°15'N 83°45'W 24 54 5.2 0.57 0.62
Great Whale Great Whale R. A2 55°16'N 77°47W 7 3.1 — 048 0.61
Broadback L. Troilus A3 50°55'N 74°30'W 10 37 — 0.50 0.54
Nottoway Brock R. A4 50°32'N 74°22'W 16 3.9 — 0.50 0.56
L. Chibougamau A5 49°50'N 74°15W 12 3.6 — 043 0.33
Rupert Rupert R. at Nemiscau A6 51°26'N 76°43'W 25 4.6 4.5 0.57 0.61
L. Waconichi WAC 50°08'N 74°00'W 46 39 35 0.41 0.40
Rupert R. RUP 51°05'N 73°40'W 40 6.0 5.0 0.52 0.51
Pepeshquasati R. PEP 51°24'N 73°00'W 36 6.1 4.9 0.59 0.59
Cheno R. CHE 51°21'N 72°45'W 36 57 47 0.58 0.56
L. Albanel ALB 50°54'N 73°18'W 46 5.3 4.6 0.59 0.64
Ashuapmushuan L. Agréable Bl 49°07'N 73°10'W 20 4.1 41 0.54 0.56
L. Lorecu B2 49°09'N 73°13'W 14 2.6 — 0.33 0.33
Mistassini L. Baribal B3 49°36'N 71°41'W 23 5.6 49 0.64 0.70
L. Maupertuis B4 50°26'N 71°45'W 20 4.1 4.1 0.48 0.49
L. Mocassin B5 50°21'N 71°44'W 20 34 3.4 0.49 0.63
L. Paul-Horace Dumais B6 49°46'N 72°07’W 20 3.0 3.0 0.28 0.31
Peribonka L. de la Manne B7 49°18'N 71°22°W 20 3.1 3.1 0.46 0.49
L. de la Poule Folle B8 49°17’N 71°18W 20 3.6 3.6 0.55 0.57
Bethamisites Ste. André Cr. B9 48°27'N 70°54'W 20 44 4.4 0.56 0.58
Maine Kennebago L. C1 45°08'N 70°46'W 20 5.1 5.1 0.62 0.62

included to expand the scale at which relationships among
outside samples could be interpreted. Only samples with
no histories of human enhancement were chosen for
analyses. There are currently no dams within the principal
river drainages of our sampling sites in Québec which could
have potential effects on gene flow. Although Mistassini
Lake, WAC and ALB were initially interconnected after
glacial recession (Bouchard 1980; Fig. 2), contemporary
movement of S. fontinalis is limited between the three lakes
due to the presence of barrier falls (Flick 1977; Bouchard
1980). Genomic DNA extraction from tissue stored in 95%
ethanol followed Olsen et al. (1996). Microsatellite DNA
polymorphism in all samples was quantified by amplifying
seven microsatellite loci (SfoB52, SfoC86, SfoC88, SfoC113,
SfoC129, SfoD75, SfoD91; T.L. King, US Geological Survey,
unpublished). Polymerase chain reaction (PCR) conditions
and electrophoresis followed that of Fraser ef al. (2004).
Only samples from the three Mistassini Lake populations
were genotyped previously in Fraser et al. (2004).

Genetic diversity and genetic differentiation

Genetic diversity within each sample at microsatellite loci
was quantified with standard descriptive statistics [alleles
per locus (A), observed (H) and expected (H) heteroygosities]
and analysed by verifying Hardy-Weinberg equilibrium

(HWE) expectations of genotypic frequencies (across all
loci in each population and at each locus using GENEPOP
3.3; Raymond & Rousset 1995). Within-sample tests for
genotypic disequilibrium between all loci pairs were also
performed using GENEPOP. Mean allelic richness per locus
(A) was corrected (AC) based on n =20 to increase power
for detecting differences in the numbers of alleles per locus
(A), using the rarefaction method of Goudet (2001).
Testing between differing ancestral histories was sup-
plemented by comparing global variance in allelic identity
(F-statistics, e.g. Fgr, 85p) and allelic size (R-statistics, e.g.
Rgp) measures of genetic differentiation between all 16
samples outside Mistassini Lake, WAC and ALB. Here, we
wanted to determine the relative impact of drift (85;) vs.
mutation (Rgp) on genetic differentiation in the region
for subsequent analyses of molecular variance (AMovAs) in
the succeeding discussion. Following Hardy et al. (2003),
global pairwise 84 and Rg; estimates were first computed
among samples. Using the software spaGep1 1.1 (Hardy &
Vekemans 2002), different allele sizes at each locus were
randomly permuted among allelic states (2000 permutations)
to provide a simulated distribution of Rg; values (pRgy),
with 95% confidence intervals (CI) covering the 50th and
1950th ordered values of pRgr. Under the null hypothesis
Rgp = 8¢y, differentiation is caused mainly by drift and the
observed Rg; should not exceed the 95% CI of pRg values.

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509
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Fig.3 Dy (I) and (8p)2 (II) distance-based
relationships (with unrooted neighbour-
joining trees) illustrating genetic relation-
ships between divergent populations of
Salvelinus fontinalis from Mistassini Lake
(outflow: RUP; inflows: CHE, PEP) and
samples from drainages of Hudson/James
Bay (A1-A6), Lake Saint-Jean (B1-B9), and
Maine (C1). Trees were constructed using
POPULATIONS 1.2.14 (Langella 2001). Con-
sistency of tree topology was assessed by
bootstrapping over loci with replacement
and 2000 replicates, and trees were visualized
using TREEVIEW (Page 1996). Numbers at
branch points represent bootstrap resampling
percentages of > 50%.

Under the alternative hypothesis Rgp > 84, stepwise-
mutation model (SMM)-like mutations have contributed to
differentiation and the observed Rg; should exceed the
95% CI of pRg; values (see Hardy et al. 2003), thereby
supporting a mutational component to differentiation.

Testing ancestral origins

Initial analyses involved the estimation of distance-
based phylogenetic relationships among all 21 samples
to determine whether outflow and inflow populations
clustered together or more closely with outside samples.
This was performed using an unrooted neighbour-joining
(N]) clustering analysis with one drift-based estimator,
Cavalli-Sforza & Edwards’s (1967) chord distance, Dy,
and one mutation-based estimator, Goldstein ef al.’s (1995)
(8p)2. Similar approaches have been adopted in previous
investigations of molecular ecology of other north temperate
freshwater fishes (e.g. Taylor & McPhail 2000; Tessier &
Bernatchez 2000). In both D and (8u)2 topologies, outflow
and inflow populations from Mistassini Lake did not
cluster together, providing a first indication that they did
not have a common origin (Fig. 3). However, tree topologies
had relatively low bootstrap support for major nodes (and
nodes separating outflow and inflow populations) (Fig. 3).
More emphasis should be placed on (8u)2 since genetic
differentiation in the region had a mutational component
because of allelic size variance (see Results). Nevertheless,
the weak bootstrap support put into question whether
Mistassini Lake populations represented ‘pure’ lineages or
varying degrees of admixed lineages, especially given that
gene flow occurs between outflow and inflow populations
(Fraser et al. 2004). This necessitated admixture analyses to
provide further support that outflow and inflow populations

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509

had different origins, and involved (i) clustering the
surrounding 16 samples into groups, and (ii) quantifying
admixture proportions to evaluate the likelihood that
Mistassini Lake populations, WAC and ALB, originated from
each of these groups. Different origins of divergent popula-
tions in Mistassini Lake would be further supported if they
clustered into different surrounding population groups
with good clustering confidence.

To initiate the clustering of surrounding 16 samples into
groups, we ran the Bayesian clustering method of STRUCTURE
(Pritchard et al. 2000) under a model assuming admixture,
correlated allele frequencies between K population groups
[burn-in 50 000 replications, 100 000 Markov chain Monte
Carlo (MCMC) replicates], and no prior information on
sample location for individuals. Runs were started at K = 2
and proceeded to K = 13. Runs were replicated three times at
each K to confirm consistency of log-likelihood probabilities.
Ateachrun (i.e. K =2, 3, 4, etc.), we assigned each sample
to the K where their individuals had the greatest posterior
probability (highest mean individual admixture proportion
q) of originating (e.g. for K = 3, samples could be assigned
to one of three groups). As no unanimous criterion exists
for defining groups of populations (Dupanloup et al. 2002),
we defined groups as those that were maximally differen-
tiated from one another in genetic terms (sensu Dupanloup
et al. 2002). We thus performed analyses of molecular var-
iance (AMovA; Schneider et al. 2000) at each K to determine
at which K the proportion of between-group genetic variance
was maximized while minimizing the within-group pro-
portion of genetic variance. We did not specifically use the
spatial analysis of molecular variance (samova) of Dupanloup
et al. (2002) because it incorporates geographical coordi-
nates between samples for variance component calculations,
which do not necessarily reflect watershed connections in
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our sampled region. We stopped at K = 13 because it was
clear after this point for AMovas based on either allelic
identity differences (Fgy) or allelic size variance (Rgp) that
the between-group component of variance had continued
to decline after reaching maximum peaks at K =9 (Fg) or
K = 8 (Rgp) while the within-group component of variance
began to increase again (see Results). We complemented
this approach by assessing trends in log-likelihood pro-
babilities {In[P(X|K)]} outputted in STRUCTURE for each
model of K (i.e. K=2, 3, 4, etc.).

All admixture methods make generalizations about a set
of evolutionary processes that would otherwise be difficult
to address quantitatively (Chakraborty 1986; Bertorelle &
Excoffier 1998; Dupanloup ef al. 2004). They assume that
allele frequencies within admixed populations and their
source groups are accurate and have remained unchanged
since admixture events, and that all potentially contribut-
ing source groups have been sampled and are of constant
size (Chakraborty 1986; Dupanloup ef al. 2004). Thus, these
methods also assume that the effects of genetic drift or
gene flow since the admixture event have been negligible
(Dupanloup et al. 2004), conditions that may or may not be
met among populations of S. fontinalis in this study. As a
consequence, we employed three different approaches
for estimating admixture proportions in CHE/PEP/RUP/
WAC/ALB. First, we ran STRUCTURE for each population
separately with individuals considered as unknowns to
cluster their individuals into a posteriori-defined major
groups, and ultimately to determine their Bayesian posterior
probabilities (mean of individual admixture proportions
q) of originating in each group. We then used abmix 2.0
(Dupanloup & Bertorelle 2001) to obtain conventional
admixture proportions based on allele frequencies in the
defined major groups (sensu Chakraborty 1986). These two
approaches did not take into account information regard-
ing the degree of molecular divergence between alleles
in the defined major groups. Consequently, we also ran
ADMIX to account for such information (in addition to allele
frequency differences) by computing the admixture coeffi-
cient (mY) of Bertorelle & Excoffier (1998) for CHE/PEP/
RUP/WAC/ALB. Under this model, molecular divergence
was estimated from the average squared difference in
allele sizes, and microsatellites were assumed to follow an
SMM (Bertorelle & Excoffier 1998).

Results

Microsatellite DNA diversity

The number of significant (P < 0.05) genotypic disequi-
librium tests between microsatellite loci pairs was lower
than expected by chance (13 of 441), supporting the
conclusion that all seven loci used were independent. Only
two samples deviated from HWE expectations (A4, global

Table 2 Mean single locus and multilocus pairwise estimates
rounded to three decimal places of Rgp, 85p and pRgp (95%
distribution of central pRg; values in parentheses) between 16
samples collected from outside of Lakes Mistassini/Waconichi/
Albanel following 2000 allele permutations (Hardy et al. 2003)

Locus Ogr Rgr PRgr (95% range)

SfoB52 0.307 0.164 0.265 (0.067—-0.445)
SfoC86 0.417 0.636* 0.397 (0.163-0.636)
SfoC88 0.189 0.180 0.171 (0.085-0.248)
SfoC113 0.295 0.258 0.284 (0.124-0.489)
SfoC129 0.302 0.376* 0.276 (0.104-0.371)
SfoD75 0.235 0.194 0.225 (0.086-0.389)
SfoD91 0.207 0.329* 0.203 (0.081-0.325)
Multilocus 0.277 0.331* 0.253 (0.167-0.330)

*Significance values at the P = 0.05 level.

heterozygote deficit; B5, global heterozygote excess), and
only five of 154 individual locus tests in samples displayed
significant departures from HWE (P < 0.05), with no
consistent patterns. Mean Hg and A among samples were
0.51 (range 0.28-0.64) and 4.2 (range 2.6-6.1) (Table 1),
while A was higher across all samples than within samples
(range 5-18; mean 10) (Fig. 4). No differences in AC were
detected among those samples with a minimum 7 =20
(one-way ANOVA; Fl506=137,P= 0.18) (Table 1).

Genetic differentiation

Global multilocus pairwise Rgp estimates among the
surrounding 16 samples were larger than the 95% range
of pRgr values (P = 0.007). The same trend was observed
when calculations were done using all 21 samples (data
not shown). Overall, this supported that Rg; > 8 in the
surrounding region, indicating a mutational component
to genetic differentiation based on allelic size variance
(Table 2). Namely, at individual loci with Rg; > 8¢y, alleles
5foC86*101 and SfoD91*220-240 were common in samples
from most Lake Saint-Jean drainages (B1-B9) and C1,
whereas SfoC86*116-119 and SfoD91*256-268 were common
to samples from Hudson/James Bay drainages (A1-A6:
Fig. 4). Relative to the 16 surrounding samples, similar
trends were observed at the same allelic suites for SfoD91
at the level of RUP/WAC vs. CHE/PEP/ALB, but allele
5foC86*101 was infrequent in all populations relative
to alleles SfoC86*116-119 (Fig. 4). The presence of both
‘Hudson/James Bay’ and ‘Lake Saint-Jean drainages/C1’
alleles in Mistassini Lake was also demonstrated at other
loci: there was a strong presence of allele SfoB52*219 shared
between CHE/PEP/WAC/ALB and samples from Lake
Saint-Jean drainages (B1-B9)/C1, and the presence of
alleles SfoD75*200-208 shared between CHE/PEP/RUP/
WAC/ALB and certain samples from Hudson/James Bay
(A3-A6) drainages (Fig. 4).

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509
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Table 3 Summary of results of combined Bayesian-clustering (STRUCTURE) for inferring k populations in the surrounding 16 samples
outside Mistassini/Waconichi/Albanel, including untransformed log-likelihood probabilities In[P(X | K)] and corresponding analyses of
molecular variance (AMova) based on allelic identity (Fg) and allelic size variance (Rgp) differences at each K. All variance components for
each K were significant at the P = 0.05 level and are expressed as proportions. Bold values represent the models of k where In[P(X | K] was
greatest (lowest negative values), and where the within-group component of variance (Fg-/Rgc) was minimized and the between-group

component of variance (F/Rr) maximized

STRUCTURE/AMOVA K In[P(XIK)]  Fg- Fer Rge Rer Inferred groups

2 -5509 0.124 0.185 0230 0.146 (Al1-A6; B1-B2) (B3-B9; C1)

3 -5256 0.113 0.188 0.162 0.201 (A1-A6; B1-B2) (B3, B6, B8, C1) (B4, B5, B7, B9)

4 -5084 0.121 0.174 0.127 0.239 (Al1-A6) (B1-B2) (B3, B6, B8, C1) (B4, B5, B7, B9)

5 —4948 0.116  0.178 0.152 0.202 (A1-A6) (B1-B2)(B6-B8) (B3, C1) (B4, B5, B9)

6 —4778 0.143 0.148 0.135 0.217 (A1-A6) (B1-B2) (B3) (B4, B5) (B6, C1) (B7-B9)

7 -4691 0124 0.164 0106 0.241 (A1-A3, A6) (A4-A5) (B1-B2) (B3) (B4-B5, B9) (B6, C1)(B7-B8)
8 —4487 0.103 0.183 0.093 0.251 (A1-A3, A6) (A4-A5) (B1-B2) (B3) (B4-B5) (B6, B8) (B7, B9) (C1)
9 —4570 0.091 0.195 0.102 0.240 Same as K = 8 but (B4) (B5, B9) (B7)

10 —4454 0.097 0.185 0.109 0.228 Same as K =8 but (A1, A6) (A2,A3) (B4) (B5, B9) (B7)

11 —4422 0.093 0.192 0.109 0.227 Same as K = 8 but (A1, A6) (A2,A3) (B4)(B5) (B7)(B9)

12 -5072 0.100 0.174 0.140 0.193 Same as K = 11 but (B6) (B8)

13 -5012 0.106 0.172 0.141 0.191 Same as K =11 but (B1) (B2) (B6) (B8)

Testing ancestral histories

Analyses for defining groups among the surrounding
16 samples revealed that in AMovas based on allelic size
variance (Rgy), the within-group component of variance
declined while the between-group component of variance
increased from K =2-8 (Table 3). Opposite trends were
observed from K = 9-13 (Table 3). Maximally differentiated
groups (where the within-group component of variance
was minimized and the between-group component of
variance maximized) were therefore realized at K = 8. The
same analyses using AMOvAs based on allelic identity
differences (Fg) were slightly more variable, but suggested
maximally differentiated groups at K = 9. These differences
between Rg;- and Fgr-based AMOVAs are not surprising
given their emphasis on different evolutionary forces
(mutation vs. drift), but we place more emphasis on AMOVAs
based on allelic size differences because of the mutational
component to genetic differentiation detected in the 16
samples. Untransformed log-likelihood probabilities for
models of K = 2-13 in STRUCTURE were highest (i.e. with the
lowest negative values) between K = 8-11 with a bimodal
distribution (Table 3). In such instances of weak discrimin-
ation between competing K, the suggested conservative
approach is to assume that the first mode of the distribution
(i.e. K = 8) is the most likely K (see Pritchard et al. 2000)
(Table 3). At K =8, individuals were also assigned to the
group in which they had been clustered (where their
admixture proportion g was greatest) at a mean rate of
90.4% (range 84.8—100%), and assignment success did not
improve at competing K (e.g. K =9: 90.4%; K = 10: 90.8%;
K =11: 88.4%; data not shown). Together, these results
justified the use of eight a posteriori-defined population

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509

groups in the surrounding region as the most conservative
approach to estimate admixture proportions for Mistassini
Lake populations, WAC and ALB.

Admixture proportion estimates were consistent with
the hypothesis of different origins for divergent popula-
tions in Mistassini Lake. Results from all three approaches
supported (i) segregation of outflow (RUP) and inflow
(CHE, PEP) populations into different groups; (ii) cluster-
ing of RUP with a group composed of samples collected
west of Mistassini Lake draining into Hudson/James Bay
(A1-A3, A6); and (iii) clustering of CHE and PEP princi-
pally into a group south-southwest of the lake comprised
of samples from the Ashuapmushuan drainage (B1-B2)
that drain contemporarily into Lake Saint-Jean (Table 4).
Admixture proportions in these respective groups were
particularly high (0.80-0.96) for RUP and more varied in
CHE and PEP depending on the approach employed (0.53 -
0.88; Table 4). Admixture proportions for ALB followed
similar trends as CHE and PEP (Table 4). Admixture pro-
portions for WAC were the most variable of any population,
clustering into different groups depending on the approach,
but there was nevertheless a clustering signal for the same
two groups as all other populations (A1-A3, A6 vs. B1-B2;
Table 4: I, II). A closer inspection of allele frequency
and molecular-based admixture proportions using AbMIx
revealed a number of admixture values that were either
>1 for WAC (Table 4: III) or less than 0 for other populations
(Table 4: II, III). Slightly negative values (up to —0.15) are
expected when a group is not a plausible source/parental
population (Dupanloup ef al. 2004). Larger negative values,
admixture proportions > 1, or large standard deviations
may occur when more complex exchanges have occurred
than simple admixture events, such as pronounced genetic
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Table 4 Admixture proportions of Mistassini Lake populations (RUP, PEP, CHE), Lake Waconichi (WAC), and Lake Albanel (ALB) for
originating from the eight groups defined in the surrounding region, based on three approaches: (I) Bayesian clustering using STRUCTURE
(Pritchard et al. 2000); (II) allele frequencies using aApbmix (Dupanloup ef al. 2002); (III) accounting for information regarding the degree of
molecular divergence between alleles (1Y) using Apbmix. Admixture proportions using STRUCTURE are the mean of individual admixture
proportions (Bayesian-based posterior probabilities ) within populations, and weighted averages across loci using apmix. Standard
deviations are denoted in parentheses. Bold values indicate the inferred group with the highest admixture proportion using each approach

Inferred group

Al1-A3,A6  A4-A5 B1-B2 B3 B4-B5 B6, B8 B7, B9 C1
I WAC  0.92(0.09) 0.01(0.02) 0.03(0.05 <0.01 <0.01 <0.01 0.02 (0.05) <0.01
RUP 0.80 (0.21) 0.03(0.04) 0.04(0.07) <0.01 0.04 (0.06) 0.02 (0.04) 0.06 (0.04) <0.01
CHE 0.04 (0.08) 0.02(0.02) 0.88(0.13) <0.01 0.01 (0.01) 0.01 (0.02) 0.03 (0.07) <0.01
PEP 0.12 (0.15) 0.07 (0.08)  0.57 (0.27) 0.03 (0.02) 0.04 (0.03) 0.04 (0.03) 0.13 (0.21) <0.01
ALB 0.05 (0.06) 0.05(0.06)  0.78 (0.21) 0.01 (0.03) 0.04 (0.09) 0.03 (0.06) 0.04 (0.09) <0.01
I WAC  0.42(0.33) -0.23(0.16)  0.43 (0.11) -0.15 (0.20) 0.24 (0.13) —-0.17 (0.15) 0.27 (0.19) 0.19 (0.09)
RUP 0.92 (0.13) -0.14 (0.08)  0.29 (0.08) —0.09 (0.05) 0.07 (0.08) —0.04 (0.07) —-0.01 (0.09) 0.00 (0.07)
CHE 0.27 (0.39) -0.15(0.21)  0.65(0.29) —-0.15 (0.12) —0.05(0.33) 0.23 (0.20) 0.13 (0.08) 0.07 (0.11)
PEP 0.37 (0.34) -0.05(0.17)  0.53(0.11) —-0.09 (0.10) -0.14 (0.12) 0.13 (0.14) 0.17 (0.20) 0.08 (0.07)
ALB 0.33 (0.57) —-0.04 (0.28)  0.64 (0.19) —-0.21 (0.16) 0.18 (0.20) 0.17 (0.24) -0.15 (0.31) —-0.02 (0.13)
I WAC  027(0.29) -0.17(0.29)  0.34(0.42) —1.04 (0.68) 1.01(0.72) —-0.52 (0.55) —-0.35 (1.48) 1.47 (1.68)
RUP 0.96 (0.16) -0.25(0.08)  0.35(0.07) —0.04 (0.05) 0.11(0.13) —0.04 (0.07) -0.10 (0.14) 0.01 (0.10)
CHE 0.16 (0.14) 0.01(0.12)  0.79 (0.22) -0.26 (0.25) 0.33(0.28) -0.35 (0.25) 0.03 (0.40) 0.29 (0.63)
PEP 0.10 (0.11) 0.05(0.09  0.73 (0.12) -0.21 (0.12) —-0.24 (0.21) 0.02 (0.17) 0.18 (0.22) 0.37 (0.53)
ALB 0.21 (0.12) 0.11(0.10)  0.94 (0.12) —-0.22(0.13) 0.48 (0.29) —-0.47 (0.15) —0.05 (0.18) 0.00 (0.23)

drift or additional gene flow (deviations of the admixture
model assumed in AbMIx; Dupanloup et al. 2004).

Discussion

Secondary contact of at least two ancestral groups;
congruence with geological history

Our genetic data confirmed that divergent outflow (Rupert)
and inflow (Cheno, Pepeshquasati) breeding populations
of Salvelinus fontinalis in Mistassini Lake do not have a
common origin. Divergent populations clustered into two
different population groups in surrounding drainages
based on three diverse admixture analyses of microsatellite
DNA. Clustering was neither weak nor random (i.e. there
was consistent segregation into two particular groups). It is
also unlikely that non-neutrality at some microsatellite loci
(Kashi & Soller 1999) has led to closer genetic relationships
of either outflow or inflow populations with outside
samples. Specifically, charr from different samples have
dissimilar life histories suitable for occupying physiologically
variable environments and presumably experience different
selective regimes (e.g. Al, A2 are anadromous; Mistassini
Lake populations are lake migratory; A6, B9 are non-
migratory). Furthermore, our results do not support that an
accumulation of many new microsatellite mutations in
sympatry has occurred since postglacial colonization (maxi-
mum 7000-8000 Bp or 17502000 generations). Indeed, the
most parsimonious explanation for the prevalence of the

same microsatellite alleles between many samples
collected from physically isolated drainages, coupled with
the low allelic diversity observed, is that part of the genetic
divergence observed between divergent populations in
Mistassini Lake precedes the formation of the lake.
Several possibilities could account for the contrasting
signals we observed between the strong allelic size vari-
ance subdivision at microsatellite DNA and mtDNA
monomorphism in Mistassini Lake populations. Based on the
work of Danzmann et al. (1998), divergent populations
sharing haplotype 1 of mtDNA assemblage ‘B’ could have
originated from two distinct glacial refugia or from different
ancestral populations within either refugium. Additionally,
because some degree of gene flow occurs between outflow
and inflow populations (Fraser et al. 2004), divergent popu-
lations may have had different ‘B’ assemblage haplotypes
in allopatry, with mtDNA introgression and hybridization
upon secondary contact. Neither these possibilities, nor
whether stochastic or selective loss of certain haplotypes
led to monomorphism of haplotype 1 in Mistassini Lake
and other northern regions, can be ascertained with our
data. However, they would not affect our interpretations
regarding different origins. Although we tentatively favour
colonization from two glacial refugia sharing ‘B” haplotypes,
either scenario implies that divergence times between
ancestral populations were relatively recent (Danzmann
et al. 1998), but long enough for substantial mutational
events at microsatellites to occur. Both Bernatchez &
Dodson (1991) and Danzmann et al. (1998) have argued

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509
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that historical isolation of recently derived haplotype
mtDNA assemblages in eastern North American fresh-
water fishes (including ‘B’ in S. fontinalis) likely resulted from
the Wisconsian glacier advance (100 000 B, peak 18 000 Bp;
Denton & Hugues 1981).

The scenario that at least two ancestral groups colonized
Mistassini Lake is also supported by a sequence of known
outflow direction changes during the lake’s formation
(7000—-8000 Bp: Fig.2; Bouchard 1980). An initial south-
southwest discharge would have permitted a first colon-
ization from this direction and is supported by the genetic
clustering of inflow populations (Cheno, Pepeshquasati)
and Lake Albanel with Ashuapmushuan River drainage
samples. The subsequent shift to a west outflow direction
(a process of several hundred to a thousand years; A.
Bouchard, personal communication) would have facilitated

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509

dispersal to the lake by a second ancestral group from this
direction and is consistent with the close genetic affinities
of the outflow population (Rupert) to samples west of
Mistassini Lake. Presumably at this same time, the first
ancestral group evolved to inhabit available habitat in the
southwestern portion of the expanding lake basin, thereby
permitting it to later colonize inflows (northeast rivers)
and Lake Albanel once glaciers had receded (Fig. 2II, III).
In agreement with this scenario, inflow populations were
more similar to Lake Albanel than to the outflow popula-
tion, despite a contemporary barrier (waterfall) to gene
flow between the two lakes (Flick 1977; Bouchard 1980).
The clustering of Lake Waconichi into the same group as
the outflow population (Bayesian approach) is one dis-
crepancy to our colonization scenario, and it was perhaps
allelic fixation at two of seven microsatellite loci employed
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in this lake (SfoC86 and SfoC88) that contributed to this pat-
tern (and to the overall discrepancies between different
admixture models in this population).

Although we believe that our conclusions regarding dif-
ferent ancestral affinities for outflow and inflow popula-
tions are conservative, it could be argued that a group that
was polymorphic for a wide range of alleles colonized
Mistassini Lake and that genetic drift under limited gene flow
made them appear to have different origins by chance.
However, it is very unlikely that stochastic genetic drift
would be responsible for creating similarity with other
populations from outside the lake. On the other hand,
ongoing gene flow within divergent population groups
(i.e. between inflow populations) might have given the
impression that they originated from the same ancestor
when they did not. For instance, it could be that Pepesh-
quasati and Rupert originated from the same ancestral
group but that subsequent gene flow between Cheno and
Pepeshquasati made these latter two appear more similar.
Clearly, the extent of admixture was different among
inflow populations. Furthermore, both admixture analyses
and allele frequency distributions at each of the seven loci
suggested overall that the inflow populations were likely
more admixed between the divergent lineages in the lake
than the outflow population, the latter appearing to represent
a more ‘pure’ lineage from a Hudson/James Bay ancestor.
Consequently, one must be cognizant of the assumptions
underlying the admixture analyses employed (see Materials
and methods). Additional investigation into admixture
proportions within inflow populations especially, using
larger numbers of loci and greater sample sizes from out-
side populations, would thus be beneficial.

The potential role of history in divergence

Because S. fontinalis populations in Mistassini Lake have
different origins, history may have contributed to their
divergence. Where secondary contacts are known in other
divergent north temperate fish fauna, the general view is
that much of the differentiation (particularly phenotypic)
has likely occurred from selective processes in sympatry
(Taylor 1999; Bernatchez 2004). For instance, equilibrium
conditions for phenotypic traits have probably been reached
since postglacial colonization (Hendry et al. 2002; Bell
2004). Furthermore, ancestral populations appear to have
been initially more similar in phenotype upon secondary
contact, with differences in ecology or morphology arising
or at least being magnified in sympatry (Thompson ef al.
1997; Taylor 1999; Lu et al. 2001).

From this standpoint, one question in Mistassini Lake
remains. Given that the outflow was available for colon-
ization well before inflows, why did fish from the first
colonizing ancestral group not colonize the outflow (as these
fish were obviously capable of colonizing several other

areas)? It may be that inflows and outflows are divergent
enough environments that colonization and adaptation of
the outflow by inflow ancestors was difficult. For instance,
outflows and inflows typically differ in thermal and flow
regimes (Carmack et al. 1979; Burger et al. 1997). Alter-
natively, inflow ancestors may in fact have colonized the
outflow, but were out-competed by outflow ancestors once
these fish colonized the region. Either case would suggest
that outflow and inflow ancestors had at least some pre-
existing features that permitted them to successfully colon-
ize their respective environments in Mistassini Lake. In
parallel, intraspecific differences in colonization potential
for occupying different environments are known in another
north temperate fish species. Sockeye salmon (Oncorhynchus
nerka) use lakes for spawning and are commonly charac-
terized by outflow, inflow, and shoreline-spawning
forms (Burger et al. 1997, 2000). In a previously unoccupied
lake, Burger et al. (2000) showed that following introduc-
tions of external outflow, inflow, and shoreline-spawning
populations, it was predominantly shoreline and inflow
forms thatled to the successful colonization and populating
of shoreline and inflow breeding areas, respectively.

The different littoral zone feeding habitats of outflow
and inflow populations were also strongly associated with
their ancestors’ colonization directions. Inflow populations
dominated the distinctive middle island chain and south
shore, while the outflow population was more restricted to
the area west and southwest of its river mouth (Fraser &
Bernatchez 2005). Thus, even if outflow and inflow ances-
tors were largely identical upon colonizing Mistassini
Lake, the mode of divergence in sympatry (i.e. habitat use,
short vs. long migrations) may have been affected by the
nature of colonization (i.e. direction and timing). Indeed,
the formation of new habitats within postglacial lakes
likely initiated episodes of directional selection for colon-
izing fish (McPhail 1993; Schluter 1996). Assuming this was
the case in Mistassini Lake, the response to selection acting
on habitat use and foraging behaviour within initial areas
colonized by first colonizers (inflow ancestors) may have
provided fitness advantages that facilitated their colon-
ization of these same habitats as further lake expansion
occurred in a northeast direction, while limiting access for
later colonizers (outflow ancestors).

Conclusions

Our study yields two significant findings. First, based
on microsatellite DNA, our results demonstrate that
divergent outflow and inflow populations of Salvelinus
fontinalis in Mistassini Lake do not have a common origin,
despite being monomorphic at mtDNA. This serves as
a cautionary reminder that monomorphism at mtDNA
isinsufficient evidence to infer a common ancestry and
thus the origin of divergent populations found in specific

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1497-1509
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systems (i.e. lakes) (see also: Taylor 1999; Lu et al. 2001).
Second, our results suggest that differential colonization
potential of ancestral populations and/or the nature of
colonization (i.e. direction and timing) could have affected
the mode of divergence in sympatry. Thus, although
Mistassini Lake populations share common elements with
other north temperate freshwater fish species with respect
to their environmental regimes and evolution (broadly
speaking: alternative niche use resulting from natural
selection), history may have also promoted unique
ecological interactions.
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