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Abstract

In this study, we investigate the relative role of historical factors and evolutionary forces
in promoting population differentiation in a new case of sympatric dwarf and normal eco-
types of the rainbow smelt (

 

Osmerus mordax

 

 Mitchill) in Lac Saint-Jean (Québec, Canada).
Our first objective was to test the hypothesis that the evolution of sympatric smelt ecotypes
in Lac Saint-Jean has been contingent upon the secondary contact between two evolution-
ary lineages in postglacial times. Secondly, the 

 

Q

 

ST

 

 method was applied to test the null
hypothesis that the extent of phenotypic differences relative to that of neutral marker vari-
ation would be similar in comparisons involving populations within and among ecotypes.
Thirdly, we applied a quantitative-genetic method as an exploratory assessment as to
whether the amount of gene flow observed between populations could affect divergence
in adaptive traits under specific conditions. This study revealed a unique situation of dwarf
and normal smelt ecotypes that are, respectively, characterized by selmiparous and itero-
parous life histories and the occurrence in each of two genetically distinct populations that
synchronously use the same spawning habitat in two tributaries. Historical contingency
has apparently played little role in the origin of these populations. In contrast, an important
role of divergent natural selection in driving their phenotypic divergence was suggested.
While divergent selection has apparently been strong enough to maintain phenotypic dif-
ferentiation in the face of migration, this study suggests that gene flow has been suffi-
ciently important to modulate the extent of adaptive differentiation being achieved
between ecotypes, unless the extent of stabilizing selection acting on smelt ecotypes is
much more pronounced than usually reported in natural populations.

 

Keywords

 

:

 

 

 

adaptive radiation, ecotypes, gene flow, microsatellite, population divergence, selection 

 

Received 21 July 2002; revision received 14 October 2002; accepted 14 October 2002

 

Introduction

 

Elucidating the causes of population divergence, and
ultimately speciation, is a central objective of evolutionary
biology (Schluter 2000; Barton 2001). The importance of
understanding evolutionary processes for conservation
biology is also increasingly acknowledged (Rosenzweig
2001; Palumbi 2001; Western 2001). Of particular relev-
ance is the deciphering of the relative role of historical
contingency (e.g. biogeographical context), and that of the
deterministic interactions between evolutionary processes

(e.g. antagonistic interactions between natural selection
and gene flow) in shaping diversity (e.g. Losos 

 

et al

 

. 1998;
Taylor & McPhail 2000; Mayr 2001; Hendry 

 

et al

 

. 2002).
Over the last several years, north temperate freshwater

fish have gained popularity as model systems to assess
processes that promote evolutionary novelties (reviewed
in Robinson & Schluter 1999). Of particular interest is the
occurrence of sympatric and parapatric ecotypes that are
morphologically similar but remain partially reproduc-
tively isolated (Taylor 1999). This phenomenon predom-
inates in salmonid fish, but also exists in other families,
including Gasterosteidae, Osmeridae, Centrarchidae and
Catostomidae. It has commonly been reported that similar
patterns of niche differentiation and associated patterns of
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body shape, behaviour and life history traits are shared
across these groups (e.g. Schluter & McPhail 1993; Robinson
& Wilson 1994; Schluter 1996; Smith & Skùlason 1996). This
has led to the general acceptance that their diversification
has been driven by the same selective processes, namely
that resource-based natural selection is the primary force
driving the divergence and reproductive isolation of these
populations (e.g. Robinson & Schluter 1999; Schluter 2000).

A critical look of the existing literature, however, indi-
cates that patterns and causes of diversification in north
temperate sympatric fish ecotypes may be more diversified
than commonly reported. For instance, members of the two
most studied cases of ‘limnetic-benthic’ sympatric pairs,
the three-spine stickleback (

 

Gasterosteus

 

 sp.) and whitefish
(

 

Coregonus

 

 sp.), differ substantially in their patterns of
differentiation. Sympatric species of stickleback strongly
segregate in habitat use between the shallow littoral and
deeper pelagic zone (Taylor 

 

et al

 

. 1997), whereas habitat
partitioning is much more variable, and sometimes non-
existent in whitefish, despite pronounced differences in
trophic resource use (Bodaly 1979; Bernatchez 

 

et al

 

. 1999).
Average adult size and age at maturity are relatively sim-
ilar between sympatric stickleback when contrasted to a
10-fold difference in adult size and nonoverlapping age
at maturity in sympatric whitefish ecotypes (Fenderson
1964). The role of evolutionary forces in shaping popula-
tion divergence in north temperate fish has also often been
assumed rather than empirically investigated, except for a
few taxa (e.g. see Schluter 2000). This may potentially lead
to erroneous interpretations, for instance when inferring
the role of selection in phenotype–environment associ-
ations (Turgeon 

 

et al

 

. 1999). To date, empirical tests for the

role of divergent natural selection in promoting pheno-
typic divergence between sympatric fish ecotypes have
been performed for stickleback (reviewed in Schluter
2000), pumpkinseed 

 

Lepomis

 

 sp. (Robinson 

 

et al

 

. 1996) and
whitefish (Bernatchez 2003) only. There is also little con-
sensus regarding the role of historical contingency as a
necessary factor towards the initiation or development of
population divergence. For instance, the hypothesis that
sympatric divergence is the most plausible explanation for
stickleback evolution was accepted until recently (Taylor &
McPhail 1999), yet the most recent analyses supported the
hypothesis that their sympatric evolution was contingent
upon double invasions of postglacial lakes by ancestral
marine populations (Taylor & McPhail 2000). This is con-
cordant with the observation for whitefish, where second-
ary contact between distinct evolutionary lineages appears
necessary to explain the occurrence of sympatric ecotypes
in several lakes, but not in others (Bernatchez & Dodson 1990;
Pigeon 

 

et al

 

. 1997; Douglas 

 

et al

 

. 1999). These observations
implicate the necessity of empirically documenting patterns
and causes of population diversification among other species
complexes to contribute towards a better understanding of
the mechanisms that generate diversity in northern fish.

In this study, we investigate the relative role of historical
factors vs. evolutionary forces (natural selection, genetic
drift and gene flow), in promoting population differenti-
ation in the rainbow smelt (

 

Osmerus mordax

 

 Mitchill). In
order to achieve this, we performed a combined analysis of
life history, morphological and genetic differentiation in a
new case of sympatric dwarf and normal smelt ecotypes in
Lac Saint-Jean (48

 

°

 

45

 

′

 

N, 72

 

°

 

15

 

′

 

W, Québec, Canada, Fig. 1).
This lake, a large oligotrophic reservoir (1053 km

 

2

 

) with

Fig. 1 Location map of Lac Saint-Jean
(shaded area in the inset map), showing
sampling locations (stars) near the mouth
of the Ashuapmushuan and Peribonka
rivers.
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mean and maximal depths of 12 m and 63 m, respectively,
was formed following the retreat of the Laflamme Sea
between 10 300 and 8700 years 

 

bp

 

 (Elson 1969). Coloniza-
tion of the lake by smelt most likely occurred during the
same time frame (Bernatchez 1997).

Previous phylogeographical studies of mitochondrial
DNA variation have shown that two distinct lineages of
smelt evolved in allopatry for several hundred thousands
of years, and subsequently came into contact in the nearby
St Lawrence estuary where they remained reproduct-
ively isolated (Baby 

 

et al

 

. 1991; Taylor & Bentzen 1993a;
Bernatchez & Martin 1996; Bernatchez 1997). A first specific
objective of this study was therefore to test the hypo-
thesis that the evolution of sympatric smelt ecotypes in Lac
Saint-Jean has been contingent upon the secondary contact
between two evolutionary lineages in postglacial times.

Lac Saint-Jean is also special for the occurrence of both
dwarf and normal smelt that synchronously use the same
riverine spawning habitats. However, this observation has
never been formally documented. We therefore tested for
the occurrence of ecotypes in the lake and further assessed
the possible role of divergent selection in maintaining
differences between ecotypes by contrasting the extent
of gene flow and phenotypic differentiation within and
between spawning habitats. Theory predicts that diver-
gence at quantitative traits should be similar to that of
allele frequencies at nuclear loci, if they are evolving neu-
trally and have an additive genetic basis (Wright 1951).
Under the influence of migration, mutation and genetic
drift, the among-population proportion of total genetic
variance in phenotypic traits is therefore expected to equal
that of nuclear marker loci (Lande 1992). As an indirect
method for detection of natural selection, one can therefore
compare the extent of population differentiation at quanti-
tative traits (

 

Q

 

ST

 

) with that quantified at neutral molecular
markers (

 

F

 

ST

 

) (Spitze 1993; Merilä & Crnokrak 2001;
McKay & Latta 2002). The prediction is that divergent
selection will cause 

 

Q

 

ST

 

 to be larger than the differentiation
observed on the basis of neutral marker variation. The 

 

Q

 

ST

 

method was therefore applied to test the null hypothesis
that the extent of phenotypic differences relative to that of
neutral marker variation would be similar in comparisons
involving populations within and among forms.

 

Materials and methods

 

Study site and sampling

 

Sampling was conducted during spawning times in May
1998 and 1999, using 30 

 

×

 

 1.8 m gillnets, comprising three
panels of 1.25, 2.00 and 2.50 cm stretched mesh size. Nets
were set out overnight at the mouth of the two main tributaries
where smelt are known to spawn: the Ashuapmushuan
and Peribonka rivers (Fig. 1). Fish were measured, weighed,
aged from scale analyses, and their stage of gonad develop-
ment was estimated according to Nikolskii (1963). Only fish
that had reached stage 4 and more (near spawning condi-
tions or spent) were kept for subsequent analyses (Table 1).
White muscle biopsies were preserved in 95% ethanol for
DNA analyses, whereas entire fish were individually frozen
for subsequent morphological analysis.

 

Morphological analysis

 

Fish were filmed with fins extended on the left side against
a light-blue background using a Sony camcorder equipped
with a 50-mm macro-lens. Video images were analysed
using the software 

 

optimas

 

 (version 2.0). Bi-dimensional
coordinates were obtained for 15 homologous landmarks
to calculate 10 morphometric variables as detailed in Turgeon

 

et al

 

. (1999). Four additional morphometric variables were
measured using a digital calliper (0.01 mm): the inter-orbital
width, mandible length, maxillary width and maxillary
length. Three gill-raker variables were measured with a
micrometer under a dissecting scope on the first left gill-
raker arch: length of the lower (LGL) and the upper gill
arch (UGL) and the mean length of the first and third most
posterior rakers of the lower arch (GRL). Rakers were
counted on the lower (LGR) and the upper (UGR) arch, and
the total count (TGR) was considered for analysis. The
intergill-raker space was estimated as (LGL + UGL)/
((LGR + UGR) 

 

− 

 

1) (Turgeon 

 

et al

 

. 1999). The univariate
residual method was used to adjust each morphometric
character for size heterogeneity among individuals (Reist
1985; Fleming 

 

et al

 

. 1994). We first tested for the between
group homogeneity of the regression relationship with an

 

ancova

 

. As no significant differences in slope was detected

 

 

Sample name Life history

Sample size 

Morphology mtDNA Microsatellite

Ashuapmushuan-98 (Dwarf) 30 51 61 87
Ashuapmushuan-98 (Normal) 54 54 60 82
Peribonka-98 (Dwarf) 30 51 60 62
Peribonka-98 (Normal) 50 70 70 67
Peribonka-99 (Normal) 60 60

Table 1 Sample name and sample size
used for the analyses of life history traits,
morphology, mitochondrial DNA (mtDNA)
and microsatellite loci
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in the between group relationship, the overall pooled sample
linear regression line describing the relation between each
variable and the fork length were established, and the
shape variates was defined from the regression residuals.
Maxillary angle, total gill-raker count and size-adjusted
morphometric data were analysed multivariately using
the discriminant function analysis. All statistical analyses
were performed using 

 

statistica

 

 (1994) software, version
7.0 (Statsoft).

 

Genetic analysis

 

Total DNA was extracted from the muscle tissues using a
standard proteinase K phenol-chloroform protocol (Sambrook

 

et al

 

. 1989). The glacial origin (Atlantic or Acadian lineage,

 

sensu

 

 Bernatchez (1997)) of each fish was established by a
PCR-RFLP analysis of the mitochondrial genome (mtDNA)
performed using two restriction endonucleases that generated
diagnostic fragment patterns between lineages (Pigeon 

 

et al

 

.
1998). Briefly, a 2.4-kb segment encompassing the ND5 and
ND6 subunits of NADH dehydrogenase was amplified
using primers developed by Cronin 

 

et al

 

. (1993) and digested
with 

 

Apa

 

I and 

 

Dde

 

I. MtDNA fragments were separated on
1.2% agarose gels at 90 V run for 5 h. Restriction fragments
were revealed by ethidium bromide staining. Smelt known
to possess a mtDNA haplotype characteristic of either the
Atlantic or Acadian lineage (Bernatchez 1997) were run on
each gel as positive controls.

The extent of genetic differentiation and gene flow
between ecotypes on each spawning ground was assessed
using six microsatellite loci. Four of these were developed
in this study and two were developed for the Eulachon
(

 

Thaleichthys pacificus

 

) by McLean & Taylor (2001) (Table 2).
Rainbow smelt specific loci were developed as detailed
in Wirth 

 

et al

 

. (1999). Microsatellite polymorphism was
analysed using the fluorescent dye detection method. One

primer of each locus was 5

 

′

 

-labelled with three different
fluorescent dyes; HEX (yellow) for 

 

OSMO-Lav 12

 

 and

 

OSMO-Lav 157

 

, TET (green) for 

 

OSMO-Lav 45

 

 and 

 

TPA 14

 

and 6-FAM (blue) for 

 

OSMO-Lav 16

 

 and 

 

TPA 26

 

. PCR was
carried out in a 10-mL reaction volume containing 1 unit of
Taq polymerase, 1.0 mL of reaction buffer (10 m

 

m

 

 Tris-
HCL [pH 9.0], 1.5 m

 

m

 

 MgCl

 

2

 

, 0.1% TritonX-100, 50 m

 

m

 

KCl), 750 mmol of dNTPs, between 25 and 50 ng template
DNA and 0.03 pmol of each primer. A PCR duplex (for

 

OSMO-Lav 12

 

–

 

OSMO-Lav 16

 

, and 

 

TPA 14–TPA 26

 

) and
simplex (for 

 

OSMO-Lav 45

 

 and for 

 

OSMO-Lav 157

 

) was
performed in a Perkin-Elmer 9600 thermocycler (version
2.01) with the following profile: an initial denaturing step
of 5 min at 95 

 

°

 

C, followed by 30 cycles of 30 s at 94 

 

°

 

C, 30 s
at annealing temperature and 30 s at 72 

 

°

 

C. Samples were
heated to 95 

 

°

 

C for 5 min and chilled on ice prior gel load-
ing. Electrophoresis procedures were conducted on a
denaturing 5% polyacrylamide gel with an ABI 377 auto-
mated sequencer/gene scanner for 2 h at 3000 V. Allelic
size was determined (using 

 

genescan

 

 software version
2.1; AppliedBiosystems 1996a) by reference to the internal
sizing standard and by comparison with the same stand-
ard sample of known allelic size that was run on each gel.
The final scoring of allelic size and tabulation of data for
each locus were conducted with the 

 

genotyper

 

 software,
version 2.0 (AppliedBiosystems 1996b).

Genetic polymorphism was quantified by the number
of alleles per locus (

 

A

 

), observed heterozygosity (

 

H

 

O

 

), and
unbiased gene diversity (

 

H

 

E

 

) using the 

 

genetix

 

 software,
version 4.02 (Belkhir 

 

et al

 

. 2000). Samples were tested for
conformity with Hardy–Weinberg equilibrium under the
alternative hypotheses of heterozygote excess or heterozygote
deficiency using the score test (U-test) described in Rousset
& Raymond (1995). Global tests across loci and across
samples were also performed using 

 

genepop

 

 version
3.1d (Raymond & Rousset 1995). The null hypothesis of no

 

Name Motif Primer sequence (5′–3′)
Cloned 
allele (pb) Ta (°C)

OSMO-Lav 12 (GT)37 1: CTG TAA TAT TCC ACTGCT GC 164 55
2: CAA GTA GAC AGT AGG GAGA

OSMO-Lav 16 (GT)15 1: GGA TCT TGG ATG AGA ACA T 92 55
2: GGC TCT TTC ATT ACA CAG G

OSMO-Lav 45 (CT)33 1: CTG TTG ATA GAT TGG CAT C 201 55
2: CCC ATT CAA TTA GAC AGT G

OSMO-Lav 157 (GT)33
AAGAGA(GT)7

1: CTT GCT TAT GTA AAG GTG GG 246 55
2: GAT CCA CCA GTT CTC ACA

Tpa-14 1: AGA GGC GCA GAT GAA GAG 57
2: CAC GTT GCC GTG GTA ATG C

Tpa-26 1: AGG ACT GGC GTG GGA AAT 57
2: CTG CAC TGC TGT CTG GAG AA

Table 2 Microsatellite primer sequences,
annealing temperature, characteristic of
the main continuous repeat region in each
cloned allele, and cloned allele size for
rainbow smelt primers (OSMO-Lav). De-
tails for the Tpa-loci are provided in McLean
& Taylor (2001)
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difference in allelic frequency distribution at each locus
between all sample pairs was tested using the Markov
chain method to obtain unbiased estimates of Fisher’s exact
test through 1000 iterations (Guo & Thompson 1992) avail-
able in genepop 3.1d. Probability values over all loci were
obtained by the Fisher method (Sokal & Rohlf 1995). The
extent of genetic differentiation between samples was esti-
mated from the estimator θ (Weir & Cockerham 1984) of
FST using F-stat 1.2 (Goudet et al. 1996). As it has been
shown that the performance of differentiation statistics
varies under specific contexts (Balloux & Goudet 2002), we
also computed population divergence estimates using
allelic size variance (RST) according to Goodman (1997).
The 95% confidence intervals were estimated by bootstrap-
ping over loci (1000 replicates) and probability values were
determined by 1000 permutations. Statistical significance
in the above tests was adjusted for multiple comparisons
using sequential Bonferroni adjustments (Rice 1989). Gene
flow was assessed by the effective number of migrants per
generation (Nem) between forms within a river and within
forms among rivers using two methods: (i) Wright’s for-
mula: FST = 1/(1 + 4Nem); and (ii) Slatkin’s private allele
method (Slatkin 1985) as implemented in genepop 3.1d.
Although those estimators are based on several assump-
tions that may not be met in Lake Saint-Jean (e.g. symmetry
of migration rates and equal population size) (Whitlock &
McCauley 1999), they still provide a useful basis for rela-
tive comparisons, especially when gene flow is pronounced
(Slatkin 1987; Neigel 2002).

QST–FST comparisons

The hypothesis that the differentiation between smelt
ecotypes is driven by divergent natural selection was tested
by comparing the extent of differentiation at phenotypic
traits (QST) with that of neutral expectations quantified at
microsatellite loci (FST). Phenotypic variance was used as a
surrogate for additive genetic variance (e.g. Kremer et al.
1997; Merilä et al. 1997; Bernatchez 2003; see also Discussion)
for the five morphological traits that significantly differed
between ecotypes (see Results) to test the null hypothesis
that QST estimated from these traits did not significantly
differ from FST estimated at microsatellite data. Components
of phenotypic variance were estimated by performing an
analysis of variance using statistica. The phenotypic
variance was equal to twice the observational component
of variance for individuals within populations and was used
as a surrogate for 2σ2

GW  . The phenotypic variance between
populations was equated to the observational variance
component for populations and was used as a surrogate
for σ2

GB. QST values were calculated for each individual trait,
averaged across traits, and contrasted with multilocus
θ values. Values were considered significantly different
when their 95% confidence intervals did not overlap.

Results

Life history trait variation

Field survey with gillnet fishing and electo-fishing of
spawning fish indicates that normal and dwarf ecotypes
synchronously use the same riverine spawning habitat in
both the Ashuapmushuan and Peribonka river (Michel
Legault, unpublished data). The spatial distribution and
the gonad development synchronicity of spawning fish of
both ecotypes within each river were similar. Furthermore,
the spawning habitat location and the synchronicity of
spawning of both ecotypes has been confirmed by a survey
of newly larval drift. A strong multimodal distribution of
spawning fish was observed in both the Ashuapmushuan
and Peribonka rivers (Fig. 2). The first size mode included
fish measuring between 60 and 100 mm in length (mean of
85 mm in the Peribonka and 83 mm in the Ashuapmushuan),
and did not overlap with a second size mode that comprised
fish measuring between 120 and 255 mm (mean of 187 mm
in the Peribonka and 157 mm in the Ashuapmushuan). We
refer to fish of the 60–100 mm mode and those > 120 mm,
as group I and group II, respectively. A highly significant
difference in size at a given age was observed between

Fig. 2 Length frequency distribution for dwarf (grey) and normal
(cross-hatched) smelt ecotypes captured in 1998 in the Ashupmu-
shuan (top panel) and the Peribonka (lower panel) rivers.
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the two groups. In both rivers, 100% of group I were 2-
years-old, and these were significantly smaller than group
II fish of the same age (Fig. 3). In the Peribonka river, mean
size of group I was 85 mm (range: 79–93 mm), and that of
2-year-old fish in group II was 143 mm (range: 129–
219 mm) (t = −16.62; P < 0.0001). In the Ashuapmushan
river, the mean size of group I was 83 mm (range: 76–
86 mm), and that of 2-year-old fish from group II was
140 mm (124–162 mm) (t = 17.51; P < 0.0001). In contrast to
group I, group II fish included fish from several age classes
in both rivers (three in the Ashuapmushuan and four in the
Peribonka river; see Fig. 3). Overall, the mean age of group
II spawning smelt was 2.48 years in the Ashuapmushan
river and 3.06 years in the Peribonka river. In summary,
there were two distinct life history forms of smelt that
reproduced within each river: a semelparous and slow-
growing, and an iteroparous and fast-growing form. By
definition (sensu Chouinard et al. 1996), we are referring
to these as dwarf and normal smelt ecotypes in the rest of
the paper.

Morphological differentiation

The discriminant function analysis showed that the morpho-
logy of dwarf and normal smelt significantly differed within
both rivers lending to a posteriori reclassification success
of 98% in each river (Fig. 4). Five variables that showed
significant F-values in both rivers were indications of the
most important discriminant functions: the total number of
gill-rakers, the maxillary angle, the eye area, the maxillary
length and the intergill-raker spacing (Table 3). The most
discriminating trait was the number of gill-rakers. In both
rivers, dwarf smelt were consistently characterized by a
higher number of gill-rakers, a more pronounced maxillary
angle, larger eye area, a smaller mouth and less space between
gill-rakers. Morphological differences were much less
pronounced between either dwarf or normal populations
from different rivers. When separately analysing samples
of the two ecotypes, the reclassification success of a posteriori
test was 40% and 48% between populations of dwarf and
normal smelt, respectively.

Genetic differentiation

Mitochondrial DNA (mtDNA).  A total of 309 out of 312 fish
analysed possessed mtDNA typical of Atlantic lineage as
defined by Pigeon et al. (1998). These fish were characterized
by the following fragment patterns: ApaI (1700 bp and
700 bp); DdeI (800 bp, 400 bp, 325 bp, 275 bp, 250 bp and
150 bp). The other three fish (all normal smelt from the
Peribonka river) showed fragment patterns typical of
the Acadian lineage of smelt: ApaI (one fragment 2400
bp); DdeI (700 bp, 500 bp, 325 bp, 275 bp, 250 bp and
150 bp).

Microsatellite loci

No obvious dichotomy in allelic composition was observed
between dwarf and normal smelt (Table 4). For instance,
the allelic size range (AR), the most common allele at each
locus (AC) and its frequency (FC) were as similar between
dwarf and normal samples as between samples of the same
form. The pattern of allelic size distribution did not reveal
evidence of multimodal size distribution for any loci that
could also indicate distinct historical origin (e.g. Lu et al.
2001) of smelt from different ecotypes (Fig. 5).

Hardy–Weinberg (H-W) expectations for genotype
frequencies in each sample and across all loci were rejected
for three of the five samples. Departures from equilibrium
were caused by OSMO-Lav 45, which was the only locus
that significantly deviated from the H-W expectation
(significant deficit) in all three samples. This locus was
the most variable, and had the widest allelic size range
(Table 4). It is therefore more likely that the overall deficits
in heterozygotes observed in three samples was caused
by the nonamplification of the largest alleles and/or the
occurrence of null alleles at OSMO-Lav 45 than popula-
tion admixture (Wahlund’s effect) or other biological causes.

Fig. 3 Relationships between length (in mm) and age for dwarf
(grey triangles) and normal (cross-hatched ovals) smelt ecotypes
captured in 1998 in the Ashupmushuan (top panel) and the
Peribonka (lower panel) rivers. Vertical bars show the range of
values observed in each group.
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All samples differed in their allelic composition at three
or four loci, except the two temporal samples of normal
smelt in the Peribonka River (Table 5). Consequently,
homogeneity tests of allele frequency distributions re-
vealed significant differences following sequential Bon-
ferroni corrections in all pairwise sample comparisons,

except between these temporal samples. This provided evid-
ence that dwarf and normal smelt ecotypes within each
river represented genetically distinct populations. The lack
of significant differences between the temporal samples of
normal smelt in the Peribonka River also indicated that the
allelic composition was temporally stable, at least in that

Fig. 4 Distribution of Lac Saint-Jean smelt
individuals in the multivariate space
defined by the first and second dis-
criminant root function describing variation
of morphological trait. s: Peribonka-
98Dwarf; : Ashuapmushuan-98Dwarf; n:
Ashuapmushuan-98Normal; : Peribonka-
98Normal. CAd, CAn, CPd and CPn refer
to x and y coordinates of the centroid
position (C) for each population.

Table 3 Summary of the discriminant function analysis for morphometric and meristic variables of dwarf and normal smelt ecotypes. F-
values larger than one are considered as contributing to the discriminant function. Asterisks indicate significant P-values (α = 0.05). Size
for morphometric traits are standardized to 180 mm fork length
 

Ashuapmushuan Péribonka

Standardized 
size F-values

Test wise
P-values

Standardized 
size F-values

Test wise
P-values

Morphometric traits Dwarf Normal Dwarf Normal

Head length 28.52 29.81 2.951  0.088 28.43 29.74 1.056  0.206
Head depth 25.64 25.54 0.945  0.965 25.56 25.49 1.564  1.134
Snout length 24.57 24.32 0.838  0.645 23.94 24.26 0.857  0.702
Eye area 20.21 17.23 13.082 < 0.001* 19.84 16.85 15.072 < 0.001*
Eye height 2.31 2.53 1.652  0.254 2.22 2.25 0.952  0.599
Pectoral fin length 27.45 27.12 1.887  0.171 27.89 28.02 1.165  0.355
Maxillary length 18.15 20.21 7.034 < 0.001* 17.94 20.35 6.023 < 0.001*
Body depth 30.12 30.56 0.883  0.451 31.21 31.16 0.895  0.424
Peduncular height 15.89 15.10 0.969  0.408 16.23 15.98 1.000  0.353
Maxillary angle 27° 23° 13.378 < 0.001* 27° 23° 13.343 < 0.001*
Interorbital width 6.67 7.12 1.582  0.104 6.52 7.20 1.156  0.124
Mandible length 22.56 23.23 0.997  0.756 22.64 23.11 0.982  0.712
Maxillary width 2.81 2.94 1.149  0.285 2.88 3.06 1.254  0.288
Intergill-raker spacing 0.67 0.84 10.081 < 0.001* 0.64 0.86 11.128 < 0.001*

Meristic trait
Gill-raker counts 32 31 19.549 < 0.001* 32 31 18.649 < 0.001*
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population. Heterogeneity in allele frequency translated
into θ estimates that were significantly different from zero
between dwarf and normal smelt within each river
(Table 6). The extent of differentiation based on RST was
comparable with that based on θ estimates, although RST
values tended to be smaller, as reported by Balloux &
Goudet (2002) in situations of high gene flow. An amova
(analysis of molecular variance; Excoffier et al. 1992)
showed that the extent of genetic variance attributable to
genetic differences between populations of different eco-
types from a same river (1.34%, P < 0.0001) was low and
very similar to that observed between populations of the

same ecotype from different rivers (1.15%, P < 0.0001). The
modest levels of genetic differentiation observed between
dwarf and normal smelt populations translated into high
gene flow estimates, although absolute estimates varied
among the two methods used (Table 6). The most import-
ant observation, however, was that the extent of gene flow
between ecotypes within rivers was almost as pronounced
as that observed between populations of a given ecotype
between rivers. Thus, the ratio of between-populations-
within-river/between-populations-within-ecotype varied
between 0.76 and 0.81, depending on methods for estimat-
ing gene flow.

Table 4 Allelic variability at six microsatellite loci in sympatric rainbow smelt ecotype of Lac Saint-Jean. Number of samples successfully
used for genetic analysis (N), number of alleles at each locus (A), mean number of alleles at six loci (AM) most common allele (AC; in base
pairs), frequencies of the most commun alleles (FC), range of allele size (AR), observed heterozygosity (HO), gene diversity (HE) at each locus
and average heterozygosity across six loci (HM). d indicates significant heterozygote deficit following the sequential Bonferroni correction
(a = 0.05, k = 30) whereas D indicates significant heterozygote deficit across loci (global test, Fisher’s method)
 

 

Sample Ecotype Osmo 12 Osmo 16 Osmo 45 Osmo 157 Tpa 14 Tpa 26 AM HM

Ashuapmushuan-98 Normal N 81 82 79 81 77 81
A 16 8 25 12 12 5 11
AC 166 80 213 246 134 217
FC 0.28 0.67 0.17 0.45 0.31 0.58
AR 136–198 74–90 177–233 218–259 114–138 221
HE 0.82 0.50 0.91 0.74 0.65 0.56 0.67
HO 0.84 0.63 0.60d 0.77 0.63 0.53 0.65D

Dwarf N 85 86 85 85 80 87
A 18 7 25 16 7 3 13
AC 162 80 221 246 134 217
FC 0.26 0.74 0.15 0.4 0.34 0.6
AR 150–194 74–90 163–237 218–263 128–140 213–217
HE 0.83 0.42 0.91 0.78 0.49 0.56 0.61
HO 0.80 0.47 0.86d 0.76 0.60 0.54 0.63D

Peribonka-98 Normal N 66 65 65 67 64 63
A 16 6 25 16 6 5 12
AC 166 80 203 246 134 217
FC 0.33 0.73 0.10 0.41 0.50 0.50
AR 154–188 74–84 165–239 218–263 114–140 213–221
HE 0.80 0.43 0.93 0.76 0.59 0.58 0.68
HO 0.90 0.47 0.81 0.83 0.54 0.59 0.66

Peribonka-98 Dwarf N 61 61 58 62 61 61
A 21 8 24 16 6 4 13
AC 166 80 209 246 136 217
FC 0.30 0.68 0.12 0.42 0.53 0.60
AR 154–196 74–90 185–237 218–255 126–136 213–221
HE 0.84 0.50 0.92 0.76 0.59 0.56 0.66
HO 0.88 0.63 0.75 0.83 0.54 0.52 0.65

Peribonka-99 Normal N 60 58 59 58 59 57
A 16 9 24 15 6 5 12
AC 166 80 203 246 134 217
FC 0.30 0.73 0.11 0.48 0.53 0.59
AR 154–190 74–92 175–231 230–259 122–140 213–217
HE 0.85 0.44 0.93 0.75 0.58 0.58 0.67
HO 0.95 0.48 0.61d 0.81 0.54 0.63 0.65D
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QST–FST comparisons

In both the Ashuapmushuan and Peribonka rivers, a more
pronounced level of differentiation between dwarf and
normal smelt ecotypes was observed for morphological

traits (QST) than at neutral markers (FST) (Fig. 6). The
average QST values observed in both rivers were not
significantly different (Ashuapmushuan: 0.55, 95% C.I.
= 0.23–0.87 mean = Peribonka: mean = 0.68, 95% C.I. = 0.43–
0.92). We then assessed the differential influence of

Fig. 5 Allele frequency histogram of
microsatellite loci for all dwarf smelt
(white circles) and all normal smelt (grey
circles) combined. Allele designation is in
base pairs and size of circles is pro-
portional to allele frequency within each
sample.

Table 5 Genic differentiation between dwarf and normal ecotypes of Rainbow smelt. Multilocus P-values were estimated by the Fisher’s
method using individual P-values calculated from each of the six loci. Numbers below the main diagonal indicate the number of loci
that showed significant differences in the exact tests of differentiation. (Asterisks indicate significant sequential Bonferroni-adjusted
P-value)
 

 

Ashuapmushuan-98 
(Dwarf)

Ashuapmushuan-98 
(Normal)

Peribonka-98 
(Dwarf)

Peribonka-98 
(Normal)

Peribonka-99 
(Normal)

Ashuapmushuan-98(Dwarf) < 0.001*  0.002* < 0.001* < 0.001*
Ashuapmushuan-98(Normal) 4 < 0.001* < 0.001* < 0.001*
Peribonka-98(Dwarf) 3  4  0.002*  0.002*
Peribonka-98(Normal) 4  3  4  0.04
Peribonka-99(Normal) 4  4  4  0

Table 6 Estimation of the genetic differentiation based on allelic (FST), molecular variance (RST) and gene flow estimates based on two
different methods
 

 

Ashuapmushuan
Dwarf/Normal

Peribonka 
Dwarf/Normal

Dwarf 
Ashuapmushan/Peribonka

Normal 
Ashuapmushan/Peribonka

FST  0.024  0.013 0.009  0.025
% 95 interval  0.010–0.038  0.002–0.029 −0.012–0.022  0.011–0.048
P < 0.001 < 0.001 0.065 < 0.001

RST  0.015  0.011 0.008  0.011
% 95 interval  0.002–0.024  0.004–0.022 −0.012–0.019  −0.007–0.029
P  0.005  0.01 0.01  0.01

Nm (Wright)  10 (0.010)  19 (0.019) 28 (0.028)  10 (0.010)
Nm (Slatkin)  21 (0.021)  42 (0.042) 62 (0.062)  18 (0.018)
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divergent selection on dwarf and normal ecotypes. If the
level of selection acting on both ecotypes has been similar,
QST estimates in either dwarf-dwarf comparisons or normal-
normal comparisons should be comparable, whereas they
should significantly differ under differential selective regimes.
The result for the dwarf-dwarf comparison was comparable
to those obtained between ecotypes; the QST (mean = 0.45,
95% C.I. = 0.25–0.65) was much higher than the FST estimate.
In sharp contrast, FST and QST (mean = 0.014, 95% C.I. =
0.006–0.022) did not differ significantly when comparing
both populations of the normal ecotype.

Discussion

This study provided evidence for the occurrence of dwarf
and normal ecotypes of rainbow smelt in Lac Saint-Jean
that differ in both morphological and life history traits. Lac
Saint-Jean smelt are also unique for the occurrence of two
genetically distinct populations within each ecotype.
Furthermore, populations of each ecotype synchronously
use the same riverine spawning habitat, and this is replicated
in two tributaries. Below, we discuss the possible role
of historical contingency and that of the deterministic
interactions between evolutionary forces in shaping this
pattern of population diversity.

No evidence for the role of historical contingency in 
priming population divergence

Previous phylogeographical studies of mitochondrial
DNA variation showed that two distinct lineages of smelt
evolved in allopatry for several hundred thousands of
years, and subsequently came into contact in the nearby St-
Lawrence estuary where they remained reproductively
isolated (Taylor & Bentzen 1993a; Bernatchez 1997). We
therefore tested the hypothesis that the evolution of
sympatric smelt ecotypes in Lac Saint-Jean has been
contingent upon the secondary contact between these two
evolutionary lineages in postglacial times. Our a priori
expectation was to observe an association between distinct

mtDNA clades and ecotypes. This was not supported since
all but three fish from one of the populations were
characterized by mtDNA typical of the Atlantic glacial
lineage (Bernatchez 1997).

We cannot entirely rule out the possibility that the two
glacial lineages of smelt have naturally colonized Lac
Saint-Jean and that the signal of association between
mtDNA clades and ecotypes was lost following stochastic
lineage sorting and pronounced gene flow between the
founding populations (e.g. Lu et al. 2001; Redenbach &
Taylor 2002). This scenario, however, seems unlikely. First,
following the completion of our study, we found that
stocking of smelt was attempted at the end of the 19th cen-
tury (Catellier 1911). The number of stocked fish and the
success of this introduction have not been documented.
However, these smelt originated from the St-Lawrence
River North-shore where they are characterized by
mtDNA clade of Acadian origin (Bernatchez 1997). It is
therefore very likely that mtDNA traces of the Acadian
smelt lineage found in Lac Saint-Jean are due to this past
introduction. Secondly, the time of divergence between
glacial lineages of smelt has been estimated to approxi-
mately 700 ky (Bernatchez 1997). A shorter time frame than
this has been shown to be sufficient in generating modal
differences in allelic sizes at microsatellite loci through
stepwise mutational processes (Slatkin 1995) between evo-
lutionary lineages in other northern temperate fish (e.g.
Angers & Bernatchez 1998; Lu et al. 2001). Yet, we found no
evidence for the occurrence of a bimodal distribution in
allelic size in Lac Saint-Jean smelt for any of the loci used.

While the above observations refute the hypothesis
of a secondary contact between glacial lineages, they do
not rule out the possibility of a double invasion from a
single glacial lineage, as recently documented in stickleback
(Taylor & McPhail 2000). In this species, it was hypothes-
ized that extant sympatric pairs result from two temporally
separate invasions of lakes by ancestral anadromous ances-
tors following glacial recessions, about 12 ky and 10 ky ago.
Microsatellite DNA diversity revealed low genetic vari-
ation in freshwater populations, supporting the hypothesis
that they were derived by colonization of fresh water by a
more diverse anadromous ancestral population. Further-
more, Taylor & McPhail (2000) observed higher allelic
diversity and heterozygosity in limnetic than benthic popu-
lations, which supported the hypothesis that limnetic
populations had evolved following the second submer-
gence, and therefore their allelic composition had less time
for divergence from that of the anadromous ancestors by
genetic drift. As in sticklebacks, freshwater smelt popula-
tions are derived from anadromous ancestors (Bernatchez
1997) and show reduced allelic diversity relative to con-
temporary anadromous populations (this study; Lecomte
et al., unpublished data). However, the situation of Lac
Saint-Jean differs from that of stickleback populations from

Fig. 6 Comparison of FST (white bars) and QST (grey bars) values
with their 95 confidence intervals (vertical bars) for comparisons
involving the different ecotypes within each river and different
populations of the same ecotype from different rivers.
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the Strait of Georgia region in that there is no geological
support for an historical scenario of multiple submergences
for Lac Saint-Jean. Unlike stickleback, smelt ecotypes were
also nearly identical in allelic diversity and heterozygosity.

In summary, the available evidence offers more support
for the hypothesis that smelt ecotypes from Lac Saint-Jean
evolved from a single ancestral population and through
processes of intralacustrine divergence. As such, these
findings corroborate Taylor & Bentzen’s (1993a) contention
that historical conditions promoting unique ecological or
genetic interactions are not necessary for the evolution of
sympatric ecotypes in Osmerus. This is concordant with
other north temperate fish, namely the kokanee-sockeye
salmon (Oncorhynchus nerka), the Arctic charr (Salvelinus
alpinus) and the North American ciscoes (Coregonus sp.)
(Taylor et al. 1996; Brunner et al. 1998; Gíslason et al. 1999;
Turgeon et al. 1999; Turgeon & Bernatchez 2001). In con-
trast, multiple colonizations have been associated with the
occurrence of sympatric populations in the brown trout
(Salmo trutta) (Hynes et al. 1996) and the whitefish popula-
tion complex (Coregonus sp.) (Bernatchez & Dodson 1990).
In the case of whitefish, however, either intralustrine diver-
gence or multiple invasions have best explained the occur-
rence of sympatric ecotypes in other geographical areas of
the species’ range (Bernatchez et al. 1996; Pigeon et al. 1997;
Douglas et al. 1999).

While these observations show that historical conditions
are not a prerequisite for the evolution of sympatric eco-
types in north temperate lakes, it is noteworthy that the
highest level of differentiation (implying more restricted
gene flow) has been reported in situations where multiple
invasions were inferred. For instance, FST values of 0.05 or
less between sympatric ecotypes have typically been
reported for cases of intralacustirne divergence, whereas
FST values over 0.20 have been mainly reported between
sympatric populations of stickleback, whitefish or trout
believed to have evolved following multiple invasions (see
details in the above references). Thus, although it may not
be necessary to prime divergence, these observations raise
the hypothesis that the development of reproductive isola-
tion between sympatric north temperate fish ecotypes may
have been accelerated in situations where multiple inva-
sions have occurred. This is also predicted by the theory of
reproductive reinforcement that infers that divergence
may be facilitated if partial ecological/genetic incompat-
ibility favouring premating isolation has already existed
between founding populations that came into contact (e.g.
Liou & Price 1994).

Support for the role of divergent natural selection in 
maintaining population divergence

If not contingent upon historical conditions that promoted
unique ecological interactions, then it follows that smelt

population divergence and reproductive isolation have
been promoted by either stochastic processes or ecological
determinism (Losos et al. 1998). In the following section,
we argue that available evidence supports the hypothesis
of a major role for divergent natural selection in explaining
the pattern of smelt population diversity we observed in
Lac Saint-Jean.

First, genetically distinct dwarf and normal smelt eco-
types differ in morphological traits that have been shown
to be associated with the use of distinct trophic niches
in other smelt populations (Taylor 2001) and other taxa
(Taylor 1999; Bernatchez 2003). As observed in dwarf smelt,
limnetic ecotypes of other species complexes are typically
characterized by one or more of the following traits; a
higher number of gill-rakers, a smaller mouth, larger eye
area, and less space between gill-rakers (Robinson &
Schluter 1999). It is noteworthy that Taylor & Benzten
(1993ab) reported that trophic ecotypes of smelt that evolved
from an Acadian lineage ancestor (as opposed to the Atlan-
tic lineage in this study) also primarily differed by the same
traits that we documented here. This provides a first indi-
cation that smelt ecotype divergence has been driven by
divergent natural selection since this is the only process
expected to produce parallel patterns of diversification
in functional traits among phylogenetically independent
lineages (Rundle et al. 2000).

Dwarf and normal smelt from Lac Saint-Jean also strik-
ingly differed in life history strategies, with the dwarf
ecotype characterized by a smaller length at a given age,
a younger mean age at maturity, a shorter lifespan and a
semelparous life cycle, compared to the iteroparous nor-
mal ecotype. Life-history theory makes specific predictions
as to how trade-offs between growth, survival and repro-
duction may maximize the fitness of organisms (Roff 1992;
Crespi & Teo 2002). Namely, it is predicted that selection
will favour early maturation if gain in reproduction, that
can be obtained by delaying maturation (fecundity gener-
ally increases with body size in fish), is smaller than the
increased risks of dying before reproducing. Clearly, dif-
ferences in age structure between both ecotypes indicate
that the probability of survival is lower for the dwarf than
the normal ecotype. Higher mortality rate in dwarf smelt
could hypothetically be related to higher predation pres-
sure, as recently reported for limnetic and benthic white-
fish ecotypes (Kahilainen & Lehtonen 2002). An additional,
and perhaps more important factor, however, may be that
higher metabolic rates and reduced bioenergetic conver-
sion efficiency (defined as growth rate/consumption rate
ratio) in dwarf smelt may prevent them to funnel enough
energy into growth and reproduction at older ages. For
instance, Forseth et al. (1994) and Tucker & Rasmussen
(1999), respectively, documented for the Arctic charr and
Atlantic salmon (Salmo salar) that fish with higher meta-
bolic rates and lower conversion efficiencies within a
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cohort also matured earlier. More recently, Trudel et al.
(2001) documented in Coregonus that higher metabolic rate
and lower bioenergetic conversion efficiency were associ-
ated with slower growth and younger age at sexual matur-
ity in the dwarf ecotype of whitefish. This pattern was par-
alleled in lake cisco (C. artedi), a coregonine species also
functionally adapted to occupy the limnetic trophic niche.
If the observations of Trudel et al. (2001) for Coregonus also
apply to other limnetic forms, differential metabolic rates
and bioenergetic conversion efficiencies could be a key
factor in explaining the evolution of distinct life history
strategies between smelt ecotypes. Although this remains
to be investigated, a first indication that dwarf smelt may
be bioenergetically less efficient than normal smelt was
provided by the observation of their much smaller size at
2-years-old.

Further support for the role of natural selection in driv-
ing divergence between smelt ecotypes was provided by
comparing the extent of differentiation at neutral markers
(FST) and morphological traits (QST). Thus, dwarf and nor-
mal smelt spawning in both the Peribonka and Ashuap-
mushuan rivers were morphologically more differentiated
than expected under the neutrality hypothesis, which is
generally interpreted as evidence for divergent natural
selection (Spitze 1993; Lynch et al. 1999; Merilä & Crnokrak
2001; Morgan et al. 2001). These results therefore suggest
that despite the fact that they synchronously spawn in the
same tributary, gene flow has not been sufficient to over-
ride the effect of selection in promoting phenotypic diver-
gence between the dwarf and normal smelt ecotypes.

The QST results should however, be interpreted cau-
tiously in this study, given that phenotypic variance was
used in this study whereas the strict use of the QST method
implies that knowledge of additive genetic variation for
quantitative traits must be obtained. Yet, the method has
been applied using phenotypic variance (e.g. Kremer et al.
1997; Merilä et al. 1997; Bernatchez 2003), under the
assumption that it is an accurate surrogate for additive
genetic variance. Indeed, several investigators have
emphasized the similarity between genetic and phenotypic
variance (e.g. Roff & Mousseau 1987; Cheverud 1988; Roff
1995, 1996). The measures of phenotypic covariance have
also been shown to be as nearly successful as those of
genetic covariance in predicting the direction of diver-
gence between species (e.g. Schluter 1996). Merilä (1997)
and Kremer et al. (1997) also performed sensitivity ana-
lyses showing that only a very large environmental com-
ponent of phenotypic variance would affect conclusions
of QST analyses. Consequently, results of QST studies based
on either phenotypic or genotypic variance do not differ
in their general patterns of FST−QST relationships (Lynch
et al. 1999; Schluter 2000; Merilä & Crnokrak 2001).

If the high QST/FST ratio observed in comparing dwarf
and normal populations was an artefact caused by the use

of phenotypic variance instead of additive genetic vari-
ance, then one should expect this to bias QST estimates in
the same manner in any comparison. On the contrary, we
observed that the mean QST value for the dwarf-dwarf
comparison was much higher than the FST estimate,
whereas mean FST and QST did not differ significantly
when comparing both populations of the normal ecotype.
These results suggest that phenotypic differences between
smelt ecotypes are driven by divergent natural selection
that is predominantly acting on the dwarf ecotype. The
hypothesis that selection may be acting more strongly on
dwarf smelt is corroborated by the observations that this
ecotype appears to be at an ‘ecological disadvantage’ rel-
ative to the normal ecotype, both in terms of growth and
survival. This pattern is also congruent with the results of
a similar study recently performed in the dwarf and nor-
mal ecotypes of whitefish. Bernatchez (2003) showed that
QST value for gill-raker counts between dwarf and normal
populations largely exceeded FST, which supported the
hypothesis that differences in gill-raker count between
sympatric morphs is under the influence of divergent
selection. Similarly, departure from neutral expectations
was pronounced in dwarf-dwarf comparisons, whereas
QST for gill-raker count did not significantly differ from FST
in normal-normal comparisons, indicating that this trait
was not strongly influenced by divergent selection in nor-
mal populations.

On the role of gene flow in constraining phenotypic 
divergence

The above results suggest that gene flow has not been
sufficient to override the directional effect of selection on
phenotypic divergence. This, however, does not exclude
the possibility that gene flow has been acting as a con-
straining force against more pronounced (or ‘optimal’)
phenotypic divergence (e.g. King & Lawson 1995; Garcia-
Ramos & Kirkpatrick 1997). A comparison with the extent
of phenotypic differentiation observed in other cases
of smelt trophic ecotypes suggests that phenotypic
divergence between Lac Saint-Jean smelt ecotypes could be
partially hampered by gene flow. For instance, trophic
ecotypes from Lake Utopia (New Brunswick, Canada) are
morphologically more differentiated than those from Lac
Saint-Jean (see Table 2 of Taylor & Bentzen 1993b).
Concomitantly, a recent microsatellite DNA analysis with
the same loci used in this study indicated that the extent of
gene flow between Lake Utopia ecotypes was also more
restricted than observed in Lac Saint-Jean (mean FST = 0.090
vs. 0.015 in this study) (Curry et al. 2003).

Hendry et al. (2001) have recently developed a quantitative-
genetic approach to examine the equilibrium difference
between two populations that are experiencing dif-
ferent selective regimes and that are linked by gene flow.
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Empirical tests using this model showed that adapt-
ive divergence is sometimes constrained by gene flow
in natural populations. A rigorous application of this
approach requires the quantification of several parameters
that are not available for smelt. Consequently, we applied
the method of Hendry et al. (2001) only as an exploratory
assessment to see whether the amount of gene flow
observed between smelt populations in Lac Saint-Jean
could affect divergence in adaptive traits under specific
conditions. More specifically, we compared the extent of
observed divergence in gill-raker count between dwarf
and normal smelt to that predicted by the model of Hendry
et al. (2001), given the observed levels of gene flow, pheno-
typic variance, and assuming different strength of stabiliz-
ing selection within populations. We focus the discussion
on gill-raker count because it was the most differentiated
trait between ecotypes and therefore, evidence for a con-
straining effect at this character should extend to less dif-
ferentiated ones.

The analysis is based on equation 7 in Hendry et al.
(2001):

D* = (DθG)/[G1 − m + (ω2 − P)m],

where D* is the equilibrium difference between popu-
lations in adaptive traits (here gill-raker counts), Dθ is the
optimal difference for this trait, P is the phenotypic variance
(average value for dwarf and normal smelt = 0.8830),
G is the additive genetic variance (assumed to be 0.7P
based on heritability estimates of gill-raker counts in
other fish; Hatfield 1997; Bernatchez 2003), m is the pro-
portion of migrant per generation, and ω2 is the strength
of stabilizing selection within populations. Approximation
of m was obtained as follows. We first considered the mean
Nem value of 14.5 (based on Wright’s method) between
dwarf and normal (Table 6). This value is lower than that
derived from Slatkin’s private allele method and is
therefore conservative. We then estimated Ne using the
equilibrium relationships HE = 1 − (1 + 8NEµ−0.5) of Ohta &
Kimura (1973), where HE is the averaged gene diversity
observed in dwarf and normal ecotypes (HE = 0.655), and
µ is the mutation rate (assumed to be 5 × 10−4 according to
Estoup & Angers 1998). This generated an Ne estimate
of approximately 1800, and therefore a m estimate of
0.0085. Considering that: (i) the maximal theoretical time
to reach equilibrium is approximately 2Ne generations
and further reduced with increasing gene flow (Crow &
Aoki 1984); (ii) smelt have a generation time of about
2 years; and that (iii) the species colonized Lac Saint-Jean
between 10 300 and 8700 years bp (Elson 1969; Bernatchez
1997), it is very likely that these populations are near
equilibrium conditions (predicted time to equilibrium
without gene flow c. 7200 years). Three absolute values of
selection (ω2 = 4P, 36P, and 100P) were selected in order to

compare our predictions with those reported by Hendry
et al. (2002) between lake and stream populations of
stickleback in the Mysty system (British Columbia,
Canada). These would correspond to relatively strong,
moderate, and weak stabilizing selection in nature
(Kingsolver et al. 2001). Thus, Kingsolver et al. (2001) reported
that absolute values of quadratic selection gradients (γ)
quantified so far were exponentially distributed, 95% of the
significant values ranged between zero and 2.5, with a
median value of 0.10. Using the approximate relationship
between ω2 and γ (ω2 = −1/γ; Arnold et al. 2001), the ω2

considered here translate into absolute quadratic selection
gradient values of 0.287, 0.031, and 0.011, respectively.
Under these conservative conditions, we estimated that
gene flow between the dwarf and normal smelt ecotypes
would constrain adaptive divergence in gill-raker counts
to 97% of its optimum if stabilizing selection is strong, 72%
of its optimum if selection is moderate, and 47% if selection
is weak. These values are in the range of those reported by
Hendry et al. (2002).

In summary, this study empirically documented pat-
terns and likely causes of population diversification in
rainbow smelt populations revealing a unique situation of
dwarf and normal smelt ecotypes in Lac Saint-Jean. These
populations are: (i) characterized by the occurrence of two
genetically distinct populations in each ecotype; (ii) syn-
chronously using the same spawning habitat; and (iii) this
phenomenon is replicated in two tributaries. Our results
also showed that historical contingency has apparently
played little role in the origin of these populations. In con-
trast, they provided evidence for an important role of
divergent natural selection in driving their phenotypic
divergence. However, whether or not natural selection is
also important in promoting their reproductive isolation
remains to be investigated. This is because we have no evid-
ence that the phenotypic traits that evolved under diver-
gent natural selection are also involved in promoting pre or
post-mating reproductive isolation (e.g. Rundle et al. 2000).
Finally, while divergent selection has apparently been
strong enough to maintain phenotypic differentiation in
the face of gene flow, this study suggests that gene flow has
been sufficiently important to modulate the extent of adap-
tive differentiation being achieved between ecotypes,
unless the extent of stabilizing selection acting on smelt
ecotypes is much more pronounced than usually reported
in natural populations.

Acknowledgements

We wish to thank Gilles Mercier, Alain Lapointe and Robert
Dumont (FAPAQ) for their precious field assistance and Thierry
Wirth for training in microsatellites cloning. We are also grateful
to D. Garant and S. Rogers, Andrew Hendry, Loren Rieseberg and
two anonymous reviewers for their constructive criticisms and



328 R O B E R T  S A I N T - L A U R E N T ,  M I C H E L  L E G A U L T  and L O U I S  B E R N A T C H E Z

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 315–330

comments on a previous version of the manuscript. Funding of
this project was provided to L.B. by the Natural Sciences and Engin-
eering Research Council of Canada (NSERC Collaborative
Research and Development Program), the Corporation L’Activité
Pêche du Lac Saint-Jean (CLAP), and by the Société de la faune et
des parcs du Québec (FAPAQ).

References

Angers B, Bernatchez L (1998) Combined use of SMM and non
SMM methods to infer fine structure and evolutionary history
of closely related brook charr (Salvelinus fontinalis, Salmonidae)
populations from microsatellites. Molecular Biology and Evolu-
tion, 15, 143–159.

AppliedBiosystems (1996a) GENESCAN, Software, version 2.1.
User’s Manual. ABI, Foster City.

AppliedBiosystems (1996b) GENOTYPER, Software, version 2.0.
User’s Manual. ABI, Foster City.

Arnold SJ, Pfrender ME, Jones AG (2001) The adaptive landscape
as a conceptual bridge between micro- and macro-evolution.
Genetica, 112–113, 9–32.

Baby M-C, Bernatchez L, Dodson JJ (1991) Genetic structure and
relationships among anadromous and landlocked populations
of rainbow smelt, Osmerus mordax, Mitchill, as revealed by
mtDNA restriction analysis. Journal of Fish Biology, 39, 61–68.

Balloux F, Goudet J (2002) Statistical properties of population
differentiation estimators under stepwise mutation in a finite
island model. Molecular Ecology, 11, 771–884.

Barton N (2001) Speciation. Trends in Ecology and Evolution, 16,
325–325.

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F (2000)
genetix 4.02, logiciel sous WindowsTM pour la génétique des popula-
tions. Laboratoire Génome, Populations, Interactions, CNRS UMR
5000. Université de Montpellier II, Montpellier.

Bernatchez L (1997) Mitochondrial DNA analysis confirms the
existence of two glacial races of rainbow smelt Osmerus mordax
and their reproductive isolation in the St Lawrence River estu-
ary (Québec, Canada). Molecular Ecology, 6, 73–83.

Bernatchez L (2003) Ecological theory of adaptive radiation. An
Empirical Assessment from Coregonine Fishes (Salmoniformes).
Salmonids, evolution (eds Hendry AP, Stearns S). pp. Oxford
University Press, in press.

Bernatchez L, Chouinard A, Lu G (1999) Integrating molecular
genetics and ecology instudies of adaptive radiation: whitefish,
Coregonus sp., as a case study. Biological Journal of the Linnean
Society, 68, 173–194.

Bernatchez L, Dodson JJ (1990) Allopatric origin of sympatric popu-
lations of Lake whitefish (Coregonus clupeaformis) As revealed by
mitochondrial-DNA restriction analysis. Evolution, 44, 1263–1271.

Bernatchez L, Martin S (1996) Mitochondrial DNA diversity in
anadromous rainbow smelt, Osmerus mordax Mitchill: a genetic
assessment of the member-vagrant hypothesis. Canadian Journal
of Fisheries and Aquatic Sciences, 53, 424–433.

Bernatchez L, Vuorinen JA, Bodaly RA, Dodson JJ (1996) Genetic
evidence for reproductive isolation and multiple origins of sym-
patric trophic ecotypes of whitefish (Coregonus). Evolution, 50,
624–635.

Bodaly RA (1979) Morphological and ecological divergence within
the lake whitefish (Coregonus clupeaformis) species complex in
Yukon territory. Journal of Fisheries Research Board Canada, 36,
1214–1222.

Brunner PC, Douglas MR, Bernatchez L (1998) Microsatellite and
mitochondrial DNA assessment of population structure and
stocking effects in Arctic charr Salvelinus alpinus (Teleostei:
Salmonidae) from central alpine lakes. Molecular Ecology, 7,
209–223.

Catellier LN (1911) Rapport, pour 1907–08, du directeur de la
picisiculture deTadoussac. Naturaliste Canadien, 37, 124–127.

Cheverud JM (1988) A comparison of genetic and phenotypic
correlations. Evolution, 42, 958–968.

Chouinard A, Pigeon D, Bernatchez L (1996) Lack of specialization
in trophic morphology between genetically differentiated
dwarf and normal forms of lake whitefish (Coregonus clupea-
formis Mitchill) in Lac de l’Est, Québec. Canadian Journal of Zoology,
74, 1989–1998.

Crespi BJ, Teo R (2002) Comparative phylogenetic analysis of the
evolution of selmiparity and life history in salmonid fishes. Evo-
lution, 56, 1008–1020.

Cronin MA, Spearman WJ, Wilmot RL, Patton JC, Bickham JW
(1993) Mitochondrial DNA variation in chinook (Oncorhyn-
chus tshawytscha) and chum salmon (O. keta) detected by
restriction enzyme analysis of polymerase chain reaction
(PCR) products. Canadian Journal of Fisheries and Aquatic Sciences,
50, 708–715.

Crow JF, Aoki K (1984) Group selection for a polygenic behavioral
trait: Estimating the degree of population subdivision. Proceed-
ings of the National Academy of Sciences USA, 81, 6073–6077.

Curry RA, Currie SL, Bernatchez L, Saint-Laurent R (2003) The
rainbow smelt (Osmerus mordax) complex of Lake Utopia:
threatened or misunderstood? Environmental Biology of Fishes,
56, in press.

Douglas MR, Brunner PC, Bernatchez L (1999) Do assemblages
of Coregonus (Teleostei: Salmoniformes) in the Central Alpine
region of Europe represent species flocks? Molecular Ecology, 8,
589–603.

Elson JA (1969) Late Quaternary marine submergence of Quebec.
Revue de Géographie, Montréal, 23, 247–258.

Estoup A, Angers B (1998) Microsatellite and minisatellites for
molecular ecology: theoretical and experimental considerations.
In: Advances in Molecular Ecology (ed. Carvhalo G), pp. 55–86.
IOS Press, Amsterdam.

Fenderson OC (1964) Evidence of subpopulations of lake white-
fish, Coregonus clupeaformis, involving a dwarf form. Transactions
of the American Fisheries Society, 93, 77–94.

Fleming IA, Jonsson B, Gross MR (1994) Phenotypic divergence
of sea-ranches, farmed and wild salmon. Canadian Journal of
Fisheries and Aquatic Sciences, 51, 2808–2824.

Forseth T, Ugedal O, Jonsson B (1994) The energy budget, niche
shift, reproduction and growth in a population of Arctic charr,
Salvelinus alpinus. Journal of Animal Ecology, 63, 116–126.

Garcia-Ramos G, Kirkpatrick M (1997) Genetic models of adapta-
tion and gene flow in peripheral populations. Evolution, 51,
21–28.

Gíslason D, Ferguson MM, Skúlason S, Snorrason SS (1999) Rapid
and coupled phenotypic and genetic divergence in Icelandic
Arctic Char (Salvelinus alpinus) Canadian Journal of Fisheries and
Aquatic Sciences, 56, 2229–2234.

Goodman SJ (1997) RST Calc: a collection of computer programs
for calculating estimates of genetic differentiation from micro-
satellite data and determining their significance. Molecular Eco-
logy, 6, 881–885.

Goudet J, Raymond M, de Meeüs T, Rousset F (1996) Testing dif-
ferentiation in diploid populations. Genetics, 144, 1933–1940.



D I V E R G E N T  S E L E C T I O N  M A I N T A I N S  A D A P T I V E  D I F F E R E N T I A T I O N 329

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 315–330

Guo SW, Thompson EA (1992) Performing the exact test of Hardy-
Weinberg proportion for multiple alleles. Biometrics, 48, 361–372.

Hatfield T (1997) Genetic divergence in adaptive characters between
sympatric species of stickleback. American Naturalist, 149, 1009–
1029.

Hendry AP, Day T, Taylor EB (2001) Population mixing and the
adaptive divergence of quantitative traits in discrete popula-
tions: a theoretical framework for empirical tests. Evolution, 55,
459–466.

Hendry AP, Taylor EB, McPhail JD (2002) Adaptive divergence
and the balance between selection and gene flow: lake and stream
stickleback in the Mysty system. Evolution, 56, 1199–1216.

Hynes RA, Ferguson A, McCann MA (1996) Variation in mito-
chondrial DNA and post-glacial colonization of north western
Europe by brown trout. Journal of Fish Biology, 48, 54–67.

Kahilainen K, Lehtonen H (2002) Brown trout (Salmo trutta L.) and
Arctic charr (Salvelinus alpinus L.) as predators on three sym-
patric whitefish (Coregonus lavaretus L.) forms in the subarctic
Lake Muddusjarvi. Ecology of Freshwater Fish, 11, 158–167.

King RB, Lawson R (1995) Color-pattern variation in lake-Erie
water snakes — the role of gene flow. Evolution, 49, 885–896.

Kingsolver J, Hoekstra H, Hoekstra J et al. (2001) The strength of
phenotypic selection in natural populations. American Natural-
ist, 157, 245–261.

Kremer A, Zanetto A, Ducousso A (1997) Multilocus and multi-
trait measures of differentiation for gene markers and pheno-
typic traits. Genetics, 145, 1229–1241.

Lande R (1992) Neutral theory of quantitative genetic variance in
an island model with local extinction and recolonization. Evolu-
tion, 46, 381–389.

Liou LW, Price TD (1994) Speciation by reinforcement of premat-
ing isolation. Evolution, 48, 1451–1459.

Losos JB, Jackman TR, Larson A, de Queiroz K, Rodriguez-
Schettino L (1998) Contingency and determinism in replicated
adaptive radiations of island lizards. Science, 279, 2115–2118.

Lu G, Basley DJ, Bernatchez L (2001) Contrasting patterns of mito-
chondrial DNA and microsatellite introgressive hybridization
between lineages of lake whitefish (Coregonus clupeaformis):
relevance for speciation. Molecular Ecology, 10, 965–985.

Lynch M, Pfrender M, Spitze K et al. (1999) The quantitative and
molecular genetic architecture of a subdivided species. Evolu-
tion, 53, 100–110.

Mayr E (2001) What Evolution Is. Basic Books, New York, NY.
McKay JK, Latta RG (2002) Adaptive population divergence:

markers, QTL and traits. Trends in Ecology and Evolution, 17, 285–
291.

McLean JE, Taylor EB (2001) Resolution of population structure in
a species with high gene flow: microsatellite variation in the
eulachon (Osmeridae: Thaleichthys pacificus). Marine Biology, 139,
411–420.

Merilä J, Björklund M, Baker AJ (1997) Historical demography and
present day population structure of the greenfinch, Carduelis
chloris. Evolution, 51, 946–956.

Merilä J, Crnokrak P (2001) Comparison of genetic differentiation
at marker loci and quantitative traits. Journal of Evolutionary Bio-
logy, 14, 892–903.

Morgan K, Hicks J, Spitze K et al. (2001) Patterns of genetic
architecture for life-history traits and molecular markers in a
subdivided species. Evolution, 55, 1753–1761.

Neigel JE (2002) Is FST obsolete. Conservation Genetics, 3, 167–173.
Nikolskii GV (1963) The Ecology of Fishes. Academic Press, New

York, NY.

Ohta T, Kimura M (1973) A model of mutation to estimate the
number of electrophoretically delectable alleles in a finite
population. Genetic Research, 22, 201–204.

Palumbi S (2001) Evolution — humans as the world’s greatest evo-
lutionary force. Science, 293, 1786–1790.

Pigeon D, Chouinard A, Bernatchez L (1997) Multiple modes of
speciation involved in the parallel evolution of sympatric
morphotypes of lake whitefish (Coregonus clupeaformis, Salmo-
nidae). Evolution, 51, 196–205.

Pigeon D, Dodson J, Bernatchez L (1998) A mtDNA analysis
of spatiotemporal distribution of two sympatric larval popu-
lations of rainbow smelt (Osmerus mordax) in the St. Lawrence
River Estuary, Quebec, Canada. Canadian Journal of Fisheries and
Aquatic Sciences, 55, 1739–1747.

Raymond M, Rousset F (1995) genepop Version 1.2: Population
genetics software for exact test and ecumenism. Journal of Heredity,
86, 248–249.

Redenbach Z, Taylor EB (2002) Introgression along a contact zone
between two species of char (Pisces Salmonidae) in Northwest-
ern North America. Evolution, 56, 1021–1035.

Reist JD (1985) An empirical evaluation of several univariate
methods that adjust for size variation in morphometric data.
Canadian Journal of Zoology, 63, 1429–1439.

Rice WR (1989) Analysing tables of statistical tests. Evolution, 43,
223–225.

Robinson BW, Schluter D (1999) Natural selection and the evolution
of adaptive genetic variation in northern freshwater fishes.
In: Adaptative Genetic Variation in the Wild (eds Mousseau TA,
Sinervo B, Endler JA), pp. 65–94. Oxford University Press, New
York, NY.

Robinson BW, Wilson DS (1994) Character release and displacement
in fishes: a neglected literature. American Naturalist, 144, 596–627.

Robinson BW, Wilson DS, Shea GO (1996) Trade-offs of ecological
specialization: an intraspecific comparison of pumpkinseed
sunfish phenotypes. Ecology, 77, 170–178.

Roff DA (1992) The Evolution of Life Histories. Chapman & Hall,
New York, NY.

Roff DA (1995) The estimate of genetic correlations from phenotypic
correlations: a test of Cheverud’s conjecture. Heredity, 74, 481–490.

Roff DA (1996) The evolution of genetic correlations: an analysis
of patterns. Evolution, 50, 1392–1403.

Roff DA, Mousseau TA (1987) Quantitative genetics and fitness:
lessons from Drosophila. Heredity, 58, 103–118.

Rosenzweig M (2001) Loss of speciation rate will impoverish
future diversity. Proceedings of the National Academy of Sciences
USA, 98, 5404–5410.

Rousset F, Raymond M (1995) Testing heterozygote excess and
deficiency. Genetics, 140, 1413–1419.

Rundle HD, Nagel L, Boughman JW, Schluter D (2000) Natural
selection and parallel speciation in sympatric sticklebacks.
Science, 287, 306–308.

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: a
Laboratory Manual, 2nd edn. Cold Spring Harbor Laboratory
Press, New York, NY.

Schluter D (1996) Ecological causes of adaptive radiation. American
Naturalist, 148, S40–S64.

Schluter D (2000) The Ecology of Adaptive Radiation. Oxford Univer-
sity Press, Oxford.

Schluter D, McPhail JD (1993) Character displacement and replica-
tion in adaptive radiation. Tree, 8, 197–120.

Slatkin M (1985) Rare alleles as indicators of gene flow. Evolution,
39, 53–65.



330 R O B E R T  S A I N T - L A U R E N T ,  M I C H E L  L E G A U L T  and L O U I S  B E R N A T C H E Z

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 315–330

Slatkin M (1987) Gene flow and the geographic structure of
natural populations. Science, 236, 787–792.

Slatkin M (1995) A measure of population subdivision based on
microsatellite allele frequencies. Genetics, 139, 457–462.

Smith TB, Skùlason S (1996) Evolutionary significance of resource
polymorphisms in fishes, amphibians, and birds. Annual Review
of Ecology and Systematics, 27, 111–133.

Sokal RR, Rohlf FJ (1995) Biometry, 2nd edn. W.H. Freeman & Cie,
New York, NY.

Spitze K (1993) Population structure in Daphnia obtusa: quantit-
ative genetic and allozymic variation. Genetics, 135, 367–374.

Statistica (1994) statistica for windows, general conventions and
statistics. Statsoft inc, Tulsa, OK.

Taylor EB (1999) Species pairs of north temperate freshwater
fishes: taxonomy, evolution and conservation. Reviews in Fish
Biology and Fisheries, 9, 299–324.

Taylor EB (2001) Status of the sympatric smelt (Genus Osmerus)
populations of Lake Utopia, New Brunswick. Canadian Field-
Naturalist, 115, 131–137.

Taylor EB, Bentzen P (1993a) Evidence for multiple origins and
sympatric divergence of trophic ecotypes of smelt (Osmerus) in
northeastern North America. Evolution, 47, 813–832.

Taylor EB, Bentzen P (1993b) Molecular genetic evidence for
reproductive isolation between sympatric populations of smelt
(Osmerus) in Lake Utopia, south-western New Brunswick.
Canada. Molecular Ecology, 2, 345–357.

Taylor EB, Foote CJ, Wood CC (1996) Molecular genetic evidence
for parallel life-history evolution within a pacific salmon (sock-
eye salmon and kokanee, Oncorhynchus nerka). Evolution, 50,
401–416.

Taylor EB, Harvey S, Pollard S, Volpe J (1997) Postglacial genetic
differentiation of reproductive ecotypes of kokanee Oncor-
hynchus nerkain Okanagan Lake, British Columbia. Molecular
Ecology, 6, 503–517.

Taylor EB, McPhail JD (1999) Evolutionary history of an adapt-
ative radiation in species pairs of threespine sticklebacks
(Gasterosteus): insights from mitochondrial DNA. Biological
Journal of the Linnean Society, 66, 271–291.

Taylor E, McPhail J (2000) Historical contingency and ecological
determinism interact to prime speciation in sticklebacks, Gaster-
osteus. Proceedings of the Royal Society of London, Series B-Biological
Sciences, 267, 2375–2384.

Trudel M, Tremblay A, Schetagne R, Rasmussen J (2001) Why are
dwarf fish so small? An energetic analysis of polymorphism
in lake whitefish (Coregonus clupeaformis). Canadian Journal of
Fisheries and Aquatic Sciences, 58, 394–405.

Tucker S, Rasmussen JB (1999) Using 137Cs to measure and com-
pare bioenergetic budgets of juvenile Atlantic salmon (Salmo
salar) and brook trout (Salvelinus fontinalis) in the field. Canadian
Journal of Fisheries and Aquatic Aquatic Sciences, 56, 875–887.

Turgeon J, Bernatchez L (2001) MtDNA phylogeography of lake
cisco (Coregonus artedi): evidence supporting extensive second-
ary contacts between two glacial races. Molecular Ecology, 10,
987–1001.

Turgeon J, Estoup A, Bernatchez L (1999) Species flock in the
North American Great Lakes: Molecular ecology of Lake
Nipigon ciscoes (Teleostei: Coregonidae: Coregonus). Evolution,
53, 1857–1871.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the ana-
lysis of population structure. Evolution, 38, 1358–1370.

Western D (2001) Human-modified ecosystems and future evolu-
tion. Proceedings of the National Academy of Sciences USA, 98,
5458–5465.

Whitlock M, McCauley D (1999) Indirect measures of gene flow
and migration: FST ≠1/(4Nm + 1). Heredity, 82, 117–125.

Wirth T, Saint-Laurent R, Bernatchez L (1999) Isolation and
characterization of microsatellite loci in the walleye (Stizostedion
vitreum), and cross species amplification within the family
Percidae. Molecular Ecology, 8, 1957–1969.

Wright S (1951) The genetical structure of populations. Annals of
Eugenics, 15, 323–354.

This study is the main part of R. Saint-Laurent’s MSc thesis on
the evolutionary biology of rainbow smelt supervised by L.
Bernatchez. Michel Legault is a freshwater biologist with various
interests in conservation and management. L. Bernatchez and
M. Legault have been collaborating for 10 years in a research
programme that aims at understanding population structure
and dynamics of salmon and smelt from Lac Saint-Jean. Louis
Bernatchez’s major interests are in the understanding of patterns
and processes of molecular and organismal evolution, as well as
their significance to conservation.


