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Abstract.—Ecological processes clearly contribute to population divergence, yet how they interact over complex life
cycles remains poorly understood. Notably, the evolutionary consequences of migration between breeding and non-
breeding areas have received limited attention. We provide evidence for a negative association between interpopulation
differences in migration (between breeding and feeding areas, as well as within each) and the amount of gene flow
(m) among three brook charr (Salvelinus fontinalis) populationsinhabiting Mistassini L ake, Quebec, Canada. Individuals
(n = 1166) captured throughout lake feeding areas over two consecutive sampling years were genotyped (10 micro-
satellites) and assigned to one of the three populations. Interpopulation differences in migration were compared based
on spatial distribution overlap, habitat selection, migration distance within feeding areas, and morphology. We observed
a temporally stable, heterogeneous spatial distribution within feeding areas among populations, with the extent of
spatial segregation related to differential habitat selection (represented by littoral zone substrate). Spatial segregation
was lowest and gene flow highest (m = 0.015) between two populations breeding in separate lake inflows. Segregation
was highest and gene flow was lowest (mean m = 0.007) between inflow populations and a third population breeding
in the outflow. Compared to outflow migrants, inflow migrants showed longer migration distances within feeding areas
(64-70 km vs. 22 km). After entering natal rivers to breed, inflow migrants also migrated longer distances (3575
km) and at greater elevations (50-150 m) to breeding areas than outflow migrants (0—15 km; —10-0 m). Accordingly,
inflow migrants were more streamlined with longer caudal regions, traits known to improve swimming efficiency.
There was no association between the geographic distance separating population pairs and the amount of gene flow
they exchanged. Collectively, our results are consistent with the hypothesis that reduced gene flow between these
brook charr populations results from divergent natural selection leading to interpopulation differences in migration.
They also illustrate how phenotypic and genetic differentiation may arise over complex migratory life cycles.

Key words.—Assignment test, divergent natural selection, gene flow, local adaptation, migratory connectivity, model
selection.
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Central to evolutionary theory is the notion that ecological
processes can affect the evolution and maintenance of phe-
notypic diversity through divergent natural selection (Dob-
zhansky 1946; Schluter 2000, 2001). This hypothesis now
has support from studies of natural populations, particularly
from research examining associations between alternative
trophic resources and morphological specialization (e.g.,
Grant and Grant 1990; Lu and Bernatchez 1999; Schluter
2000). Other interactions may also contribute to divergence
(Abrams 2000; Vamosi and Schluter 2004), yet these have
received comparatively limited attention (Schluter 2000). To
fully understand the basis of population divergence, the con-
sequences of such alternative ecological interactions must
also be explored.

Migration, the regular seasonal movement of individuals
between breeding and nonbreeding areas, plays a central role
in the life cycles of many organisms as an adaptive response
to temporally favorable or unstable habitats during distinct
life-history stages (Salomonsen 1955; Baker 1978; Dingle
1996). Interpopulation differences in migration, broadly de-
fined here as life-history or phenotypic trait differentiation
linked to migration (e.g., migration timing, body morphol-
ogy, habitat use, migration distance, behavior), are predicted
to coevolve to balance the costs and benefits of migrating
toward maximizing fitness (fish: Gross et al. 1988; Kinnison
et al. 2001; birds: Choiniere and Gauthier 1995; Sandberg
and Moore 1996; invertebrates: Palmer and Dingle 1986).
Populations exhibiting longer migrations, for example, are

expected to show adjustments in body shape, age and size at
maturity, or reproductive allocation that compensate for the
increasing energetic demands and potential reductionsin re-
productive output that such migrations can incur (fish: Schaf-
fer and Elson 1975; Taylor and McPhail 1985a; Kinnison et
al. 2001, 2003; birds: Wiedenfeld 1991; Winkler and Leisler
1992; Alerstam et al. 2003; invertebrates: Dingle 1994). Pre-
vious work has also shown a genetic basis for interpopul ation
differences in migration, and thus the potential for migration
to evolve under natural selectionin diversetaxa(fish: Raleigh
1971; Taylor and Foote 1991; birds: Berthold et al. 1992;
mammals: Rasmuson et al. 1977; invertebrates: McAnelly
1985; Dingle 1994). However, although interpopulation dif-
ferences in migration have important evolutionary implica-
tions, their influence on population divergence and adaptive
evolution has rarely been tested (Wood and Foote 1996;
Bensch et al. 1999; Taylor 1999). This may be attributable
to, until recently, the logistical difficulties of tracking and
discerning the population origin of migrating individuals
(Webster et al. 2002).

In general, population divergence is a function of the de-
gree of genetic isolation: genetic differences will accumulate
and become fixed over time in isolated populations, while
gene flow may erase any incipient differences arising among
populations in the absence of barriers to dispersal. But if
divergent natural selection effectively drives interpopulation
differences in migration, dispersers are expected to experi-
ence lower fitness than individuals from local populations.
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As a consequence, lower levels of gene flow can be expected
and a negative relationship between the amount of gene flow
and the extent of such differentiation may be predicted (Kirk-
patrick 2001; Schluter 2001).

Salmonid fishes are exemplar models for testing this pre-
diction. For instance, life-history and phenotypictraitsrelated
to the natal philopatry life cycle of migratory salmonids are
well described (Quinn and Dittman 1990; Fleming 1998).
Populations of most species show variable degrees of genetic
differentiation and may differ in migration distance between
environments (e.g., marine vs. freshwater, lakes vs. streams,
riversvs. streams: Northcote 1978; Hendry et al. 2004). Body
size and shape may be related to the length and difficulty of
migration (Schaffer and Elson 1975; Taylor and McPhail
1985a; Kinnison et al. 2003; Crossin et al. 2004). Parallel
interpopulation differences in migration have also arisen in-
dependently in separate environments within some salmonids
sincethelast Pleistocene glaciations (15,000-8000 years ago;
Taylor et al. 1996; Wapleset al. 2004). Although the presence
of distinct populations in sympatry may involve multiple col-
onization events (i.e., an allopatric phase), such parallel pat-
terns of differentiation imply an important role of divergent
natural selection in salmonid diversification (Taylor 1999).

Three genetically distinct brook charr (Salvelinus fontin-
alis) populations inhabit Mistassini Lake (Fraser et al. 2004),
alarge (2150-km?) postglacial lake in Quebec, Canada (Fig.
1). Juveniles spend 1-2 yearsin natal rivers and then migrate
to feeding areas in the lake; once sexually mature (an ad-
ditional 14 years), individuals migrate back to breeding ar-
eas in natal rivers to complete their life cycle. Phylogeo-
graphic work supports that outflow and two inflow river
breeding populations likely originate from two different an-
cestral groups (Fraser and Bernatchez 2005). Nevertheless,
genetic divergence between outflow and inflow populations
is relatively weak (mean Fs = 0.10), and based on com-
parisons with other studies, it seems unlikely that their degree
of genetic divergence has been sufficient to cause genetic
incompatibility between them (Wood and Foote 1990; Hat-
field and Schluter 1999). Moreover, other populations orig-
inating from the same ancestral groups currently occupy dif-
ferent types of habitats (lacustrine, riverine, anadromous;
Fraser and Bernatchez 2005), suggesting that their pheno-
typic diversity has evolved in postglacial environments (e.g.,
Mistassini Lake) rather than representing historical differ-
ences (Bernatchez 2004).

Angler catches indicate that charr are distributed through-
out Mistassini Lake in the summer at distances from natal
rivers that may exceed 100 km. Thus, charr may potentially
migrate hundreds of kilometers both between feeding and
breeding areas and within feeding areas, but it is unclear
whether popul ations migrate the same distances and to similar
areas within the lake. However, the distance individuals mi-
grate after entering natal rivers to breed, as well as the rate
or amount of gene flow (migration rate, m; sensu Wright
1931), are known to vary among populations (Fraser et al.
2004). Notably, inflow populations migrate further to breed-
ing areas (35-75 km) and at greater elevations (50-150 m)
than the outflow population (0—-15 km; —10-0 m). Gene flow
is also higher among inflow populations than between inflows
and the outflow (m = 0.015 vs. m = 0.007, respectively),
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Fic. 1. Geographical locations of Mistassini Lake, Quebec, Can-
ada (inset), the three breeding populations (inflows: Cheno, CHE;
Pepeshquasati, PEP; outflow: Rupert, RUP) and the nine lake sectors
defined for the spatiotemporal analyses of population migration
distributions (north shore, sectors 1-3; island chain, sectors 4-6;
south shore, sectors 7-9). Below is a schematic representation of
coastline habitat types within the littoral zone of Mistassini Lake
used in habitat selection analyses (modified from Laverdiere and
Guimont 1977). See Materials and Methods for details on a fourth
river (Takwa, TAK).

even though lake shoreline distances are similar between in-
flows versus the outflow and one inflow (=90 km, =98 km,
respectively; Fig. 1).

The above patterns raise the possibility that differencesin
migration, both between feeding and breeding areas as well
as within each, may lead to increased population divergence
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through adaptive evolution. To test this general hypothesis,
1166 individuals captured throughout the lake over two con-
secutive sampling years were first genotyped and assigned
to one of the three populations. Given that we found evidence
for a temporally stable, heterogeneous spatial distribution
within feeding areas, we then compared phenotypic trait dif-
ferentiation related to migration among populations. Thiswas
qguantified based on spatial overlap, habitat selection, and
migration distance in feeding areas, as well as morphology,
because these traits likely affect the capacity of individuals
to exploit particular resources during migration (Ehrman and
Parsons 1981; Taylor and McPhail 1985a; Schluter 2000;
Alerstam et al. 2003). A negative association between the
extent of interpopulation differences in migration and the
amount of gene flow would be consistent with the hypothesis
that reduced gene flow between populations is a consequence
of divergent natural selection.

MATERIALS AND METHODS
Sudy Ste

Mistassini Lake is located in the boreal forest ecoregion
of northern Quebec, Canada (50°25’N, 73°53'W). Itisdivided
into two basins by a distinctive island chain, with basin
depths reaching 100-170 m (Fig. 1). The lake is relatively
unexploited, there is presently little human development in
the region, and much of its shoreline is protected as part of
a provincial wildlife reserve. Thus, possible confounding ef-
fects from human disturbances on population migrations
(e.q., increased dispersal or changes in migration; fish: La-
belle 1992; birds: Bechet et al. 2003) are likely minimal.

Migration Sampling and Genetic Analyses

We sampled adipose fin tissue from 1166 individual brook
charr captured throughout feeding areas in the lake by rec-
reational fishers and provincial government agencies during
the summers (June through early September) of 2000 and
2001 (n = 471 and 695, respectively). The date and specific
location of capture (e.g., GPS readings or longitudinal-lati-
tudinal coordinates related to landmarks such as nearest is-
lands and bays) were recorded for each individual. Our sam-
pling scheme unavoidably depends on the distribution of
brook charr fishing effort in the lake, yet it is reasonable to
assume that there is a general correspondence between fish
distribution, abundance, and fishers (Hansen and Quinn 1998;
Neis et al. 1999). We stored tissue in 95% ethanol until the
time of genetic analyses. Details of DNA extractions, poly-
merase chain reaction conditions, and electrophoresis at 10
microsatellite loci are outlined in Fraser et al. (2004).

Assignment, Exclusion, and Clustering Tests of Individuals

To examine the spatial distribution related to feeding areas
among populations, we first needed to quantify the relative
proportions of the three populations in lake sectors (see be-
low). With knowledge of population allele frequencies, this
can be achieved by either estimating the most likely pro-
portion of each population in an unknown mixed sample
according to its allelic composition (mixed-stock analysis,
e.g., Wood et al. 1987; Utter and Ryman 1993) or by as-
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signing each individual to its population of origin based on
where its multilocus genotype is most likely to occur (e.g.,
assignment test; Paetkau et al. 1995; Cornuet et al. 1999),
and then pooling individuals assigned to the same population
to obtain proportion estimates. Potvin and Bernatchez (2001)
compared estimates obtained from both methods and found
them to be highly correlated (r2 = 0.95, P < 0.001), but
noted that 95% confidence intervals around estimates were
narrower using assignment tests. Consequently, we employed
assignment tests for our spatial distribution analyses.

We evaluated precision for assigning lake individuals to
populations by using the Bayesian assignment procedure in
GENECLASS (Cornuet et al. 1999) on individuals obtained
during breeding periods from populationsin the outflow (Ru-
pert, RUP: n = 178) and two northeast inflows (Cheno, CHE:
n = 137; Pepeshquasati, PEP: n =185), and by adopting the
leave-one-out method, that is, each individual was removed
from the dataset, allele frequencies were recalculated, and
the individual was then assigned to a population. Such as-
signment tests only consider the likelihood of originating
from a given population. Consequently, individuals origi-
nating from more abundant populations may be misclassified
to less abundant ones, especially if populations are geneti-
caly similar (Wood et al. 1987; Roques et al. 1999). This
appeared to be the case between PEP and a third northeast
inflow, Takwa (TAK; Fig. 1). Among other factors that sug-
gested strongly that TAK was not a principal population
(Fraser et a. 2004), TAK showed no significant genetic dif-
ferentiation from PEP (despite being geographically closer
to CHE), had an eight- to 25-fold lower index of catch-per-
unit-effort than PEP over multiple sampling periods, and gene
flow was estimated to be six times higher from PEP to TAK
than vice versa. Therefore, TAK was not included in assign-
ment tests because doing so blurred assignment success be-
tween the two principal inflow populations (CHE, PEP; Table
1A,B).

The assignment tests implemented thus far also assumed
that CHE, PEP, and RUP were the only sources of lake in-
dividuals. To ensure that we were not missing any unknown
sources within the lake, we employed two methods. Both of
these supported the assumption that CHE, PEP, and RUP
were the only sources of lake individuals (see Results). The
first method involved evaluating the accuracy for excluding
individuals from populations (collecting during the spawning
period) by randomly generating 10,000 genotypes in each
population based on their allelic frequencies and adopting a
0.05 exclusion threshold (in GENECLASS). This meant that
individuals were rejected from all populations if their mul-
tilocus genotypes did not fit within the 95% highest likeli-
hood tail of the assignment distribution in any population.
To maximize exclusion precision, we included TAK (n =
59) for exclusion tests (Table 1C) because not doing so would
risk overexcluding some individuals in the lake that had ac-
tually originated from inflow populations. We then conducted
similar exclusion tests on lake individuals. A higher fre-
guency of excluded lake individuals than excluded individ-
uals from populations (collected during the spawning period)
would be indicative of an unknown source in the lake. Any
excluded lake individuals were assumed to have originated
from unknown sources and were thus abandoned from further
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TaBLE 1.
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(A) Numbers of individuals (proportions in parentheses) from each breeding population correctly classified (bold) and mis-

classified to other breeding populations using the Bayesian assignment test of GENECLASS (Cornuet et al. 1999). Total sample sizes
(N) for each breeding population (CHE, Cheno; PEP, Pepeshquasati; RUP, Rupert) were collected from multiple temporal replicates and
pooled due to overall temporal stability in population structure to reduce error in estimations of allele frequency distributions. (B) Similar
methodology including samples from Takwa River (TAK; see Materials and Methods for details). (C) Numbers of individuals (proportions
in parentheses) excluded from each breeding population at the 0.05 threshold. Proportions of the individuals excluded from all breeding

population samples are in the far right column.

A Assigned to
Reference
population CHE PEP RUP N
CHE 109 (0.796) 27 (0.197) 1 (0.007) 137
PEP 38 (0.205) 143 (0.773) 4 (0.022) 185
RUP 3 (0.017) 2 (0.011) 173 (0.972) 178
B Assigned to

Reference

population CHE PEP RUP TAK N
CHE 97 (0.708) 16 (0.117) 1 (0.007) 23 (0.168) 137
PEP 33 (0.178) 108 (0.584) 2 (0.011) 42 (0.227) 185
RUP 3(0.017) 2 (0.011) 170 (0.955) 3(0.017) 178
TAK 15 (0.254) 17 (0.288) 1 (0.017) 26 (0.441) 59

C Excluded from

Reference

population CHE PEP RUP TAK Proportion
CHE 12 (0.088) 9 (0.066) 81 (0.591) 7 (0.051) 4/137 (0.029)
PEP 48 (0.259) 15 (0.081) 115 (0.622) 19 (0.103) 8/185 (0.043)
RUP 155 (0.871) 138 (0.775) 11 (0.062) 120 (0.674) 11/178 (0.062)
TAK 20 (0.339) 5 (0.085) 42 (0.712) 3 (0.051) 2/59 (0.034)

spatiotemporal analyses. Second, we evaluated whether we
were missing any unknown sources in the lake by using the
Bayesian clustering program STRUCTURE (Pritchard et al.
2000) to infer the number of k population clustersrepresented
in the lake (2000 and 2001 combined). Clustering analyses
were performed using three iterations each of k = 1 to 7
(burn-in 150,000 replications, 700,000 Markov chain Monte
Carlo replicates) and an admixture model with correlated
allele frequencies, because gene flow occurs among popu-
lations. Strongest likelihood support for the model k = 3
would confirm the existence of three populations in the lake,
whereas models of k > 3 would provide evidence for un-
known sources in the lake.

Spatial Distributions and Migration Distance

Because brook charr mainly use coastal habitat in Mistas-
sini Lake, we divided the lake into nine approximately even

TaBLE 2. Number of brook charr individuals sampled and geno-
typed in each year and sector in Mistassini Lake. Sector locations
are illustrated in Figure 1.

Sampling year

Region Sector 2000 2001 Total
North shore 1 52 54 106
2 115 162 277

3 13 77 90

Island chain 4 25 46 71
5 51 135 186

6 103 120 223

South shore 7 49 25 74
8 53 37 90

9 10 39 49

Total 471 695 1166

shoreline distance sectors corresponding to the three major
coastline areas in the lake: north shore (sectors 1-3), island
chain (sectors 4-6), and south shore (sectors 7-9; Fig. 1;
Table 2). With these general sectors, we could test for het-
erogeneity and temporal stability in spatial distributions re-
lated to feeding areas (for details on sample sizes see Table
2). This was assessed by performing a multivariate analysis
of variance (MANOVA) to quantify (using Wilk’s \) the
relative importance of spatiotemporal variance within the
nine sectors under null hypotheses of no overall sector or
sampling year effects (using SAS ver. 8.0; SAS Institute
1999; unless stated otherwise, all other statistical analyses
were conducted with SAS). Sector proportions of individuals
from each population (arcsine transformed) were the multiple
dependent variables, with spatial effects (sector) and tem-
poral (sampling year) effects being theindependent variables.

We calculated the degree of spatial overlap between each
population pair in 2000 and 2001 with Morisita’'s (1959)
index:

n
224 Pij Pik

C=3 n )
Z pij[(ni; — DI(N; — )] — Z Pik[(Nik = D/(Ny — 1)]
)

where pj; is the proportion sector i is of the total sectors used
by population j (pi by population k), n;; and n;, are the number
of individuals of populations j and k, N; and Ny are the total
number of individuals of each species in the sample X ; nj;
= N;, 2I'1 mx = N, and C ranges from zero (no overlap) to
one (complete overlap). Simulation studies comparing sev-
eral spatial (niche) overlap indices have found that Morisita's
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(1959) overlap index is the least biased when sample size
varies (Ricklefs and Lau 1980; Smith and Zaret 1982). A
higher rate of incorrect individual assignment between two
populations may bias (i.e., increase) spatial overlap estimates
(see Potvin and Bernatchez 2001), so we adjusted C values
by correcting the numbers of fish from each population in
each sector using:

Nyi corr = (nxi X aSSian) + (nyi X misaSSignxy)
+ (n; X misassign,,), 2

where n,; .o 1S the corrected number of fish assigned to pop-
ulation x in sector i, n,; X assign, is the number of fish
assigned to population x in sector i multiplied by the prob-
ability of correctly assigning a fish to population x, and n,;
X misassign,, and n; X misassign,, are the number of fish
assigned to population y and z in sector i multiplied by the
probability of incorrectly assigning a fish from population x
as a fish from population y and z, respectively.

We used the mean Euclidean distances between | atitudinal/
longitudinal coordinates of assigned individuals and mouths
of their respective river of origin as an index of mean mi-
gration distance traveled by each population in feeding areas.
We compared this index among populations over sampling
years, and within populations over two seasons (early sum-
mer: June to mid-July; late summer: mid-July to early Sep-
tember), using an analysis of variance (ANOVA). Although
this index likely underestimates actual migration distances
covered, as it does not account for physical barriers to in-
tralake movement (e.g., islands), such biaswould likely affect
all populations equally.

Population Habitat Selection Analyses

We tested for an association between habitat selection and
spatial distributions related to feeding areas. To do so, we
categorized coastline habitat into three main types based on
the major geomorphological characteristics of the littoral
zone of Mistassini Lake from Laverdiere and Guimont
(1977): (1) dolomite cliff, including rocky banks and steep
slopes on cuesta (ridge) fronts; (2) dolomite dipslope, in-
cluding rocky banks on the gently inclined reverse side of
cuestas; and (3) boulder beach (Fig. 1). We excluded afourth
habitat type (sandy beach) because it was not used by any
charr and only represented 3.5% of the lake's coastline. Prior
work has shown that comparable geomorphological features
may be related to important composites of habitat in similar
species (e.g., alimentation or predator avoidance; Nelson et
al. 1992; Lamoureux et a. 2002).

At successive 10-km intervals from each population river
mouth, we calculated the number of individuals assigned to
that population in each of the three habitats, pooling sampling
years because of temporally stable population spatial distri-
butions (see Results), which allowed increased statistical
power. We also estimated the proportion of coastline char-
acterized by each habitat using the topographic maps (1:
50,000) of Laverdiere and Guimont (1977). To account for
unequal habitat availability at each distance interval, we then
corrected individual counts for each habitat by dividing them
by habitat proportion (following Manly et al. 1993). Cor-
rected individual counts were retained as the dependent var-
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iable for log-linear categorical data analyses in PROC CAT-
MOD and arranged according to three independent variables:
distance (10-km distance intervals), habitat, and population.
These analyses assumed that all individuals had equal capture
probabilities and that individuals foraged and/or avoided
predators chiefly where they were captured (at |east reason-
able given that recreational fishing targets foraging fish).
We used model selection based on Akaike information
criterion (AIC) to allow comparisons between multiple work-
ing hypotheses related to our dependent and independent var-
iables. Following Burnham and Anderson (1998), we cal-
culated AIC, (AIC corrected for small sample size) for each
candidate model (see Table 5). We were especially interested
in candidate models involving two-way interactions among
variables, as these were often the parameters essential to
addressing biologically relevant questions in our system.
Namely, inclusion of the population-habitat interaction in the
best-fit model would suggest that populations show differ-
ential habitat selection. Likewise, retaining of the distance-
habitat interaction would suggest that habitat selection differs
depending on the distance from river mouths. The value of
data overdispersion (€), the degree to which sampling vari-
ance exceeds model based (theoretical) variance, was esti-
mated from the relationship x2/df from our most general mod-
el (see Table 5). For our data, ¢ = 2.05 (x33 = 47.14, P =
0.002). Thus, despite some inherent uncertainty in the choice
of candidate models included, this € value indicated that our
model structure was acceptable for explaining variation in
the data (Burnham and Anderson 1998). Quasi-likelihood
adjustments were then made using this ¢ value to convert
AIC. to QAIC, values to account for the remaining variance
in the data unexplained by the general model. The most par-
simonious fit to the data was considered as the model with
the smallest QAIC. value and the largest QAIC. weight
(wQAIC,, the weight of evidence for each model where the
sum of all model weights = 1; Burnham and Anderson 1998).

Morphological Differentiation among Populations

In 2001, we captured prespawning adult brook charr within
breeding areas from each population for morphological anal-
yses. To reduce possible effects of temporally dependent de-
velopment in secondary sex characteristics before breeding
(particularly in male salmonids; e.g., Fleming 1998), we sam-
pled charr at comparable times in each river according to
their different timing of migration and breeding (i.e., earlier
in inflows; Fraser et al. 2004). We also analyzed sexes sep-
arately (CHE: males = 23, females = 35; PEP: males = 20,
females = 36; RUP: males = 30, females = 20). We anes-
thetized charr with Euganol (2 mg/l) and positioned each on
their right side on a measuring board with the lower jaw
closed and caudal fin extended. We took whole body pho-
tographs (Nikon FE SLR camera, 50-mm lens, Fuji Sensia
100 ASA slide film) before reviving and releasing each fish.
Photographs were digitally scanned before taking measure-
ments using IMAGE J (U.S. National Institute of Health,
www.rsbweb.nih.gov/ij/).

Nine traits were measured on each charr based on body
depth and Iength and depth of posterior body sections (Fig.
2). We focused on these nine traits because they have been
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Fic. 2. Lateral view of a brook charr depicting morphological
traits measured: (1) head depth (HD); (2) maximum body depth
from the dorsal fin to the pelvic fin insertion (MBD); (3) distance
from the pelvic fin insertion to the adipose fin insertion (PELVAD);
(4) body depth from the adipose fin insertion to the anal fin insertion
(BDA); (5) caudal peduncle depth (CPD); (6) distance from the
adipose fin insertion to the dorsal (ADDC) and the (7) ventral
(ADVC) terminus of the caudal flexure; and distance from the anal
fin insertion to the (8) dorsal (ANDC) and the (9) ventral (ANVC)
terminus of the caudal flexure.

associated with varying swimming performance related to
migration difficulty (e.g., distance, elevation) among popu-
lations of other salmonid fishes (Taylor and McPhail 1985a;
Taylor and Foote 1991; Kinnison et al. 2003). We used prin-
cipal component analysis (PCA) as a multivariate approach
for describing the similarities and differences among indi-
viduals based on covariation among all nine traits.

Potential Effects of Gene Flow

An alternative explanation for potential associations be-
tween interpopulation differences in migration and gene flow
(m) is that these are the consequence of reduced m rather
than the cause (e.g., divergent natural selection). We there-
fore explored under what conditions m might affect the po-
tential for adaptive divergence in migration within popula-
tions. This was based on the quantitative model of Hendry
et a. (2001, eq. 7):

D*/D, = (G)/[G(1 — m) + (w? + P)m], 3

where D*/D, is the degree of divergence constrained by gene
flow for a given trait (assumed for simplicity as morpholog-
ical differences on PC2 axes; see Results), G is the additive
genetic variance (assumed to be 0.3P based on h? estimates
for morphological traits in brook charr; G. Perry, C. Audet,
and L. Bernatchez, unpubl. data), P isthe phenotypic variance
(assumed to be the average between popul ations on PC2 axes,
males and females combined = 0.83), and o is the strength
of stabilizing selection within populations (fitness function
width). Estimates of  are unavailable for brook charr, so we
followed Hendry et al. (2001, 2002) and used three values
of w2 corresponding to strong (4P), moderate (36P), and weak
(100P) stabilizing selection in nature (from w2 = —1/y, where
v is the quadratic selection gradient: see Arnold at al. 2001,
Kingsolver et al. 2001). Single estimates of D*/D, were cal-
culated for RUP-CHE (m = 0.0097), RUP-PEP (m = 0.0044),
and PEP-CHE (m = 0.0147). Values of m between popula-
tions used in our analyses originate from Fraser et al. (2004).
These m values must be considered with some degree of
caution because their calculation was intertwined with esti-
mates of effective population size (Ng) in each population,
which were themselves derived from a number of assump-
tions (Fraser et al. 2004; see also Whitlock and McCauley
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1999). Nevertheless, our m values represent averages based
on samples collected from three consecutive spawning pe-
riods in each river (annually between 2000 and 2002), and
they overlap with the time period of this study.

REsuLTS

Assignment, Exclusion, and Clustering Tests

Overall mean assignment success of individuals to popu-
lations was 84.8%, and it reached 98.0% when considering
the outflow (RUP) versus the two inflows (CHE, PEP) com-
bined (Table 1A). Most misclassifications were therefore
among inflows, consistent with the higher gene flow (m) be-
tween these two populations. The proportion of lake indi-
viduals excluded from populations did not differ from that
excluded in population samples collected in breeding areas
(xf = 2.45, P = 0.12; Table 1C). Clustering analyses with
STRUCTURE confirmed the lack of any major unknown pop-
ulation sources within lake individuals, since under the model
of k = 3, the greatest posterior probability (> 0.90) was
obtained, and individual clustering probabilitiesinto any one
k were well defined to indicate the presence of real population
structuring (data not shown; Pritchard et al. 2000). This was
further corroborated by support for k = 3 using the same
methodol ogy within population samples collected in breeding
areas (outflow, RUP: k = 1; inflows, including TAK: k = 2;
Fraser et al. 2004).

Temporal Stability in Population Spatial Distributions and
Migration Distance

A heterogeneous spatial distribution related to feeding ar-
eas was observed among populations. Outflow (RUP) charr
predominated along north shore sectors (1-3: 47.8-93.4%)
and to a lesser extent in sector 4 (27.3-41.5%), yet were
infrequent in all other island chain and south shore sectors
(5-9: 0-16.7%; Table 3, Fig. 3). Conversely, inflow charr
(CHE, PEP) were found mainly along island chain and south
shore sectors (sectors 4-9: 58.6-100%; Table 3, Fig. 3).
These differences in feeding areas were temporally stable, as
the MANOVA indicated that variance in the spatial distri-
bution of individual populationsin the nine sectorswas prom-
inent (Wilk’'s A = 0.01, Fp4 15 = 2.75, P = 0.02) relative to
variance in time (sampling years), which was not significant
(Wilk’'s N\ = 0.71, F36 = 0.80, P = 0.53). Reanalysis of the
MANOVA with only inflow populations (CHE, PEP) indi-
cated no significant variance in the spatial distribution
(Wilk’'s A = 0.21, Fy514 = 1.06, P = 0.46).

In both sampling years, there was a positive association
between the degree of population spatial distribution overlap
(C) related to feeding areas and gene flow (m). Outflow (RUP)
versus the inflow populations (CHE, PEP) had the least
amount of spatial overlap and the lowest m (CHE-RUP 2000:
C = 0.173; 2001: C = 0.289; mean m = 0.0097; PEP-RUP
2000: C = 0.225; 2001: C = 0.379; mean m = 0.0044).
Conversely, despite thefact that shoreline distancesfrom PEP
to CHE and PEP to RUP were similar (=90 km vs. =98 km),
PEP and CHE had the greatest spatial overlap and highest m
(2000: C = 0.849; 2001: C = 0.890; mean m = 0.0147).

Accordingly, there was also higher m between populations
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TaBLE 3. Estimated proportions (%) and 95% confidence intervals (in parentheses) assigned to Mistassini Lake brook charr populations
in the nine lake sectors and two sampling years after excluded individuals were removed from analyses (inflows: CHE, Cheno; PEP,
Pepeshquasati; outflow: RUP, Rupert). Sector and overall proportion estimates were taken as the binomial parameter p and bound with
95% confidence intervals (Cl) following Brownlee (1965, pp. 148—149).

CHE

PEP RUP

Sector 2000 2001

2000

2001 2000 2001

13.6 (5.2-27.2)  10.2 (3.4-22.2)  38.6 (22.6-54.5) 34.7 (21.7-49.0)  47.8 (32.3-63.6) 55.1 (40.1-69.1)
1.9 (0.0-6.6) 4.2 (1.6-8.8) 4.7 (1.0-9.3) 15.2 (9.8-22.2)  93.4(88.2-97.9) 80.6 (73.1-86.6)
7.7 (0.0-36.0)  16.0 (8.6-26.3) 7.7 (0.0-36.0)  20.0(11.6-31.1) 84.6 (54.6-98.1) 64.0 (52.4-75.1)

13.6 (2.9-34.7)
30.0 (17.8-44.9)

1
2

3

4 19.5 (8.8-38.7)
5

6 21.8 (14.2-30.8)

°

8

9

o)

28.9 (21.5-37.4)
27.4 (19.5-36.9)
50.0 (29.1-70.9)
27.0 (13.9-44.1)
24.3 (11.8—41.4)
20.1 (17.5-23.4)

27.1 (15.2—41.9)
22.4 (11.8-36.5)
50.0 (26.3—87.8)

verall 17.7 (14.6-21.5)

59.1 (36.3—79.3)
66.0 (51.7—78.6)
68.3 (58.1—77.4)
60.4 (45.5-74.0)
69.4 (54.4—81.8)
50.0 (12.2-73.7)
46.0 (42.6-48.7)

39.0 (23.8-56.0)  27.3 (10.7-49.8) 41.5 (26.5-57.4)

59.3 (50.2—68.2) 4.0 (0.0-13.7) 11.8 (6.7-18.8)
67.3 (58.0-76.1) 9.9 (4.9-17.5) 5.3 (2.0-11.2)
33.3(15.8-55.4) 125 (4.7-25.2)  16.7 (4.7-37.4)
67.6 (50.2-82.0)  8.2(2.3-19.6) 5.4 (0.7-18.2)

64.9 (47.2-79.8) 0
43.0(39.8-45.1)  36.3 (32.5-38.9)

10.8 (3.0-25.3)
36.9 (34.4-38.0)

with more similar mean Euclidean migration distances in
feeding areas: all populations differed in mean migration dis-
tance, but this was 3.0-3.5 times longer in inflow populations
than in the outflow (Table 4). Neither sampling year nor
season (early vs. late summer) had an effect on migration
distance (Table 4). While there was significant variation in
migration distance between popul ations among years and sea-
sons, these interactions explained only 1.5% and 1.7% of the
total variance compared to 95.8% explained between popu-
lations (Table 4).

Population Spatial Segregation and Differential
Habitat Selection

Populations differed in lake spatial use and differed con-
comitantly in their use of coastline habitat in the lake, as the
population-habitat interaction was retained in the best-fit
model (wQAIC; > 0.999; Table 5). Outflow (RUP) charr
frequented boulder beach habitat in all but one distance in-
terval, whereas inflow (CHE, PEP) charr were very similar
in favoring dolomite cliff coastlines in most distance inter-
vals, including at the same distance interval s as outflow charr
(Fig. 4). The inclusion of the population-distance interaction
in the best-fit model (Table 5) was also expected given the
evidence for different population migration distances (Table
4). Theinclusion of the habitat-distance interaction suggested
that population habitat selection was variable with distance
from river mouths. However, this only occurred at distances
greater than 30—40 km than average migration distances of
individual populations (see Fig. 4).

Morphological Differentiation

Thefirst three principal components (PC1-PC3) explained
95.6% and 90.4% of the variance in male and female mor-
phology, respectively. All correlations between the nine mor-
phological traits were positive and of similar value along
PC1, and PC1 accounted for 85.4% (males) and 72.7% (fe-
males) of the total variation (Table 6). Thus, PC1 was con-
sidered to represent overall variation in body size and sub-
sequent principal components (PC2, PC3) were interpreted
as explaining size-free variation in body shape (Jolliffe
1986).

In both sexes, PC2 contrasted characters related to body

depth and caudal peduncle depth (e.g., HD, MBD, BDA, CD)
with caudal region length (e.g., ADDC, ADVC, ANDC,
ANVC; one-way ANOVAs: males, F, 7o = 37.06, P < 0.001;
females F, g3 = 9.04, P < 0.001; Table 6). Outflow (RUP)
charr had deeper bodies and caudal peduncles and shorter
caudal regions than inflow charr (all Tukey’s P < 0.05; Fig.
5: plotted as higher negative scores), whereas inflow charr
did not differ in mean PC2 scores (all Tukey’s P > 0.30;
Fig. 5). PC3 (explaining 2—3 times less variation than PC2)
contrasted head depth and dorsal caudal length regions (e.g.,
HD, ADDC, ADVC) with ventral caudal length regions (e.g.,
PELVAD, ANDC, ANVC; Table 6). Mean PC3 scores did
not differ among populations in males (F, 7,0 = 1.04, P =
0.36), but differed in females (F,gs = 11.04, P < 0.001).
Outflow females had longer dorsal relative to ventral caudal
regions and deeper heads (plotted as negative scores) than
inflow females (all Tukey’s P < 0.05; Fig. 5).

Potential Constraints of Gene Flow

Variable gene flow (m) among populations (RUP-CHE: m
= 0.0097; RUP-PEP: m = 0.0044; PEP-CHE: m = 0.0147;
Fraser et al. 2004) suggested that m would be more likely to
constrain adaptive divergence among some populations than
others. Namely, between the outflow (RUP) and each inflow
population (CHE, PEP), m was estimated to constrain adap-
tive divergence to 87%, 46%, and 24% of its optimum (RUP-
CHE) and 94%, 65%, and 40% of its optimum (RUP-PEP)
if stabilizing selection was strong, moderate, and weak, re-
spectively. Conversely, although there were overlapping in-
tervals for estimated constraints of m on adaptive divergence
between all three interpopulational comparisons, those be-
tween inflow populations (CHE, PEP) had the greatest po-
tential impact on adaptive divergence (81% of its optimum
if stabilizing selection was strong), particularly if stabilizing
sel ection was moderate or weak (36% and 17%, respectively).

Discussion

Divergent Natural Selection and Interpopulation Differences
in Migration

Comparatively limited attention has been paid to ecolog-
ical interactions other than associations between alternative
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Fic. 3. Spatial representation of the numbers of fish assigned to
brook charr populations (inflows: Cheno, CHE; Pepeshquasati, PEP;
outflow: Rupert, RUP) among the nine lake sectors in 2000 and
2001, based on assignment tests. Both inflow populations are de-
noted in black because their spatial distributions did not differ from
one another in either year. The size of the circles within legends
is proportional to the number of individuals assigned to populations
at each sampling location.

trophic resources and morphological specialization in studies
of phenotypic diversity and divergent natural selection
(Schluter 2000). Our study provided evidence for a tempo-
rally stable, heterogeneous spatial distribution in feeding ar-
eas during migration among sympatric brook charr popula-
tions. We then compared interpopulation differences in mi-
gration among populations (spatial overlap, habitat selection,
and migration distance within feeding areas, as well as mor-
phology). A match between such differences and the hetero-
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geneous spatial distribution in feeding areas observed would
lend support to an adaptive basis for the former (Schluter
2000). In addition, a negative association between the extent
interpopulation differences in migration and the amount of
gene flow would provide evidence that reduced gene flow
between populations is a consequence of divergent natural
selection (Schluter 2000, 2001).

The data on interpopulation differences in migration and
gene flow among Mistassini Lake brook charr populations
were consistent with these expectations. First, the amount of
gene flow was lowest between populations having more spa-
tial segregation related to feeding areas during migration, and
this was independent of the shoreline distance between rivers
where each population breeds. The extent of spatial segre-
gation among populations was also related to a phenotype-
environment association for differential habitat selection. Ex-
ploitation of different habitats upon expansion into novel
resource (e.g., postglacial) environments is considered an
adaptive behavioral response for alleviating competitive in-
teractions in the initial stages of population divergence (Ehr-
man and Parsons 1981; Diamond 1986; Schluter 2000). Hab-
itat selection isalso thought to be critical for matching locally
adapted phenotypes within heterogeneous landscapes (Davis
and Stamps 2004). Furthermore, a genetic basis for habitat
selection has previously been demonstrated in various taxa
(e.g., mammals: Harris 1952; invertebrates: Doyle 1976; Ehr-
man and Parsons 1981, references therein), including in other
salmonid fishes (Skulason et al. 1993; Rogers et al. 2002).
For example, dwarf and normal ecotypes of lake whitefish
(Coregonus clupeaformis) occupy divergent habitats in the
upper (limnetic zone) and lower (benthic zone) water column,
respectively, of several North American postglacial lakes
(Rogers et al. 2002). Laboratory-bred fish from both eco-
types, having had no previous experience with either natural
habitat, showed depth preferences for the type of habitat usu-
ally inhabited in nature, and F; hybrids were intermediate in
depth use (Rogers et al. 2002).

Morphological variation among Mistassini Lake brook
charr populations was also consistent with a probable phe-
notype-environment association. Notably, long-distance
feeding migrants of inflow populations were more stream-
lined with longer caudal regions than short-distance migrants
of the outflow. In addition, after entering natal riversto breed,
inflow charr also migrated longer distances (35—75 km) and
at greater elevations (50-150 m) to breeding areas than out-
flow charr (015 km; —10-0 m). Overall, a streamlined body
form reduces drag during swimming, while a longer caudal
region facilitates prolonged swimming (Webb 1984a,b; Tay-
lor and McPhail 1985a; Taylor and Foote 1991). Such phe-
notypic attributes presumably would increase energetic ef-
ficiency for longer and more difficult migrations in inflow
charr. This may be critical because migration distance and
difficulty have been experimentally shown to affect repro-
ductive success in salmonids. For instance, Kinnison et al.
(2001, 2003) inferred differences in migratory costs for Chi-
nook salmon families (Oncorhynchus tshawychwa) at dis-
tances (17 km vs. 100 km) and elevations (17 m vs. 430 m)
within natal rivers comparable to those that divergent Mis-
tassini Lake populations undertake between feeding and
breeding areas and within feeding areas. In both males and
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TaBLE 4. Significance of population of origin and independent variables (sampling year, season: early vs. late summer, i.e., June through
mid-July vs. mid-July through early September) on migration distance for Mistassini Lake brook charr based on ANOVA. % MS (mean
square) represents the percentage of variance explained by each effect (each effect MS divided by the sum of all effect MS). Means (in
kilometers = 1 SE) for all significant independent variables are shown, with asterisks denoting significant a posteriori comparisons (Tukey
test: single variables; contrasts: interaction terms) at the P = 0.05 level.

Effect F df P-value % MS Effect means

Population 258.37 2 <0.0001 95.82 CHE: 69.6 (£2.1)*
PEP: 63.5 (£1.4)*
RUP: 21.8 (=1.5)*

Sampling year 1.73 1 0.19 0.64

Season (early vs. late summer) 0.73 1 0.39 0.27

Population X sampling year 4.15 2 0.02 154 CHE 2000 vs. 2001: 71.5 (=3.9) vs. 68.4 (=2.6)
PEP 2000 vs. 2001: 68.2 (+=2.2) vs. 60.0 (+1.8)*
RUP 2000 vs. 2001: 20.5 (£2.2) vs. 22.7 (=1.5)

Population X season 4.67 2 0.01 1.73 CHE early vs. late: 68.4 (+2.6) vs. 71.2 (+=3.5)

PEP early vs. late: 62.8 (£2.0) vs. 64.2 (=2.3)
RUP early vs. late: 27.3 (£2.1) vs. 18.2 (£ 1.5)*

females, the longer migration led to reductions in somatic
energy reserves for reproduction. The longer migration also
led to a reduction in ovarian mass and egg size in females,
and reduced dorsal hump size (related to body depth) and
upper jaw length in males, all of which are traits related to
reproductive output, competitive ability, or mating success
in salmonids (Kinnison et al. 2001, 2003).

Similar interpopulation differences in morphology to those
observed in Mistassini Lake (e.g., streamlined long caudal
region vs. deep-bodied short caudal region) are also genet-
ically based in other migratory salmonids (Taylor and
McPhail 1985a; Hawkins and Quinn 1996), including brook
charr (G. Perry, unpubl. data). In addition, analogous di-
chotomies in migration distance between breeding and non-
breeding (e.g., feeding or wintering) areas have been ob-
served within other species. For example, in some bird spe-
cies that migrate between northern breeding areas and south-
ern wintering areas, the populations breeding at the highest
latitudes also winter at the lowest latitudes, thus bypassing
more intermediate latitude areas used by other populations
(termed ‘‘leap-frog migrations'’: Salomonsen 1955; Pien-
kowski et al. 1985). Likewise, ocean-type and stream-type
Chinook salmon (Oncorhynchus tshawychwa) populations
generally migrate shorter and longer distances to breeding
areas after entering natal rivers, respectively, but ocean-types
do not migrate as far from coastal shelf areas within oceanic
feeding areas as stream-types (Healey 1983; Waples et al.
2004). Thus, similar interpopulation differencesin migration
may be selected along parallel ecological axes in a variety
of species, in part perhaps because of a compromise in the

suites of traits necessary for meeting energetic demands and
life-history trade-offs at different migratory life-history stag-
es (Dingle 1996; see below).

Coadapted Life-History Traits and Migration

Seasonal timing of migration and breeding are considered
critical life-history traits, as they allow locally adapted in-
dividuals to maximize fitness in their environments (fish:
Quinn et al. 2000; birds: Hatchwell 1991; insects: Ohgushi
1991). Inflow charr migrate back to natal rivers earlier and
tend to breed earlier than outflow charr (Fraser et al. 2004).
In other salmonid fishes, variation in migration and breeding
timing often has a strong genetic component (Quinn and Ad-
ams 1996; Quinn et al. 2000; Bentzen et al. 2001) and is
thought to evolve to compensate for environmental condi-
tions such as flow and temperature (Quinn and Adams 1996).
In addition to spatially discrete breeding grounds, such tem-
poral breeding differences may further limit gene flow among
Mistassini Lake brook charr populations, particularly be-
tween inflow and outflow populations.

Life-history theory also predicts that trade-offs between
migration, growth, and age at breeding will be optimized to
maximize individual fithess in populations (Roff 1992; Dod-
son 1997). Long-distance inflow migrants were older (4.18
years vs. 3.56 years) and larger (509 mm vs. 464 mm) at
maturity than short-distance outflow migrants (Fraser et al.
2004). Yet, variance in breeding age was lower overall in
inflows, as was the body size of all fish sampled over three
years in breeding areas, and we found no evidence for dif-

TaBLE 5. The five best-fit models among the initial candidate model set, and the most general model (in bold) for habitat selection
analyses among brook charr populations based on QAIC., with an overdispersion correction factor of € = 2.05. Shown for each model
are the variables retained, the relative differences (A) in model QAIC, values, parameter number (k), and the model’s QAIC, weight
relative to all other models (wQAIC,). Pop, population (Cheno, Pepeshquasati, Rupert); hab, habitat (dolomite cliff, dolomite dipslope,
boulder beach); dist, successive 10-km distance intervals from river mouths.

Best-fit model AQAIC, K wQAIC,
Pop, hab, dist, pop X hab, pop X dist, hab X dist 0.00 74 >0.999
Pop, hab, dist, pop X dist, hab X dist 32.54 70 <0.001
Pop, hab, dist, pop X hab, pop X dist 34.55 48 <0.001
Pop, hab, dist, pop X dist 93.03 44 <0.001
Pop, hab, dist, pop X hab, hab X dist 101.86 48 <0.001
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Fic. 4. Summary of population habitat selection at differing distance intervals from river mouths. Sample sizes represented within each
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each population (inflows: Cheno, CHE; Pepeshquasati, PEP; outflow: Rupert, RUP).

TABLE 6. Summary of principal component analysis loadings of morphological variation among brook charr populations. Morphological
trait definitions are provided in Figure 2.

Males Females
Morphological character PC1 PC2 PC3 PC1 PC2 PC3
1 (HD) 0.325 -0.198 0.657 0.337 -0.187 0.605
2 (MBD) 0.338 —0.348 —0.034 0.340 —0.127 —0.014
3 (PELVAD) 0.337 —0.245 —-0.419 0.351 —0.003 —0.561
4 (BDA) 0.340 —0.344 —0.044 0.319 —0.684 —-0.117
5 (CD) 0.336 —0.286 —0.057 0.335 —0.148 0.065
6 (ADDC) 0.312 0.517 0.314 0.340 0.238 0.251
7 (ADVC) 0.341 0.219 0.273 0.365 0.174 0.286
8 (ANDC) 0.329 0.394 —0.344 0.354 0.204 —0.320
9 (ANVC) 0.338 0.331 —0.309 0.374 0.224 -0.231

% Variance accounted for 85.41 7.75 2.41 72.66 11.37 6.34
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Fic. 5. Mean PC2 and PC3 scores (=1 SE) of morphological var-
iation for male and female brook charr among Mistassini |ake pop-
ulations (inflows: Cheno, CHE; Pepeshquasati, PEP; outflow: Ru-
pert, RUP).

ferent growth rates among populations (D. Fraser, unpubl.
data). Although future research should incorporate infor-
mation on age-specific rates of survival (e.g., Hutchings
1993), these results and observations imply that postbreeding
survival, and thus iteroparity (repeat breeding), may be lower
in charr from inflows than the outflow. In salmonids, longer
migrations can result in lower postbreeding adult survival,
and the energy lost in breeding is more difficult to regain for
larger fish (Crespi and Teo 2002 and references therein).
Thus, delayed reproduction in long-distance inflow migrants
could maximize fitness benefits by conferring a larger body
size that swims more efficiently (Brett and Glass 1973) for
upstream migration and that increases reproductive output
(e.g., fecundity; Schaffer and Elson 1975) for their stronger
probability of breeding only once.

The Role of Selection versus Gene Flow on Divergence or
Other Mechanisms

We have considered that reduced gene flow (m) among
sympatric brook charr populations is a consequence of di-
vergent natural selection leading to interpopulation differ-
ences in migration. However, this does not rule out the pos-
sibility that other mechanisms play a role in population di-
vergence within this system.

621

Interpopulation differences in migration may also be lim-
ited by higher m, such that these may be a consequence of
reduced m rather than a cause (Endler 1977; Storfer and Sih
1998; Hendry et al. 2001, 2002; Hendry and Taylor 2004;
Nosil and Crespi 2004). Overall, the analysis we used to
explore this possibility (albeit with a number of assumptions
and imprecise parameter estimates) suggested that adaptive
interpopulation differencesin migration likely reflected abal-
ance between divergent natural selection and geneflow. How-
ever, m may only have had appreciable effects between cer-
tain populations in Mistassini Lake. For instance, selection
was more likely to be responsible for much of the differ-
entiation between the outflow and two inflows. First, inflows
differed little in morphology despite variable m with the out-
flow (0.0097 vs. 0.0044, respectively). Second, there was no
association between shoreline distance among populations
and the amount of gene flow. Third, inflow charr are more
abundant than outflow charr, based on estimated proportions
of charr assigned to each population in this study and esti-
mates of effective population size (Ng) from Fraser et al.
(2004). Thus, simply because a larger number of individuals
likely emigrate from inflows, we might have expected less
differentiation between the outflow and two inflowsif mcon-
strains adaptive divergence. In contrast, our data suggested
that both smaller differences in selective pressures (or re-
gime) and higher m are likely responsible for migration sim-
ilarities between the two inflow populations. Gene flow may
especially constrain adaptive divergence within Cheno, as
Fraser et al. (2004) found evidence for higher m from Pe-
peshquasati to Cheno than vice versa. Future investigation
into the effects of interpopulation differences in migration
on ecologically dependent postmating isolation (i.e., reduced
hybrid fitness: Rundle and Whitlock 2001; Kirkpatrick 2001)
would provide more insight into the role of divergent natural
selection in reducing gene flow.

Studies on salmonids have documented a genetic basis for
many of the traits related to migration considered here, but
these traits also have an important environmental component
(their heritabilities are typically 0.1-0.5; Roff 1992). Addi-
tional research on this system must confirm the genetic basis
of interpopulation differences in migration and consider the
role of adaptive phenotypic plasticity, as such plasticity may
have been favored within newly formed postglacial |ake en-
vironments (Robinson and Parsons 2002; Hutchings 2004).
Likewise, aternative explanations for the divergent mor-
phology among populations must be ruled out before the
nature of relationships between body form and migration can
be confirmed. This might involve collecting data on predation
regimes of Mistassini populations, since a deeper-bodied
form (e.g. outflow charr) in juvenile salmonids can reduce
vulnerability to predation via increased burst swimming per-
formance or difficulty in handling (Taylor and M cPhail 1985b
and references therein). Finally, because inflow and outflow
populations likely do not originate from a common ancestor,
interactions between the colonization timing and direction of
ancestral lineages and aspects of the habitat landscape may
have affected and/or may continue to affect the evolutionary
mode of interpopulation differencesin migration among pop-
ulations in sympatry (Fraser and Bernatchez 2005).
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Evolutionary and Conservation Implications

Breeding and nonbreeding areas within migratory life cy-
clesare necessarily linked (Webster et al. 2002 and references
therein). However, the evolutionary implications of these
links in the context of population divergence and adaptive
evolution remain poorly understood. The results of this study
and those of Fraser et al. (2004) expand on previous studies
of migration by showing a negative association between the
extent of interpopulation differences in migration over the
entire life cycle (both between breeding and nonbreeding
areas, as well as within each) and the amount of gene flow
among brook charr populations. The predictable patterns of
intraspecific divergence within this postglacial |lake may be
relevant for elucidating how interpopulation differences in
migration arise in other migratory species wherethereis pro-
nounced gene flow (birds: Berthold 1988; Scribner et al.
2003; mammals: Baker 1978 and references therein; inver-
tebrates: Dingle et al. 1980; McAnelly 1985). They may also
make clear the habitats necessary for preserving or rehabil-
itating different populations at various life-cycle stages. With
respect to migratory salmonids, for example, factors leading
to intraspecific divergence within breeding areas have been
extensively studied, whereas much less is known of non-
breeding areas (e.g., feeding areas). Main features of our
study are the implication of an adaptive component to links
between breeding and feeding areas in intraspecific sailmonid
populations, as well as the evidence that these may shape
other aspects of population structuring and evolution (see
also Weitcamp et al. 1995; Potvin and Bernatchez 2001; Wa-
ples et al. 2004). Whether selection on coadapted traits for
migration enhances directly or indirectly the same traits as-
sociated with premating isolation (Rice and Hostert 1993;
Schluter 2001) will require further study. That these mech-
anisms may act differently or synergistically at successive
life-cycle stages in migratory species reaffirms the value of
a comprehensive approach to studying phenotypic diversity
and divergence.
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