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Mitochondrial DNA diversity in anadromous
rainbow smelt, Osmerus mordax Mitchill: a
genetic assessment of the member-vagrant
hypothesis

Louis Bernatchez and Sylvain Martin

Abstract: We analyzed mitochondrial DNA genetic variance in anadromous smelt to test whether the ecological processes
inferred by the member—vagrant hypothesis to explain spatial patterns of abundance may also have evolutionary
consequences for the process of population divergence. Restriction enzyme analysis was performed on 568 adult smelt from
16 sites within the estuary and the Gulf of St. Lawrence (Canada). Hierarchical analysis of heterogeneity in the frequency of
140 mitochondrial DNA genotypes and clustering analysis revealed the existence of four distinct populations among which
gene flow has been restricted. This population structure appeared to be organized by the number of suitable habitats for
retention of early life-history stages and their probability of diffusion among populations. This suggests that ecological
processes inferred by the member—vagrant hypothesis may be a primary factor controlling population genetic diversity in
anadromous smelt. Biogeographic events may also have played a major role in shaping smelt population genetic diversity.
Our results emphasize the importance of considering the interplay between the life-history characteristics of a species, its
genetic diversity, and environmental constraints in a historical perspective to better understand its evolutionary ecology.

Résumé: Nous avons analysé la variance génétique de I’ADN mitochondrial chez I'Eperlan arc-en-ciel anadrome afin de
vérifier si les processus écologiques expliquant les patrons de distribution spatiale selon I'hypothése de « member—vagrant »
pouvaient également avoir des conséquences évolutives sur le processus de divergence des populations. Un total de 568
éperlans adultes provenant de 16 sites de I'estuaire et du golfe du Saint-Laurent (Canada) ont été analysés par enzymes de
restriction. Les analyses de groupement et hiérarchique de I'hétérogénéité de la fréquence de 140 haplotypes mitochondriaux
ont mis en évidence quatre populations distinctes entre lesquelles le flux génique est restreint. Cette structure populationnelle
semble correspondre au nombre d’habitats favorables a la rétention des jeunes stades et a leur probabilité de diffusion entre
populations. Ces résultats suggerent que les processus écologiques sous-jacents a I’hypothése de « member—vagrant » ont un
effet déterminant sur la diversité génétique de I'Eperlan. De plus, des facteurs biogéographiques ont probablement joué un
role important sur la détermination de cette diversité. Dans I'ensemble, cette étude illustre I'importance de considérer dans
une perspective historique les interactions entre les caractéristiques du cycle vital d'une espece, sa diversité génétique et les
contraintes environnementales afin de mieux en comprendre I'écologie évolutive.

Introduction individuals and the survival of early life-history stages. One
prediction of this hypothesis is that the number of populations
Explaining the extent, causes, and consequences of biotic discomposing a given species will primarily be determined by the
tribution in space is fundamental to our understanding of how number of environmental settings (geographic, physical,
species evolve to cope in particular environments. In the pastoceanographic) to which)(spawning adults are adapted to
decade, the member—vagrant hypothesis has provided a majohome andi() early life history is behaviorly adapted to permit
theoretical framework for studying the role of ecological proc- retention. This implies that in situations where the distribution
esses in determining spatial patterns of abundance in aquatiof larvae is different from the distribution of spawning sites,
species, particularly for marine ecosystems (lles and Sinclair population structure should reflect the number of retention
1982; Sinclair 1988; Sinclair and lles 1988, 1989). This hy- zones rather than that of spawning sites (Sinclair 1988).
pothesis proposes that the population structure of a species The member—vagrant hypothesis has been supported by
evolves primarily as a consequence of selective forces thatevidence of a correlation between the number of early life-
maximize the probability of encounter among sexually mature history retention zones and the number of distinct fish groups
determined almost exclusively by geographic discreteness,
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Fig. 1. Collection sites and frequency distribution of mtDNA haplotypes among anadromous smelt from the estuary and Gulf
of St. Lawrence. Frequencies are given as percentages for pooled sampling sites of each of the four populations (I to IV)
defined in Fig. 3: all mtDNA group B genotypes (solid), subcluster A11 (open), single haplotype 1 (hatched), and all other

mtDNA group A genotypes (vertical lines).
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The hypothesis that these ecological processes may havg;sed were inappropriate to obtain statistically significant re-
evolutionary consequences for population divergence would sults (Ovenden 1990; Ferguson 1994).

be supported by a correlation between the number of groups

Rainbow smeltOsmerus mordaxs native to watersheds

associated with potential retention zones and significant parti-tributary to the western Atlantic Ocean from New Jersey to the
tioning of genetic variance among them. Available genetic | abrador coast (Scott and Crossman 1973). Anadromous
data do not clearly support this prediction. On one hand, the populations of this species exhibit a similar life cycle: adult
genetic population structure of species found at both extremessmelt ascend streams and rivers in early spring and spawn in

of the “continuum of population richness” (Fig. 5.12 of Sin-
clair 1988), such as American eéinguilla rostrata(Avise

et al. 1986), and Atlantic menhadeByrevoortia tyrannus
(Bowen and Avise 1990), which are population poor, or At-
lantic salmonSalmo salafreviewed in Davidson et al. 1989),
American shadAlosa sapidissim#Bentzen et al. 1989), and
striped bassMorone saxatiligChapman 1990; Wirgin et al.

fresh water. Hatching occurs 1-2 weeks later and larvae from
different spawning sites are usually transported within short
periods into estuarine or marine coastal waters where they are
retained in estuaries (e.g., Ouellet and Dodson 1985; Laprise
and Dodson 1989 198%), fjords, or coastal embayments
until metamorphosis. In Quebec waters, previous studies of
variation in biological characters and parasite occurrence sup-

1993), which are population rich, conforms to the species’ ported the proposition that the number of phenotypically dis-
number of retention zones. In contrast, null or very low genetic tinct smelt groups reflects the number of larval retention zones
subdivision has generally been reported in species characrather than the number of spawning sites (Fréchet et al.&,983
terized by an intermediate number of retention zones, such asl983). These studies revealed the existence of three pheno-

Atlantic cod,Gadus morhugCarr and Marshall 1991), had-
dock, Melanogrammus aeglefinygwanenburg et al. 1992),
Atlantic herring, Clupea harengus harengy&ornfield and
Bogdanowicz 1987), capelidMallotus villosus(Dodson et al.
1991), and American plaice{ippoglossoides platessoides

typic smelt groups: the south shore of the St. Lawrence middle
estuary, Chaleur Bay, and the Saguenay Fjord (Fig. 1). In ad-
dition, the existence of a fourth group along the north shore of
the lower estuary was suggested.

In recent years, the analysis of mitochondrial DNA

(Stott et al. 1992). While these results may truly reflect genetic (mtDNA) variation has proven most useful in assessing the
homogeneity among groups associated with distinct retentiongenetic structure of smelt populations (Baby et al. 1991; Tay-
zones, it is also possible that in some cases, the sample sizeor and Bentzen 1938 1993; Taylor and Dodson 1994).

or specific levels of polymorphism for the genetic markers Namely, a restriction analysis of mtDNA variation supported
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Table 1. Location, collection date, sample size, number of Banl, Barll, and Hincll), and two multipentamericAval, Ncil)
mitochondrial genotypes, and nucleon diversity éstimates for restriction enzymes were used.
16 anadromous smelt samples from the estuary and Gulf of St.
Lawrence. Data analysis

o ] No. of Composite mtDNA genotypes were defined by distinct combinations
Sampling site Region Date n genotypes of polymorphic restriction sites observed across all restriction en-

- zymes. Relationships among genotypes were assessed by using the

Beaumont ' April 1990 36 13 0.73  restriction site presence—absence matrix to generate phylogenetic trees
Riviére-Ouelle I May 1990 36 14 0.75  according to Wagner parsimony criteria using the MIX program of
Riviére-du-Loup | Nov. 1992 36 14 0.69  the PHYLIP 3.5c computer package (Felsenstein 1993). A majority-
Tle Verte I Dec. 1992 36 12 0.71 rule consensus tree was constructed using the CONSENSE program
Matane | Nov. 1992 36 13 0.73 and confidence statements on branches were estimated by running
Grande-Riviére I Oct. 1993 36 19 0.83 the MIX program on 100 bootstrapped matrices of the restriction site
Rivire Nouvelle I May1990 36 24 095 datagenerated by the SEQBOOT program. .
Miguasha I Jan. 1994 36 24 0.91 Relationships among all samples were estimated by computing

Nei's (1978) genetic distanceD], treating mtDNA genotypes as

C‘T’“aq!iet. . . Oct. 1993 36 17 0.87 alleles of a single locus. The resulting pairwise matrix of genetic
Miramichi River Il Mayl1991 36 23 0.95  gistance estimates was used to construct a phenogram relating samples
Forestville - Jan. 1993 36 15 0.83  ysing the unweighted pair-group method of arithmetic averages
Baie Comeau i Jan. 1993 35 11 0.78  (UPGMA, Sneath and Sokal 1973). The significance of population
Beauport* \% May 1993 36 — — clustering was assessed by a hierarchical analysis of heterogeneity
Cap-Bralé v Oct. 1992 30 12 0.74 in the frequencies of mtDNA genotypes (Sokal and Rohlf 1981),
Saint-Siméon v Nov. 1992 33 13 0.87 using x? randomization tests (Roff and Bentzen 1989) with 1000
Saint-Fulgence IV March 1993 35 11 0.71 Ppermutations performed by the MONTE program of the REAP soft-

ware package (McElroy et al. 1992). The heterogeneity test was first
N performed on the overall population set, and then among population
in Figs. 1 and 3. clusters, beginning with the most divergent. Tkfsdecomposition

*The number of genotypes and nucleon diversity were not quantified for procedure was performed until no significant heterogeneity was de-
Beauport as individuals of that site were successfully characterized for only  tacteq.

a subset of restriction enzymes allowing us to classify them to major
phylogenetic groups A and B (Fig. 2).

Note: Region refers to the geographic population designation as defined

The geographic differentiation of mtDNA variation was further
assessed using the analysis of molecular variance model (AMOVA)
of Excoffier etal. (1992). This procedure calculated standard variance
the hypothesis that smelt from the south shore of the components, andan array of haplotypic correlation measures, referred
St. Lawrence middle estuary composed a single population,to as Phi statistics for different levels of population. The significance
genetically distinct from smelt of Chaleur Bay (Baby et al. ofthe observed values for those parameters was tested using a random
1991). The limited number of samples, however, precluded the Permutation procedure available in the AMOVA computer package.
partitioning of genetic variance among the four regional smelt Tis avoids the parametric assumptions of normality and inde-
groups proposed by Fréchet et al. (188898%). pendence that are rarely met b_y genetic distance measures. By this

In this study, we performed a more comprehensive restric- approach, we computed the variance components resulting from mo-

. . .~ lecular differences at three hierarchical levels: among groups, among
tion fragment length polymorphism (RFLP) mtDNA analysis 5y jations within groups, and within populations. The definition of

of anadromous smelt to test the hypothesis that ecologicalgroups was based on the number of significant clusters depicted in
processes inferred by the member—vagrant hypothesis to exthe population phenogram. We also computed pairwise fixation in-
plain patterns of geographic and phenotypic discreteness indices £) among significant groups by omitting the molecular infor-
aquatic species also translate into significant genetic subdivi-mation of divergence among mtDNA genotypes and simply
sion, and therefore, may have evolutionary consequences forconsidering those as multiple alleles of a single locus (Excoffier et al.
the process of population divergence. 1992). This also provided an estimate of the effective number of
females exchanged per generation among groups according to the
approximationNgm = (1/F;~1)/2. Although the veracity of the ab-
Material and methods soluteNm; estimates depends on several assumptions that may not
be met in the present situatiom{ << 1, population in equilibrium
with respect to genetic drift and migration, selective neutrality, island

Sample collection - .

. . model of population structure), they nevertheless provide a compara-
An average of 36 reproductive females were obtained between 1990.. ; S - . .
and 1994 from 16 sampling sites covering the distribution of the fourowe basis for estimating differential gene flow among populations.

smelt groups described by Fréchet et al. (98383) as well as

the Miramichi River, New Brunswick (Fig. 1, Table 1). Fish were

captured either on spawning grounds or in nearby wintering areas,Results
with the exception of one sample (Saint-Siméon) that was obtained

from a fall commercial fishery. The four samples obtained in mMiDNA diversity and phylogenetic differentiation

1990-1991 were those previously analyzed by Baby et al. (1991). - -
mtDNA was extracted from fresh or frozen ovaries according to The 12 restriction enzymes used allowed the recognition of

Chapman and Powers (1984) as modified by Bernatchez et al. (1988) 197 different restriction sites, including 68 synplesiomorphies,
Restriction enzymes, electrophoresis, and digests procedures werd4 autapomorphies, and 45 synapomorphies. These resolved a
the same as in Baby et al. (1991). This methodology insured completetotal of 140 mtDNA genotypes among 568 smelt that were
compatibility with data obtained in that study. Six hexamefipd, screened, of which 58 were previously reported in Baby et al.
Bgll, B&EII, Dral, EcoRV, and Pst), four multihexameric Avd, (1991). A complete description of composite haplotypes and
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Fig. 2. Unrooted majority-rule consensus network showing relationships among 140 mtDNA genotypes identified
in anadromous smelt from the estuary and the Gulf of St. Lawrence. Bootstrap confidence statements higher than
the 50% majority-rule criterion are given along branches. Numbers at the tips of branches identify genotypes with
their total abundance given in parentheses. The scale of 0.001 substitution/site corresponds to one restriction site
difference.
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Fig. 3. UPGMA population tree clustering anadromous smelt samples into four population groups
(I to 1V) according to the matrix of Nei's genetic distance. Levels of significafer( the

frequency distribution of mtDNA genotypes among clusters are given along branches. The
clustering of the Beauport sample was only based on the relative frequency of mtDNA groups A
and B as not all restriction enzymes were resolved for that site.
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Table 2. The hierarchical analysis of molecular variance of der the 50% majority-rule criterion. Within group B, subclus-
mitochondrial DNA genotypes among anadromous smelt of the ~ ter B34 comprised 17 genotypes sharing a unique apomorphy.
estuary and Gulf of St. Lawrence. However, only the branch grouping genotypes 35-137 ob-

tained significant support under the 50% majority-rule consen-

. % total Phi- sus criterion.
Variance component df variance statistic P
Among groups 3 22.38 (G.224 0.001 p lation di . d relati hi
Among samples within group 11 0.00 S@Oo00 0.672 opulation _|verS|ty and relationships .,
Within samples 507 77.62 S0.221 0.001 The population UPGMA phenogram generated from Nei’s ge-

netic distance matrix clustered the 16 samples into significant
clusters exhibiting a clear geographic pattern of distribution
their frequency distribution is provided elsewhere (Bernatchez (Figs. 1, 3). Group | included all samples from the south shore
1995; Bernatchez et al. 1995). of the St. Lawrence estuary, group Il those from Chaleur Bay
As illustrated by the topology of the unrooted majority-rule and Miramichi River, group Il those from the north shore of
consensus tree (Fig. 2), all mtDNA genotypes clustered into the St. Lawrence lower estuary, and group IV those from the
two monophyletic mtDNA groups (A and B) that were sup- north shore of the St. Lawrence middle estuary and the
ported at a 98% bootstrapping level. These two groups wereSaguenay Fjord. Genetic distances among samples within each
differentiated by six apomorphies generated by the restriction cluster were low and significant differences in haplotype fre-
enzymesApd, Avdl (n = 2), Banl, Hincll, andNcil, and the guencies were observed in only three comparisons. Within
average pairwise sequence divergence among genotypes frorgroup Il, the Nouvelle and Miramichi River samples differed
both groups was 0.83%. Within each of them, the overall to- slightly from the others, as did the Matane sample within
pology was a starlike phylogeny in which a central genotype group | and the Saint-Siméon sample within group IV.
(genotype 1 in group A, genotype 28 in group B) dominated  The four groups were characterized by a distinctive
in abundance and was surrounded by a majority of rarer geno-mtDNA feature (Fig. 1). The smelt assemblage from the north
types generally derived by one or two mutational steps. Addi- shore of the St. Lawrence middle estuary and the Saguenay
tional subclustering, however, was also observed. In Fjord (group IV) was largely dominated (87%) by genotypes
phylogenetic group A, subclusters A1l and Al4 were com- belonging to phylogenetic group B, which was much less
posed of 6 and 23 genotypes, respectively, sharing a uniqueabundant among other groups. Smelt samples from the north
apomorphy in each case. Subcluster A11 was supported at ashore of the St. Lawrence lower estuary (group IIl) were char-
70% bootstrapping level whereas A14 was not significant un- acterized by a high frequency of genotypes (44%) belonging
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Table 3. Pairwise comparisons of Phi-CT (below main diagonal) Bgdabove) coefficients among four genetically distinct
anadromous smelt populations from the estuary and Gulf of St. Lawrence.

Population | Il [} v

I. St. Lawrence middle—lower estuary (south shore) 0.000 0.032 (15.0) 0.132 (3.3) 0.178 (2.3)
II. Chaleur Bay — Miramichi River 0.008 0.000 0.075 (6.2) 0.100 (4.5)

[ll. St. Lawrence lower estuary (north shore) 0.087 0.089 0.000 0.181 (2.3)
IV. St. Lawrence middle estuary (north shore) — Saguenay Fjord 0.407 0.323 0.551 0.030

Note: Indirect estimates of long-term migratory exchange of females per genenstiof) &mong populations are given in parentheses. The main
diagonal gives th&, coefficients estimated among sites within each population.

to subcluster A11, which was observed in only three individu- several individual genotypes or groups of genotypes were
als elsewhere. The St. Lawrence south shore and Chaleur Bayound at moderate to high frequencies, thus representing po-
groups (I and Il) were less distinctive; the former showed a tentially informative markers to statistically address variation
higher proportion of the single genotype 1 whereas the latterin genotypic frequencies and genetic diversity.

was characterized by a high occurrence of rare genotypes be- The high level of haplotype diversity coupled with the sta-
longing to phylogenetic group A. The high occurrence of rare tistical analysis of genetic variance partitioning revealed a
genotypes in Chaleur Bay also translated into nucleon diver- highly significant population structure in anadromous smelt.

sity (h) values that were highet yalue= 7.07, df=8, P< The 16 samples analyzed clustered into four groups showing

0.0001) than those observed for group I (Table 1). a sharp geographic distribution. The genetic distinctiveness of
these groups was supported by genetic distance values and

Components of genetic variance significant differences in mtDNA haplotype distribution, as

The analysis of molecular variance components also supportedVell as significant molecular variance estimates in pairwise
the patterns of high homogeneity within and significant ge- comparisons among all groups. Within-group estimates of
netic heterogeneity among the four smelt groups (Table 2). these parameters were generally null and not statistically sig-
Thus, the nested analysis of population structure revealed thafificant, which suggests that extensive gene flow occurs
22.38% of the total MtDNA genotypic diversity was explained @mong sites within each group. These results suggest that the
by the variance among the four groups, whereas variancetnadromous smelt covered in this study comprise four geneti-
among sites within groups was null. Most of the overall diver- cally distinct populations among which gene flow has been
sity (77.62%) was attributable to variability within popula- restricted to variable extents. These populations were associ-
tions. The permutation procedure showed that the partitioningated with distinct regions: the south shore of the St. Lawrence
of variance among groups (Phi-CT) and within samples (Phi- €stuary (I), Chaleur Bay — Miramichi River (i), the north
ST) was highly significant. shore of the St. Lawrence onver estuary (lll), and the no.rth
Pairwise comparisons of molecular variance (Phi-CT esti- Shore of the St. Lawrence middle estuary — Saguenay Fjord
mates) among groups were highly variable. The lowest differ- (IV). Mild but significant heterogeneity in the frequency dis-
entiation was observed between group | (St. Lawrence southtribution of genotypes was found within some of these popu-
shore) and group Il (Chaleur Bay) for which molecular vari- lations, suggesting |nco.mplete panmixia. Namely, sme!t fror_n
ance was less than 1% (Table 3). This suggested relativelythe Matane sample, which represented the only collection site
high effective migration rates between the two regional popu- N the south shore of the lower estuary, differed significantly
lations, as reflected by thm value of 15.0. Intermediate  from the other smelt within population |, as did the Miramichi
values were observed between group 1l (north shore of the River smelt within group Il. These observations may be inter-
St. Lawrence lower estuary) and the latter two populations. Preted from two perspectives. From a population genetic per-
Clearly, group IV was the most distinctive, with 32-55% of SPective, this suggests that even though effecuvg:- migration
the total genetic diversity explained by intergroup variance Petween these sites and others from the same region has been
when compared with any of the other regional populations, Much more important than among regions, it may have re-
including that associated with the south shore of the mained sufficiently small to allow significant divergence in

St. Lawrence estuary, for which samples were generally ob- MDNA gene frequencies. From an ecological perspective, this
tained less than 20 km away. suggests that short-term fluctuations in abundance at these

sites could depend more on local recruitment and mortality
than immigration and emigration. The Saint-Siméon sample

Discussion also differed slightly within group IV. In this case, however,
the distinction was most likely due to the fact that this sample
MtDNA diversity in anadromous smelt was obtained from a fall commercial fishery and represented a

To reveal significant population structure, a genetic technigue mixture of smelt from the north- and south-shore populations
must show levels of variation commensurate with the ques- of the middle estuary (Bernatchez et al. 1995).

tions being addressed. The overall mtDNA genotypic diversity

in anadromous smelt observed in this stubly=(0.858) was Congruence in mtDNA and phenotypic population

above that generally observed in other anadromous species structure

(compiled in Billington and Hebert 1991). As reported in pre- Genetic subdivisions observed in this study reinforced earlier
vious studies of mtDNA variation in smelt, haplotypes interpretations of smelt population structure based on prelimi-
grouped into two phylogenetic groups (A and B), within which nary genetic analyses and variation in biological characters.
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For example, our data confirmed the hypothesis that smeltby levels of dispersal of young rather than older life-history
from the south shore of the St. Lawrence estuary comprised astages can be inferred by comparing the species ontogenic
population distinct from that in Chaleur Bay (Baby et al. constraints to movements within the studied area. Regardless
1991). The four populations identified by patterns of mtDNA of life-history stages, gene flow among smelt populations must
diversity were also highly congruent with the classification of primarily be governed by ecological and (or) genetic factors as
anadromous smelt into four regional groups (Chaleur Bay, there are no physical barriers (such as land or insufficient
south shore of St. Lawrence estuary, north shore of water depth) that can effectively separate them. There are no
St. Lawrence lower estuary, and Saguenay Fjord) as proposedpparent physiological or environmental barriers that could
by Fréchet et al. (1988 1983). Our study also indicated that limit juvenile and adult smelt dispersal among the different
the Saguenay Fjord group identified by these authors is notregions covered in this study. Thus, suitable salinity and tem-
limited to the Saguenay River but extends eastward to the perature conditions for the older life-history stages of smelt
north shore of the St. Lawrence middle estuary. Therefore, thecan be found all over the estuary and the Gulf of St. Lawrence
analysis of mtDNA variation confirmed that phenotypic vari- (Scott and Scott 1988; Nellbring 1989). Furthermore, tagging
ation in anadromous smelt was not solely due to the effect of studies have shown that smelt are capable of migrating long
variable expression of a single gene pool in the face of locally distances in a relatively short period. For instance, Magnin and
varying environmental factors but also demonstrated geneticBeaulieu (1965) reported that the recovery distance for smelt

divergence. tagged in the St. Lawrence estuary averaged 150 km, while
several individuals were recaptured more than 300 km away.

Smelt population structure and the member—vagrant These authors also reported displacement rates up to
hypothesis 42 km/day, and no clear pattern in the frequency of recaptures

Significant genetic subdivision was observed among all smelt upstream or downstream of tagging sites. This suggests that
populations, which suggested that gene flow has been insuffi-geographic distance is not an important limiting factor for
cient to counteract their divergence through genetic drift and Smelt movements among populations. This conclusion is sup-
(or) selection. Our results, therefore, imply that smelt popula- ported by the general lack of correlation observed between
tions have the potential to develop local adaptations and fol- geographic and genetic distances in the present study. Alto-
low distinct evolutionary trajectories. Consequently, the gether, these observations suggest that the dispersal capability
demonstration that the population genetic structure observedof older smelt life-history stages is not a major constraint to
in smelt is primarily determined by the number of distinct gene flow among the populations surveyed.
environmental settings permitting retention of early life-his- In contrast, there are several indications that the potential
tory stages would provide support for the hypothesis that eco-for larval dispersal among populations may be highly control-
logical processes inferred by the member—vagrant hypothesided by environmental constraints. Ecological studies have
(Sinclair 1988) may have evolutionary consequences for the shown that anadromous smelt larvae are typically associated
process of population divergence. Two conditions must be metwith low salinity, being generally rare where it exceeds
to make such an inference. First, it must be shown that the 20 g/kg (Able 1978; Laprise and Dodson 1889e Lafon-
number of genetically distinct populations is more dependent taine 1990). This suggests that zones of high salinity may
on the number of suitable habitats permitting early life-history hamper survival of smelt larvae that diffuse from retention
stage retention and survival than the number of spawning siteszones. Such conditions are typically found in the Laurentian
Secondly, evidence must be provided that the extent of genechannel of the lower estuary, which may limit dispersal be-
flow among populations is primarily affected by levels of dis- tween populations associated with both shores. Similarly, high
persal of young rather than older life-history stages. salinity also characterizes coastal waters on the south shore of
Our results provided some evidence that ecological factorsthe estuary downstream of Matane (Koutitonsky and Bugden
affecting the distribution of young life-history stages may be 1991), which could limit dispersal between the St. Lawrence
important in shaping smelt genetic population structure. Thus, estuary and Chaleur Bay populations.
they clearly indicated that population richness was not primar- ~ Other oceanographic features may also restrict transport of
ily determined by the number of spawning sites, as illustrated vagrant larvae among populations. For example, the mouth of
by the general lack of genetic subdivision among smelt ob- the Saguenay River (Fig. 1) is characterized by the presence of
tained from different sites within the four populations identi- two distinct water masses, rapid depth changes, and tidally
fied. There is also support for an association between geneticinduced upwelling that creates fronts (steep gradients of physi-
subdivisions and distinct retention zones for at least two of cal conditions) that could prevent transport and diffusion be-
these populations. Studies of larval smelt provided sound evi-tween smelt populations of the middle and lower estuary
dence that the St. Lawrence middle estuary represents a suitf{lngram and El-Sabh 1990). The effect of environmental con-
able habitat within which drifting larvae from spawning straints on gene flow mediated by larval dispersion is also
tributaries located on the estuary of the south shore are re-suggested by comparing levels of population differentiation in
tained by active vertical displacements in combination with relationships with water circulation patterns. The general cur-
the circulation system (Ouellet and Dodson 1985; Laprise andrent pattern in the St. Lawrence lower estuary is characterized
Dodson 1988, 198%). There is also evidence that Chaleur by an intense south-shore buoyant jet, and a less intense
Bay constitutes a distinct oceanographic setting (Legendre andcoastal current that flows seaward and parallel to the north
Watt 1970; EI-Sabh and Ingram 1992) that could potentially shore. The latter current flows southward across the mouth of
retain smelt larvae associated with that system, although thethe estuary to join the south-shore jet and a strong coastal
larval ecology of that population has not been investigated.  current, the Gaspé current, which flows along the coast of the
Evidence that the extent of gene flow is primarily affected Gaspé peninsula, towards Chaleur Bay. This circulation
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pattern apparently offers little possibility for larval diffusion (Bernatchez et al. 1995, D. Pigeon, Département de biologie,
between populations located on the two shores of the lowerUniversité Laval, unpublished data). In such a situation, the
estuary. In contrast, it could potentially favour larval drift member—vagrant hypothesis would predict the existence of a
along the south shore of the Gaspé peninsula down to Chaleusingle population in that system.
Bay. This may partly explain why the estimated number of This suggests that the genetic differentiation between
female migrants per generation between the St. Lawrencenorth- and south-shore smelt populations may primarily be due
south shore and Chaleur Bay populatioNg§ = 15) was five to reproductive isolation imposed by genetic rather than eco-
times higher than that observed between the south- and northiogical constraints. Unlike the distinction among other popu-
shore populations in the lower estualNyfx = 3.3) despite the  lations that is primarily based on differential frequency
fact that much shorter distances separate these latter two (e.gdistribution of haplotypes belonging to mtDNA phylogenetic
75 km between Matane and Baie-Comeau versus 300 km be-group A, the uniqueness of population IV is due to the pre-
tween Matane and Grande-Riviere). dominance of phylogenetic group B haplotypes. The phyloge-
Altogether, these observations strongly suggest that thenetic basis of this differentiation is further illustrated by
number of genetically distinct populations found in anadro- comparingF and Phi-CT estimates, the latter taking into ac-
mous smelt is more dependent on the number of suitable habi-count both the differences in haplotype frequency distribution
tats for retention of early life-history stages than the number and their nucleotide divergence. Thus, values obtained for
of spawning sites. They also suggest that gene flow may beboth estimates were comparable in pairwise comparisons not
more constrained by the probability of transport and diffusion involving population IV (mearfF = 0.080, mean Phi-CE
of young life-history stages among populations than the poten-0.061), which suggests a weak phylogenetic component to
tial for movements of older stages. Thus, ecological processesheir differentiation. In contrast, Phi-CT estimates were about
inferred by the member—vagrant hypothesis to explain the dis-three times higher thaFk,, values in comparisons including
tribution of young life-history stages may be a primary factor population 1V (meanFg = 0.153, mean Phi-CE 0.440),
controlling population genetic diversity in anadromous smelt. which reflects a strong phylogenetic component associated
Additional factors, however, must be invoked to explain the with the differential distribution of mtDNA groups A and B.
strong genetic subdivision observed among some populationsTherefore, the genetic differentiation of population IV from all
others may more likely be explained by historical rather than
Historical events and population divergence contemporary factors. On the basis of the net sequence diver-
The most salient feature of this study was the demonstrationgence estimate between mtDNA groups A and B (0.7%) and
of pronounced genetic differentiation between smelt samplesthe range of mutation rates reported for the fish mitochondrial
collected on the north shore of the St. Lawrence middle estu-genome (Meyer 1994), it is very unlikely that they were de-
ary and the Saguenay Fjord (population IV) and all other popu- rived from a common ancestor in postglacial times. An alter-
lations. Thus, estimates of genetic subdivision involving native explanation may be that mtDNA groups A and B are
pairwise comparisons of population IV were always more sig- associated with two smelt assemblages that evolved in sepa-
nificant than for comparisons among other populations (aver- rate glacial refugia and subsequently recolonized the contem-
agedF, = 0.153 versus 0.061), regardless of the geographic porary range of the species. This scenario is partly suggested
distance involved. This is best reflected by the genetic subdi- by the differential pattern of distribution of the two groups in
vision between populations from the south (1) and north (IV) previous studies of mtDNA variation in smelt (Taylor and
shores of the middle estuary, which was approximately six Bentzen 1998), although a more complete phylogeographic
times more pronounced than that between the south shore angtudy of the species is required to test this hypothesis. If true,
Chaleur Bay (ll) populations despite the much closer geo- this phylogenetic hypothesis implies that the St. Lawrence es-
graphic proximity of the samples from the north and south tuary represents a zone of secondary contact of two glacial
shores (approximately 20 km) compared with the distance races of smelt that have developed some biological barriers to
separating the middle estuary and Chaleur Bay (approximatelygene flow. The possibility for the development of reproductive
700 km). As reflected by estimates of the number of effective isolation mechanisms between intraspecific groups derived
female migrants per generation, this suggests that historicalfrom allopatric divergence in glacial times has previously been
and (or) contemporary gene flow has been more restricteddocumented for other fishes, namely the whitefiSbiegonus
between populations found on both shores of the middle estu-sp.) species complex (Bernatchez and Dodson 1990; Ber-
ary than between the south-shore and Chaleur Bay popula-hatchez et al. 1996).
tions. This genetic structure cannot be solely explained by the  In summary, the pattern of mtDNA diversity observed in
effect of ecological processes inferred by the member—vagrantanadromous smelt supports the hypothesis that the species
hypothesis. Thus, the middle estuary is generally recognizedgenetic population structure is primarily determined by the
as one oceanographic setting characterized by a well-mixednumber of environmental settings controlling the distribution
zone in the upstream section and partially stratified water in and dispersal of early life-history stages. This implies that
the downstream part (El Sabh 1988) within which smelt larvae ecological processes inferred by the member—vagrant hy-
are retained by active and passive processes (Laprise and Dodsothesis (Sinclair 1988) to explain geographic and phenotypic
son 1989, 198%). Furthermore, strong transversal currents discreteness in aquatic organisms may also translate into ge-
related to the general cyclonic circulation pattern of the middle netic divergence, and therefore may have evolutionary conse-
estuary (Ouellet and Trump 1979) promote larval transport quences for the process of population divergence. Our results
across the estuary. Consequently, preliminary analyses of thealso indicated that biogeographic events probably have played
spatial distribution of young life-history stages suggests a major role in shaping the population genetic diversity of
important mixing of larvae and fry of both populations anadromous smelt. Our study therefore illustrates the importance
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