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The interplay between dispersal and gene flow in anadromous Arctic
char (Salvelinus alpinus): implications for potential for local adaptation
Jean-Sébastien Moore, Les N. Harris, Ross F. Tallman, and Eric B. Taylor

Abstract: Dispersal can influence the process of local adaptation, particularly when the dispersers successfully breed in the
non-natal habitat. Anadromous Arctic char (Salvelinus alpinus) display a complex migratory behaviour that makes the distinction
between breeding and nonbreeding dispersal especially important. This species does not reproduce every year, but individuals
mustmigrate to freshwater to overwinter such that a large proportion of fish running up-river are not in breeding condition and
have no potential for gene flow. We used a genetic assignment approach to identify dispersers among populations of char from
Baffin Island, Canada. Estimates of dispersal varied between 15.8% and 25.5% depending on the assignment method, suggesting
that Arctic char disperse at a higher rate than other salmonids. Nonbreeding individuals were more likely to use non-natal
habitats than breeding individuals, thus resulting in estimates of dispersal that overestimate the potential for gene flow among
populations. Finally, we parameterized a population genetic model showing that gene flow is probably sufficiently low to allow
for local adaptation among populations, given realistic selection coefficients. Our results underscore the importance of under-
standing patterns of dispersal to appropriately evaluate their potential consequences for local adaptation and management.

Résumé : La dispersion a une influence importante sur l'adaptation locale, particulièrement lorsque les migrants se reprodu-
isent dans l'habitat non-natif. L'omble chevalier anadrome (Salvelinus alpinus) a un comportement migratoire complexe qui rend
importante la distinction entre une dispersion suivie ou non d'une reproduction. Les individus de cette espèce ne se reproduisent
pas chaque année, mais doivent tous migrer en eau douce pour hiverner. Une importante proportion d'individus migrants ne
sont donc pas en état de se reproduire et n'ont aucune influence sur le flux de gènes. Nous avons utilisé une approche
d'assignation génétique pour identifier les individus disperseurs entre des populations d'omble chevalier de l'Île de Baffin,
Canada. Les estimés de dispersion obtenus varient entre 15.8 % et 25.5 % selon la méthode d'assignation, suggérant que la
dispersion est plus importante chez l'omble chevalier que chez d'autres salmonidés. De plus, les individus nonreproducteurs
étaient plus susceptibles d'utiliser un habitat non-natif que les individus reproducteurs, ce qui résulte en des estimés de
dispersion qui surestiment le potentiel pour le flux de gènes entre populations. Finalement, nous avons paramétré unmodèle de
génétique des populations qui montrent que le flux de gènes pourrait être suffisamment bas pour permettre l'évolution
de l'adaptation locale à l'échelle de la rivière en supposant des coefficients de sélection réalistes. Nos résultats soulignent
l'importance de comprendre les patrons de dispersion afin de proprement évaluer leurs conséquences pour l'adaptation locale
et la gestion.

Introduction
Dispersal and gene flow have a variety of important ecological

and evolutionary consequences that affect the fitness of individu-
als and populations (Clobert et al. 2004; Garant et al. 2007). For
instance, dispersal and gene flow determine the extent to which
populations are genetically linked (Bohonak 1999; Waples and
Gaggiotti 2006) and locally adapted (Slatkin 1987; Lenormand
2002), which in turn influences the scale over whichmanagement
actions should be implemented (e.g., Storfer 1999; Fraser and
Bernatchez 2001; Waples and Gaggiotti 2006). Many dispersal
events, however, do not result in gene flow (Ehrlich and Raven
1969; Nosil et al. 2005), and distinguishing between dispersal
events that result in gene flow from those that do not is therefore
critical to predict its effects on population structure and on the
evolution of local adaptation (Slatkin 1987; Garant et al. 2007).

A great deal of effort has been directed at understanding pat-
terns of dispersal and gene flow in anadromous salmonids
(Hendry et al. 2004; Dionne et al. 2008), in part because of the
important implications for the management of those species

(Waples 1991; Ruckelshaus et al. 2002). Anadromy refers to the
behaviour where individuals hatch and grow as juveniles in fresh
water, but forage as adults in the marine environment before
returning to fresh water to reproduce and (or) overwinter
(McDowall 1987). Anadromous salmonids tend to home to their
natal freshwater habitats following marine migrations that often
take them great distances from their natal habitat (Hendry et al.
2004; Quinn 2005). The homing strategy of salmonids typically
leads to low gene flow among populations and is largely respon-
sible for the high levels of genetic differentiation and local adap-
tation commonly observed among populations even on a small
spatial scale (Taylor 1991; Fraser et al. 2011). Despite the general
homing tendencies of salmonids, a component of many popula-
tions will disperse to non-natal rivers, a phenomenon referred to
as “straying” (Quinn 1993). Straying is an important behaviour
because it allows the colonization of new habitats and may con-
stitute a bet-hedging strategy used in response to unpredictable
habitats (Hendry et al. 2004). Strayingmay also result in gene flow
among populations, which may reduce local adaptation (e.g.,
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Dionne et al. 2008). It also leads to mixing of stocks, which can
create challenges for fisheries management (Utter and Ryman
1993).

The Arctic char (Salvelinus alpinus) is a salmonid fish with a Hol-
arctic distribution, and many populations at higher latitudes are
anadromous (Johnson 1980; Klemetsen et al. 2003). Anadromous
populations are the target of an important subsistence and com-
mercial fishery by Inuit resource users in the Canadian Territory
of Nunavut (Priest and Usher 2004; Roux et al. 2011). The commer-
cial fishery for Arctic char is currently co-managed by the federal
government and Inuit organizations (Kristofferson and Berkes
2005), but the lack of data on many of the exploited systems,
combinedwith the logistical challenges associatedwith collecting
such data in the high Arctic, means that many of the assumptions
under which current management operates remain untested
(Roux et al. 2011). For instance, each river is currently assigned a
quota independent of other rivers (e.g., Harris and Tallman 2010),
an approach that assumes most individuals home to their natal
river every year to spawn or overwinter. Tagging studies, however,
suggest that dispersal (or straying) may be fairly high in Arctic
char populations compared with other salmonids (Dempson and
Kristofferson 1987; Gyselman 1994). In addition, some unusual
aspects of the anadromous Arctic char life cyclemake distinguish-
ing between dispersal and gene flow particularly important for
this species. Many anadromous salmonids spend several years at
sea before returning to freshwater to spawn (Fleming 1998; Quinn
2005). Arctic char, however, must return to fresh water yearly
because they have low salinity tolerance and are not able to sur-
vive the sub-zero temperatures of the Arctic Ocean in winter
(Johnson 1980; Klemetsen et al. 2003). This yearly energy expendi-
ture associatedwith themigration, combinedwith a short feeding
season (�30–100 days; Johnson 1980; Dempson and Kristofferson
1987), results in slow growth and little energy to invest in gonadal
development (Dutil 1986). Consequently, Arctic char typically do
not reproduce every year, and a substantial proportion of return-
ing adults are migrating solely for the purpose of overwintering
(Dutil 1986). As such, these individuals have no potential to intro-
duce their alleles in non-natal habitats. Furthermore, patterns of
tag recovery from tagging studies suggest that the individuals
migrating for the purpose of overwintering may have a greater
propensity to use non-natal habitats in comparison with individ-
uals migrating for reproduction (Dempson and Kristofferson
1987; Gyselman 1994), although direct evidence for this behaviour
is still lacking. Together, these observations suggest that a sub-
stantial proportion of dispersal events will not result in gene flow
in anadromous Arctic char.

It is therefore necessary to distinguish between two types of
dispersal in Arctic char: breeding dispersal, where a mature indi-
vidual enters a non-natal habitat for the purpose of reproduction;
and overwintering dispersal, where a nonbreeding individual
uses a non-natal habitat to overwinter. Note that this latter form
of movement does not represent dispersal according to all defini-
tions (e.g., Howard 1960; Clobert et al. 2001; Ronce 2007), but
would be considered dispersal according to other commonly ac-
cepted definitions (e.g., Bowler and Benton 2005; Garant et al.
2007).

To better understand the migratory behaviour of anadromous
Arctic char and the interplay between dispersal and gene flow in
determining, in part, the potential for local adaptation in this
species, we conducted a microsatellite DNA survey of char from
the Cumberland Sound region of Baffin Island. Our sampling
scheme included samples of migrating adult fish collected as they
enter fresh water during the fall migration and samples of pre-
smolt juvenile fish still rearing in fresh water that have therefore

not had an opportunity to disperse yet (i.e., they have not left their
natal lakes). This was designed to test three hypotheses. First, we
hypothesized that many dispersal events do not result in gene
flow and predicted that under this hypothesis average genetic
differentiation (i.e., as measured by FST) between samples of juve-
niles would be higher than average genetic differentiation be-
tween samples of adults from the same system, because many of
these adults represent nonbreeding, overwintering adults. Sec-
ond, we tested the hypothesis that overwintering fish are more
likely to use non-natal habitats than breeding fish. To do so, we
used genetic assignment tests to provide an estimate of total dis-
persal (i.e., breeding and overwintering dispersal), which we then
partitioned into breeding dispersal and overwintering dispersal
using information on the reproductive status of the genetically
assigned fish. Third, using the same genetic assignment proce-
dure, we tested the hypothesis that dispersers not only differ from
philopatric individuals in their reproductive status, but also in
other traits such as sex, age, and body size. In addition to testing
these three hypotheses relating to the patterns of dispersal, we
explored the potential consequences of gene flow for local adap-
tation in this system by parameterizing a population genetic
model of the balance among migration, drift, and selection with
estimates of gene flow generated from the microsatellite data.

Material and methods

Field sampling
Arctic char were sampled from Cumberland Sound, in the

southeastern part of Baffin Island, Nunavut, in Canada's eastern
Arctic (Fig. 1; also refer to Table S1 in the online Supplementary
Material1). Adult fish were collected from a total of 10 localities
between 2003 and 2009, using gill nets (140 mm stretched mesh
and multimesh 38–102 mm) set in salt water close to the mouth
of the rivers that drain the lakes in which Arctic char spawn.
Sampling was conducted from mid-July to September when fish
aggregate close to those rivers prior to undergoing upstream mi-
grations. For a few localities (QAS and IQ1), collections were made
in fresh water shortly after the fish had migrated upstream be-
cause sampling was initiated after fish had already moved into
fresh water. At two localities, (KIN and NAU), fish were also col-
lected in the winter when the fish were overwintering in fresh
water. Obtaining adult samples from fresh water introduces some
uncertainty because it is possible that nonmigratory adults would
be sampled. While such nonmigratory (or resident) individuals
have been documented in a few of our sampling locations (notably
QAS and IQ1), they differmarkedly inmorphology frommigratory
adults (Loewen et al. 2009) and were thus easily recognizable in
the field and eliminated from the analysis. The following mea-
surements were taken in the field: fork length (mm), body
mass (g), and gonad mass (g). Sex and reproductive status (imma-
ture, overwintering— i.e., not spawning that year— or spawning)
was determined based on the gonadosomatic index (GSI) of each
individual, assuming that GSI should be bimodal with two non-
overlapping distributions corresponding to nonbreeding and
breeding individuals (see online Supplementary Material for
details1). Note that immature individuals are often difficult to
distinguish from overwintering individuals in the field based on
observation of the gonads alone. For this reason, both are ana-
lyzed as having the same reproductive status herein because dis-
persal of both classes cannot lead to gene flow. Fin clips were
preserved in 95% ethanol for genetic analysis, and sagittal otoliths
were removed and the age of most individuals was later deter-
mined in the laboratory (see Loewen et al. 2009 for full description
of aging methods).

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2013-0138.
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Juvenile samples were collected in July 2008 and August 2009.
Methods of capture differed between localities, but seine net
(10 mm stretched mesh) tows were most commonly used. When
seining was not possible, we used a combination of dip nets, min-
now traps, and electrofishing. Whenever possible, we sampled
juveniles from different areas of the rearing lake to minimize the
likelihood of sampling related individuals. We sacrificed juvenile
fish with an overdose of MS222, measured fork length (mm), and
preserved the whole fish or a fin clip in 95% ethanol.

Microsatellite DNA analysis
Individual genotypes were obtained at 18 microsatellite loci.

Polymerase chain reaction (PCR) protocols and primer infor-
mation can be found in the online Supplementary Material
(Table S21). The PCR products were run on an Applied Biosystems
(Carlsbad, California, USA) 3100 genetic analyzer. GeneMapper
Software version 3.7 (Applied Biosystems) was used to automati-
cally score microsatellite alleles, and all scores were manually
checked for quality. Ninety-six individuals were randomly se-
lected, re-amplified at all loci, and re-genotyped to assess scoring
error rates (except the DNA extraction; DeWoody et al. 2006).

MICRO-CHECKER version 2.2.3 (van Oosterhout et al. 2004) was
used to test for the presence of null alleles and large allele drop-out.
We used FSTAT version 2.9.3.2 (Goudet 2001) to test for Hardy–
Weinberg equilibrium and genotypic disequilibrium using de-

fault values for the number of permutations. For both tests, we set
the nominal significance level at 0.05 (using a Bonferroni correc-
tion for multiple comparisons). We used GENETIX version 4.05
(Belkhir et al. 2004) to generate estimates of observed heterozy-
gosity (HO) and expected heterozygosity (HE) corrected for sample
size. FSTAT was used to calculate allelic richness (AR) and pairwise
FST between each sample, and significance of differences between
samples were assessed with 10 000 permutations (experiment-
wide � = 0.05 after Bonferroni correction). We used PHYLIP ver-
sion 3.68 (Felsenstein 1993) to generate aneighbor-joining tree of all
samples based on Cavalli-Sforza's chord measure (Cavalli-Sforza and
Edwards 1967) employing 1000 bootstrap replicates to test support
for each node. The tree was visualized and formatted in FigTree
version 1.3.1 (Rambaut 2010).

Comparisons between adult and juvenile samples
Sampling juvenile salmonids for the purpose of characterizing

population structure is potentially problematic because of the
increased risk of sampling several individuals from the same fam-
ily, a phenomenon referred to as the Allendorf–Phelps effect
(Waples 1998). In addition to sampling juveniles from spatially
discrete locations in the lakes (whenever logistically feasible), we
used the software COLONY (Wang and Santure 2009) to identify
likely siblings on the basis of individual multilocus genotypes (see
Supplementary Material for details, Table S41). Once full-sibs were

Fig. 1. Map of Cumberland Sound, Baffin Island, Nunavut, Canada. Sampling locations of Arctic char (Salvelinus alpinus) for this study are
shown with a dot and identified with a three-letter code referenced in Table S1 of online Supplementary Material1. The location of the nearest
town, Pangnirtung, is shown with a star. The inset map shows the location of Baffin Island in North America.
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identified (“BestML” full-sibs only), all but one randomly selected
individual from each full-sib group was removed. All analyses
described below were then run on the data sets with and without
the full-sibs removed.

We used FSTAT to assess whether there was increased genetic
differentiation among samples of juveniles compared with sam-
ples of adults. The permutation procedure was used with 10 000
permutations to test for significant differences between FST for
adults and juveniles. For this analysis, we used only the juvenile
samples from locations for which we had an analogous adult sam-
ple. This was done to avoid the possibility that a juvenile sample
without an analogous adult sample could bias the results. This
should make the test more conservative because it reduces sam-
ple size and hence power.

Genetic assignments
We used the program GeneClass2 (Piry et al. 2004) for assign-

ment tests used to identify dispersers in the samples of adults.
Before conducting the analysis, we evaluated whether we had
sufficient power to detect dispersal using the juvenile samples as
a reference. To do so, we followed the guidelines provided by
Paetkau et al. (2004), performing a run of GeneClass2 with the
juveniles samples only (i.e., self-assignment). The assignment
scores from that run were used to compute values of DLR (mean
genotype likelihood ratios) for pairs of samples. We did not look
at all pairs of samples, but focused instead on those that were
geographically proximate and that were identified by FST esti-
mates as being genetically similar. For those samples, DLR was
always greater than 5, whichwas found to provide nearmaximum
power by Paetkau et al. (2004). For the assignment tests, juvenile
samples were used as the reference samples, andwe only assigned
samples of adults that had corresponding juvenile samples. All
analyses were also run using the juvenile samples with the full-
sibs removed as reference samples. Samples were assigned or ex-
cluded using the Bayesian computation method of Rannala and
Mountain (1997) and the Monte Carlo resampling algorithm of
Paetkau et al. (2004) to simulate 100 000 individuals with a 0.05
type I error rate. To reduce type I errors (i.e., individuals identified
as dispersers who are actually not), we followed Hauser et al.
(2006) and used the assignment score of individuals (i.e., scorei,l =
Li,l/�Lij, where Li,l is the likelihood of individual i belonging to
sample l) as calculated by GeneClass2 to eliminate all individuals
that had a score lower than 95%.

We also complemented the previous approachwith assignment
tests performed in STRUCTURE (Pritchard et al. 2000), which al-
lows the identification of genetic clusters without defining popu-
lations a priori and also allows to distinguish hybrid individuals.
We ran STRUCTURE on the entire data set (1290 individuals, 30
populations) under the admixture model with independent allele
frequencies. We varied K from 1 to 15 and ran 10 independent runs
for each value of K employing 100 000 burn-in and 100 000 MCMC
replicates per run. The results were first visualized using STRUCTURE
HARVESTER (Earl 2011), which implements the �K method of
Evanno et al. (2005) to infer themost likely number of clusters and
combines the results of many independent runs of the program
for each K value. Individual admixture coefficients (Q) were calcu-
lated for each individual after the results of the 10 independent
runs for the most likely K were combined in program CLUMPP
(Jakobsson and Rosenberg 2007) using 1000 permutations under
the LargeKGreedy algorithm. Each individual in the analysis has a
Q value for each of the identified genetic clusters, and the values
of Q range from 0.0 to 1.0, with higher values meaning that a
greater proportion of this individual's genome assigns to a partic-
ular cluster. The sum of the Q values for any individual across all
genetic clusters adds to 1.0. We therefore eliminated putative hy-
brids from this analysis by removing individuals that did not have
at least one Q value above 0.5. All other individuals were assumed
to unambiguously assign to a genetic cluster.

Based on the results of the assignment tests, adults were classi-
fied as dispersers (i.e., if the individual was assigned to a river
different from where it was captured) or as philopatric (i.e., if the
individual was assigned to the river from where it was captured).
We then tested for differences in frequencies of dispersing versus
philopatric individuals in the groups of fish classified as breeding
fish (i.e., fish whose gonads were ripe when collected in the field)
and nonbreeding fish (i.e., fish whose gonads were mature but
resting or whose gonads were immature) using two-tailed Fisher
exact tests. This procedure was repeated on the results of both the
GeneClass2 and the STRUCTURE analyses. Two-tailed Fisher exact
tests were also used to test for sex-biased dispersal on the results
of all previously mentioned assignment tests procedures. To in-
vestigate the effect of other biological characteristics on dispersal
propensity, we tested for differences inmean trait values between
dispersing and philopatric individuals (from both the GeneClass2
analysis excluding individuals with low assignment score and the
STRUCTURE analysis). More specifically, we looked at the effect of
age (years), fork length (mm), total body mass (g), gonad mass (g),
and condition factor (calculated as K = (W × 105)/L3, where K is the
condition factor, W is the total body mass (g), and L is the length
(mm; Anderson and Neuman 1996). Only gonad mass departed
from normality and was thus log10-transformed.We used discrim-
inant function analysis (DFA) to test whether the biological vari-
ables predicted membership to the disperser or philopatric
groups using the MASS library in R (R Development Core Team
2010) and omitting any individual for which data was missing at
one or more variables. Because fork length and mass are used in
the calculation of the condition factor, it is not valid to include all
three variables in the DFA. We chose to exclude fork length and
body mass (which are probably correlated with age) and to only
include condition factor, age, and gonad mass in the DFA. Signifi-
cance was assessed using Wilk's lambda. Because some traits may
show an association with dispersal propensity without differing in
means (for example, Gyselman 1994 found that smaller and larger
Arctic char were more likely to disperse than intermediate-
sizedArctic char),we also visually compared thedistributions of trait
values of dispersing and philopatric individuals (see Supplementary
Material for details1).

Potential for local adaptation
We evaluated the potential for selection to drive divergence at

the scale of the river for populations of Arctic char distributed
around Cumberland Sound. Although the approach advocated by
Adkison (1995) has been used extensively for anadromous fishes
(e.g., Hansen et al. 2002; McCairns and Bernatchez 2008), the cir-
cular nature of Cumberland Sound violates many of its assump-
tions. We opted for the more conservative approach of using a
continent–island model, where we assume that each river re-
ceives migrants from all the other rivers (the “continent”). This
simple approach probably poorly reflects the complexities of dis-
persal and gene flow in the present system, and we note that the
goal of the current approach is heuristic. The simple model is,
however, appropriate to address the present question because it
conservatively assumes that gene flow comes from all rivers, not
only the nearby rivers with presumably similar selective environ-
ments. The continent–island model we used is derived from the
two-patch model of Yeaman and Otto (2011). According to this
model, selection overcomes gene flow and drift if s, the selection
coefficient, is larger than (4Nem + 1)/(4Nem + 2Ne + 1), where
Ne is the effective population size, and m is the rate of migration.
We used the program MIGRATE-n version 3.2.15 (Beerli and
Felsenstein 2001) to obtain estimates of m and Ne. We ran the
analysis only on the juvenile samples (with the sibs removed),
since they should better reflect long-term gene flow than the adult
samples, which may contain dispersers that will not contribute
genetically to the populations they disperse to. Note that
MIGRATE-n assumes that Ne and m remained constant over the
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last 4Ne generations, an assumption probably violated in the ana-
dromous char system whose range was only recently recolonized
postglacially. Recent population splitting, however, leads to in-
flated estimates of migration rates (P. Beerli, personal communi-
cation), which for the current applicationwill lead to conservative
estimates of the potential for selection to drive divergence. The
mean values of � andM obtained fromMIGRATE (averaged over all
populations) were used to parameterize the model and explore
whether local adaptation is likely for biologically realistic values
of parameter s (see Supplementary Material for details of the
search strategy1). For diploid data, � can be converted to Ne using
the following equation: Ne = �/4�, and M can be converted to m
usingm = M × �, where � is the mutation rate. Because there is no
widely accepted estimate of mutation rate for microsatellites in
salmonids (Steinberg et al. 2002), we varied the mutation rate
between 10−3 and 10−5 for the parameter conversions. Total gene
flow into each sampling location was calculated by summing the
effective number of immigrants, Nem, from all other samples and
then dividing by the Ne of the local sample.

Results

Microsatellite polymorphism
We found high levels of polymorphisms at most of the 18 mic-

rosatellite loci examined, and the number of alleles per locus
varied between 1 (for Smm21) and 56 (Sco216; average 20.4 alleles
per locus). The results of the MICRO-CHECKER analysis consis-
tently identified three loci potentially suffering from null alleles
or other scoring errors: Sco109, Sco212, and Sco218. Those loci
were thus eliminated (alongwith themonomorphic Smm21) from
all subsequent analyses, leaving a total of 14 informative loci. The
average scoring error rate over all loci (excluding the three afore-
mentioned loci) was 2.0% (see Supplementary Material for details
and locus-specific error rates1). Based on 9200 permutations,
FSTAT identified 35 locus–sampling location pairs that had signif-
icant (P < 0.05) heterozygote deficit and four that had significant

heterozygote excess. Only two locus–sampling location pairs,
however, remained significant after Bonferroni correction: locus
Sco202 in sample KAN03ad and Sco216 in KIP03ad, both with
heterozygote deficits. Based on 2100 permutations, FSTAT identi-
fied 37 pairs of loci that were in significant genotypic disequilib-
rium, but none remained significant after Bonferroni correction.

We found evidence of weak, but significant, genetic differenti-
ation among sampling locations of Arctic char distributed around
Cumberland Sound. First, the neighbor-joining tree showed that
paired samples of juveniles and adults from the same location
tended to group together (Fig. 2a). This was supported by boot-
strap values of more than 80% for all groupings of samples for the
same site (not shown). Second, pairwise FST values between local-
ities tended to be small (global FST = 0.038) but significant
(Bonferroni-corrected for experiment-wide � = 0.05; Table S4 in
the online Supplementary Material1). For instance, all but four
pairwise comparisons between samples of juveniles were signifi-
cant (average FST between juveniles: 0.045). The FST values also
tended to be significant between samples of adults (average FST =
0.029), although nonsignificant values were more common. None
of the samples collected from the same site, but in different years,
differed significantly, suggesting that temporal variation in pop-
ulation genetic structure isminimal and that comparisons of sam-
ples collected in different years is valid. Both ISU adult samples
(2003–2004) and the IQA adult sample, however, differed signifi-
cantly from their respective juvenile sample.

The COLONY analysis identified pairs of full-sibs in the juvenile
samples (Table S5 in the online Supplementary Material1). While
most juvenile samples were found to contain from zero to three
pairs of full-sibs, three localities (i.e., ISU, KEK, AUN) contained
more than 10 pairs of full-sibs each. For all three localities where
many full-sibs were identified, the juveniles were difficult to
collect and were thus collected from only one short suitable
stretch of shoreline.

Fig. 2. Summary of population genetic structure among Arctic char (Salvelinus alpinus) sampling locations of Cumberland Sound. (a) Neighbor-
joining tree of Cavalli-Sforza's chord distance, showing that paired samples of juveniles and adults from the same localities group together
(encircled groups of samples). (b) Pairwise FST values between Arctic char sampling localities. The grey circles are the actual observed pairwise
FST values with random jitter added to facilitate visualization. The notched box plots show the median and quartiles, and lines connect
pairwise comparisons involving the same localities, but comparing juveniles (left) and adult samples (right).
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The samples of juveniles were more genetically differentiated
from each other than samples of adults collected from the same
localities (Fig. 2b). The average pairwise FST between samples of
juveniles and adults was 0.045 (95% CI: 0.034–0.059) and 0.029
(95% CI: 0.019–0.041), respectively, and this difference was statis-
tically significant (P = 0.036). The FST values remained virtually
unchanged after removing putative sibs from the analysis (juveniles:
FST = 0.044; adults: FST = 0.029), and the difference remained sta-
tistically significant, albeit slightly less so owing to the decreased
sample size (P = 0.044).

Assignment tests
Out of the 359 individuals assayed using GeneClass2, a total of

192 individuals were assigned to a locality where they were cap-
tured andwere inferred to be philopatric individuals. The remain-
ing 167 individuals were classified to a locality where they were
not captured and thus were inferred to be dispersers, which re-

sulted in an initial estimate of total dispersal of 46.5%. The average
assignment score over all adult samples was 83.9%, and the aver-
age probability of assignment was only 33.9%. After eliminating
all individuals that had an assignment score lower than 95%, we
were left with 157 individuals, 40 of which were dispersers and 117
ofwhichwere philopatric, leading to an estimate of total dispersal
of 25.5%. Those dispersers were also more likely to be from geo-
graphically proximate localities (Fig. 3a). Interestingly, removing
full-sibs from the analysis improved the probability of assign-
ments (average maximum probability of assignment 49.0%, com-
pared with 33.9% with the sibs included). This would occur
because presence of sibs artificially increases the genetic similar-
ity in the reference samples, thus lowering the probability of
assignment even of local adults. Nevertheless, the vast majority
(96.7%) of the fish identified as dispersers in this analysis are the
same as those identified in the analysis from which the sibs were

Fig. 3. Results of the assignment tests performed on samples of Arctic char (Salvelinus alpinus) with GeneClass2 and STRUCTURE. The top
panels show the distributions of dispersal distances obtained with GeneClass2 (a) and STRUCTURE (b) and show the proportion of individuals
classified as philopatric (dispersal distance = 0 km). The individuals classified as dispersers (i.e., all nonzero dispersal distances) tend to be
classified to nearby localities. The bottom panels show mosaic plots of the reproductive status and sex of the dispersing and philopatric
individuals (note that the height and width of the bars, not the area of the squares, show the proportions of individuals in each category) for
the GeneClass2 (c) and the STRUCTURE (d) analyses.
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not removed. Therefore, we only report the results of the latter
analysis in subsequent sections.

Each independent run of the STRUCTURE analysis for any one
K value showed consistency in the lnP(D|K) values (not shown),
indicating that the runs typically converged. The analysis with all
the individuals returned a peak in lnP(D|K) value (i.e., loge proba-
bility of the data given K) at K = 11 (Fig. S3 in the online Supple-
mentary Material1). Using the �K statistic, however, returned a
multimodal distribution of �K values, with peaks at K = 2, 4, and 11
(�K values of 29.2, 24.8, and 3.1, respectively; Fig. S3 in the online
Supplementary Material1). Such multimodal distributions of �K
values are expected when hierarchical population structure is
present (Evanno et al. 2005; Coulon et al. 2008). Because the level
of population structuremost appropriate for our current question
is the population (i.e., lake) level, and because the lnP(D|K) criteria
has been shown to perform better than the Evanno et al. (2005)
method when genetic differentiation among populations is low
(Waples and Gaggiotti 2006), we chose to use the value of K with
the highest lnP(D|K) (i.e., K = 11) for all further analyses. Under this
assumption, the samples of juveniles generally clustered by sam-
pling location (Fig. S3 in the online Supplementary Material1),
although the results also show a number of admixed individuals
in each population. The adult samples, however, had a higher
frequency of admixed individuals and of individuals that were
assigned to a cluster that was different than the consensus cluster
for that capture location (i.e., the cluster to which most other fish
from that location, including juveniles, were assigned; Fig. S3 in
the online Supplementary Material1). This was reflected in the
average Q value (admixture coefficient) of adult fish (average Q =
0.53) being 15% smaller than that of juvenile fish (average Q = 0.68)
for the cluster in which they were captured (t = 7.26, df = 789,
P < 0.0001). Elimination of all adult samples with a maximum
Q value lower than 0.5 reduced our sample size from 359 to 259. Of
the 259 individuals used in the analysis, only 41 were assigned to
a genetic cluster different than that where they were caught,
leading to a total dispersal estimate of 15.8%. As for theGeneClass2
analysis, the dispersers appeared to be most likely from a geo-
graphically proximate locality, although this pattern was less pro-
nounced with this analysis (Fig. 3b).

Breeding dispersal and overwintering dispersal
The distribution of GSI was clearly bimodal with two almost

nonoverlapping distributions for each sexes, thus making the dis-
tinction between breeding and nonbreeding individuals relatively
accurate (Fig. S1 in the online Supplementary Material1). All anal-
yses conducted supported the hypothesis that overwintering fish
were more likely to disperse than breeding fish. In the analysis
including all individuals, we found that 69.4% of individuals as-

signed as dispersers were overwintering dispersers. Breeding in-
dividuals, on the other hand, were classified as philopatric more
often than they were classified as dispersing (two-tailed Fisher's
exact test, df = 358, P = 0.009). This pattern held after removing the
individuals with an assignment score of less than 95% (df = 156,
P = 0.043; Fig. 3c), although proportionally fewer overwintering
individuals were found to disperse. This result also held when
assignment tests were performed on the data set from which the
full-sibs were removed (df = 358, P = 0.012). Finally, the results of
the STRUCTURE analysis also support the conclusion that over-
wintering individuals are more likely to disperse, even if it gener-
ally estimated lower dispersal rates (df = 258, P = 0.016; Fig. 3d).

Other correlates of dispersal propensity
We found no evidence of sex-biased dispersal. In the GeneClass2

analysis including all individuals, we found that 55.1% of dispers-
ers and 45.8% of philopatric individuals were females (P = 0.0907).
For the GeneClass2 analysis including only individuals with con-
fident assignment, 65.0% of dispersers and 48.7% of philopatric
individuals were females (P = 0.0985). Finally, in the analysis using
STRUCTURE, 42.9% of dispersers and 50.5% of philopatric individ-
uals were females (P = 0.3480). None of the other biological traits
we examined could discriminate significantly between the dis-
persing and philopatric individuals (Table 1; Fig. S4 in the online
Supplementary Material1).

Potential for local adaptation
Parameterization of the continent–islandmigration population

genetic model for Arctic char suggested that local adaptation is
likely for biologically realistic values of the selection coefficient s
(Fig. 4). The MIGRATE runs returned mean (averaged over all sam-
pling locations) � and M values of 1.24 (SD = 0.39) and 1.99 (SD =
0.88), respectively (see online Supplementary Material for de-
tails1). Depending on the mutation rate used, this led to estimates
of Ne varying from 310 to 31 000 and estimates of m varying from
0.00034 to 0.034 (where m was obtained by adding the effective
number of migrants coming from all samples, Nem, and dividing
by the local effective population size). Parameterization of the
model yielded critical values for s (i.e., values above which local
adaptation is expected) of 0.065, 0.0069, and 0.0007 assuming
mutation rates of 10−3, 10−4, and 10−5, respectively.

Discussion
To evaluate the evolutionary consequences of dispersal, it is

important to resolve whether dispersal typically results in gene
flow (Garant et al. 2007). The main objective of our study was to
use genetic assignment to better understand themigratory behav-
iour of Arctic char by explicitly taking into account the reproduc-

Table 1. Results of discriminant function analysis testing for trait differences between philopatric
and dispersing Arctic char (Salvelinus alpinus).

Trait

Mean value

Dispersers Philopatric
Coefficients of
linear discriminants

Wilk's
lambda F P

GeneClass2
Age (years) 11.1 11.7 0.222 0.99002 0.35271 0.7873
Fork length (cm) 569.3 569.9 —
Mass (g) 2371.4 2548.7 —
Gonad mass (log10, g) 0.99 1.13 0.654
Condition factor (g·mm–1) 1.24 1.25 0.161

STRUCTURE
Age (years) 11.6 12.0 −0.002 0.97024 1.9632 0.1209
Fork length (cm) 565.7 574.0 —
Mass (g) 2498.3 2513.5 —
Gonad mass (log10, g) 1.05 1.17 0.623
Condition factor (g·mm–1) 1.28 1.22 −6.298
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tive status of the dispersers, thus allowing an evaluation of the
proportion of dispersal events that have the potential to result in
gene flow.We found that dispersal among sampling locations was
very common, more common in fact than reported in most other
species of salmonids (Hendry et al. 2004).We also found, however,
that a large proportion of dispersers were nonreproducing
individuals using non-natal habitats for overwintering. This
behaviour, whereby overwintering individuals have a greater
propensity to use non-natal habitats than fish destined to spawn
that year, could have important implications for the process of
local adaptation in those populations and for the scale over which
the commercial fishery for anadromous Arctic char should be
managed.

High dispersal in anadromous Arctic char
To measure dispersal, we used three different genetic assign-

ment approaches (two in GeneClass2 and one in STRUCTURE) that
led to considerably different estimates (varying from 15.8% to
46.5%) of the proportion of dispersers in the samples. The highest
estimate, however, was generated without removing individuals
with low assignment scores, and less confidence should be placed
on this estimate. When the individuals with low assignment
scores were removed from the GeneClass2 analysis, the estimated
dispersal (25.5%) was much more comparable to the estimates
generated in STRUCTURE (15.8%). Nevertheless, the absolute val-
ues of dispersal rates calculated in our study should be interpreted
with caution. Furthermore, the assignment tests performed in
GeneClass2 suffered from generally low assignment scores and
low probabilities of assignment. In fact, 56% of all adult samples
did not meet our ≥95% criterion for confident assignment. The
low confidence of assignment may stem from several factors.
First, the power of assignment tests increases with increasing
genetic differentiation (Paetkau et al. 2004; Manel et al. 2005). The
populations used in this study are only weakly differentiated (av-
erage pairwise FST of 0.045 between the samples of juveniles). This
could be due to recent recolonization following the last glaciation
(<10 000 years ago), large effective population sizes (Ne) prevent-
ing accumulation of genetic differences through drift, or ongoing

gene flow. Other studies, however, have achieved greater confi-
dence in assignment despite lower levels of genetic differentia-
tion (e.g., FST 0.02 in Hauser et al. 2006). In addition, we used
sample sizes and a number of loci that simulations have shown to
allow for confident assignment despite low genetic differentia-
tion (Paetkau et al. 2004). A second reason for low confidence in
assignment could be that the individuals with low assignment
probability come from unsampled populations (i.e., so-called
“ghost” populations; Beerli 2004). We cannot fully discount this
potential problem, but even if all adults with low assignment
probability were in fact dispersers from unsampled populations
(which seems unlikely because we sampled most populations
around Cumberland Sound), they would still be dispersers, there-
fore not affecting our estimates of dispersal rates. Finally, low
confidence in assignmentmay be the result of the presence of sibs
in the samples of juveniles used as reference samples. The in-
crease in average probability of assignment after the removal of
sibs from the juvenile samples (the average increased from 34% to
49%) suggests that this constitutes at least part of the explanation.
The proportions and identity of the dispersers, however, did not
change appreciably after the removal of the sibs, suggesting the
conclusions of our study are not influenced by sibling relation-
ships.

Despite considerable differences in the estimates of dispersal
rates depending on the method used, all estimates remain fairly
high: in the order of 15.8%–46.5% per year. High rates of dispersal
are consistent with previously published estimates from tagging
studies of Arctic char. For example, Gyselman (1994) estimated a
dispersal rate of 47% per year, with substantial variation among
years (33%–66% per year). In another study, Dempson and
Kristofferson (1987) reported rates of dispersal that varied tremen-
dously among regions. The proportion of tagged fish that were
recaptured in a different river (dispersers) varied between 0% and
17% per year among 12 different rivers in Labrador (eastern Cana-
dian Arctic). By contrast, in the Cambridge Bay area of Canada's
central Arctic, those proportions were much higher, varying be-
tween 13% and 51% per year among four rivers (Dempson and

Fig. 4. The relationship between the critical value of the selection coefficient (s) and the migration rate (m) for different values of the
mutation rate (both axes are on a log scale). The three lines show the relationship between s and m for the three values of Ne obtained from
MIGRATE assuming a mutation rate of 10−3 (solid), 10−4 (dashed), and 10−5 (dotted). The arrows and shading show the calculated values of the
critical s if both m and Ne obtained from MIGRATE are used to parameterize the continent–island model, again depending on the mutation
rate assumed: 10−3 (top), 10−4 (middle), and 10−5 (bottom). For all values of s above the arrows and shading, local adaptation is expected.
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Kristofferson, 1987). Our estimates based on genetic assignment
tests therefore fall well within the range of previously reported
values for Arctic char. They are, however, at the upper end of the
scale of dispersal rates reported in salmonids. Indeed, a recent
compilation of straying rates from tagging studies performed on
salmonids (but excluding Arctic char) documented straying rates
varying from0.0% to 41.6% per year, with amedian of 4.4% (Hendry
et al. 2004). The studies reviewed in Hendry et al. (2004) were
conducted at a variety of spatial scales, and our study was con-
ducted on a relatively small spatial scale (maximum distance be-
tween sites <400 km), which presumably would be associated
with higher dispersal among localities. Furthermore, all the spe-
cies reviewed in Hendry et al. (2004) are species that only migrate
for the purpose of breeding. Because we found overwintering dis-
persal to be higher than breeding dispersal (next section), this
could partly explain why dispersal rates are generally higher in
Arctic char than in other salmonids.

Overwintering individuals have an increased propensity to
disperse

We presented several lines of evidence that although total dis-
persal was high among sampling locations, the number of disper-
sal events that may result in gene flow is considerably lower. We
found that the average FST between pairs of juvenile samples is
significantly higher than between pairs of adult samples from
the same location. The weaker genetic differentiation observed
among samples of adults would arise if they contained dispersing
fish from non-natal populations. Greater genetic differentiation
among samples of juveniles, however, suggests that dispersal of
adults to other systems does not always result in gene flow. One
alternative explanation for this pattern is that the juveniles sam-
pled were more often from the same family group — a phenom-
enon referred to as the Allendorf–Phelps effect (Waples 1998). Our
sibship reconstructions using the program COLONY, however,
suggested that this alternative is unlikely. First, the number of
full-sib groups in any sample was typically small. Second, when
putative sibs were removed from the analysis, our findings re-
mained unchanged. Another alternative explanation could be
that genetic differentiation in juveniles increases through drift
because of high variance in reproductive success of adults. While
we cannot discount this alternative, we note that its effect should
be fairly small given that we sampled multiple cohorts of adults
and juveniles.

The lower genetic differentiation between samples of adults is
consistent with our finding that a large proportion of dispersing
individuals are not in reproductive condition and therefore do not
contribute to gene flow. In fact, of the total number of dispersers
identified by the genetic assignment tests, between 69.4% (for the
analysis including all individuals) and 75.6% (for the analysis con-
ducted in STRUCTURE) were fish whose nonreproductive status
suggests that they weremigrating to overwinter and have thus no
potential for gene flow. These numbers are consistent across anal-
yses, even if the analyses returned considerably different total
rates of dispersal. Such a high proportion of nonbreeding fish is
probably the result of three life-history characteristics of Arctic
char. First, Arctic char do not breed every year (Dutil 1986). In fact,
roughly two-thirds of all adult fish collected for this study were
not in reproductive condition, suggesting that skipping 2 years
between reproductive events may be common in Cumberland
Sound Arctic char. Such “skipped breeding” is not unique to Arc-
tic char and has been documented in many species of fish, includ-
ing Atlantic salmon (Salmo salar; Rideout and Tomkiewicz 2011).
Second, and contrary to many iteroparous species, Arctic char
that skip a spawning season must return to fresh water to over-
winter (Johnson 1980). This is unusual for salmonids, the great
majority of them only returning to fresh water to spawn. It is not
unique, however, and is a behaviour also displayed by some non-
mature brown trout (Salmo trutta) who cannot tolerate high salin-

ity for long periods (Larsen et al. 2008) and by the closely related
Dolly Varden (Salvelinus malma; Armstrong 1974). Third, we have
provided evidence that fish migrating to fresh water for the pur-
pose of overwintering are more likely to utilize non-natal habi-
tats. This unusual form of condition-dependent dispersal (Ims
and Hjermann 2001) is also thought to occur in Dolly Varden
(Armstrong 1974) and had been posited to occur in Arctic char
(Johnson 1980), although evidence remained indirect. For in-
stance, Gyselman (1994) operated a weir on the Nauyuk River and
tagged fish on their downriver migration after spawning. He
found that many postspawning tagged fish did not return the
following year, but that 7.2% of the tagged fish did return 1 or
2 years later in spawning condition (Gyselman 1994), suggesting
that they used a non-natal habitat in the intervening years. The
evidence from our genetic assignment tests suggests that over-
wintering char are more likely to use non-natal habitats and that
such behaviour may be widespread among anadromous Arctic
char populations.

Dispersers did not differ from philopatric individuals in a num-
ber of other biological traits. First, we found no evidence of sex-
biased dispersal. The promiscuous mating system of salmonids,
the intense competition for females among males, and the fact
that a female's reproductive success is mainly limited by her abil-
ity to produce eggs lead to the prediction that dispersal should be
male-biased in salmonids (Hutchings and Gerber 2002). There are
in fact several studies that have reported evidence of male-biased
dispersal in other species of salmonids (Hutchings and Gerber
2002; Bekkevold et al. 2004; Fraser et al. 2004; Neville et al. 2006).
The pattern, however, is not universal, and Consuegra and Garcia
de Leaniz (2007) failed to find evidence for sex-biased dispersal in
Atlantic salmon. Comparatively little is known about the effect of
other traits on individual dispersal propensity in salmonids. One
variable that has been found to be associated with dispersal pro-
pensity is age, with studies variously reporting that older (Quinn
1993) or younger (Hard and Heard 1999) fish have increased dis-
persal propensity. In our study, we found no evidence of trait-
dependent dispersal, and none of the biological variables we
examined, including age, differed between dispersing and philo-
patric individuals. Lack of evidence for condition-dependent dis-
persal in our study, and the weak and inconsistent evidence for
condition-dependent dispersal in other salmonid species, is in
contrast with the widespread nature of this phenomenon in other
taxa (Ims and Hjermann 2001; Clobert et al. 2004; Bowler and
Benton 2005).

Potential for local adaptation
Dispersal can have important consequences for local adapta-

tion, but dispersers need to successfully reproduce in the non-
natal habitat. Our study shows that only 24% to 31% of dispersers
are in reproductive condition, which, when multiplied by the
total dispersal rates calculated (i.e., 15.6% to 46.5%, depending on
the analysis method), led to an estimate of breeding dispersal rate
of 4%–14% per year (for the analyses conducted in STRUCTURE and
that conducted in GeneClass2 including all individuals, respec-
tively). While this is considerably lower than total dispersal (16%–
46% per year), it still has the potential to translate into rates of
gene flow high enough to prevent local adaptation. It is unlikely,
however, that all breeding dispersers will successfully reproduce
in the non-natal environment. Indeed, heterogeneous habitats
can lead to selection against migrants, and many studies have
found evidence for this process in salmonids (Tallman and Healey
1994; Hendry et al. 2000; Dionne et al. 2008) and other taxa (for a
review, see Nosil et al. 2005). While we do not have evidence for
selection against migrants in this system, the generally lower
rates of gene flow calculated with MIGRATE (0.034% to 3.4%) sug-
gest that breeding dispersersmay indeed have lower reproductive
success than local fish. More work would be necessary to under-
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stand the cause of this discrepancy between the rates of breeding
dispersal and gene flow.

The estimates of gene flow generated by MIGRATE were also
used to parameterize a population genetic model of the balance
among selection, gene flow, and drift (Adkison 1995; Yeaman and
Otto 2011). Similar approaches have been used extensively in
other studies of anadromous fishes as a tool to explore the
potential for local adaptation (Hansen et al. 2002; McCairns and
Bernatchez 2008). The goal of such analyses is to demonstrate that
local adaptation is a possible outcome given biologically realistic
parameter values, not to demonstrate the existence of local adap-
tation. Our results suggest that local adaptation in Cumberland
Sound Arctic char is possible, given that selective environments
are sufficiently heterogeneous. Themodel suggested that depend-
ing on the mutation rate assumed, selection coefficients ranging
from 0.0007 to 0.065 may be sufficient to drive local adaptation. A
review of estimates of the strength of s onmajor quantitative trait
loci in nature suggests that values ranging from 0.01 to 0.05 are
most typical (Morjan and Rieseberg 2004). All but the highest
estimate of s derived from the parameterization, therefore, could
potentially lead to local adaptation under biologically realistic
conditions. In addition, the highest critical s value we obtained
assumed amutation rate (10−3) that is probably higher than that of
most salmonid microsatellites (Steinberg et al. 2002). This ap-
proachmakes several assumptions that are likely violated in Cum-
berland Sound. Indeed, the MIGRATE analysis, which assumes
equilibrium conditions, is potentially problematic in the present
case because the populations used were only recently established
following the last glaciation (<8000 years ago). Furthermore, the
model that we parameterized makes many simplifying assump-
tions regarding the spatial scale of gene flow. The assumptions
violated both in the MIGRATE analysis and in the simple model,
however, are likely to lead to underestimated potential for local
adaptation and therefore make our conclusions conservative
(discussed in the Materials and methods section). In short, the
parameterization of the population genetic model is a decid-
edly exploratory approach. The results do suggest, however,
that local adaptation is a possibility that should be explored in
more detail in anadromous Arctic char, especially given how
prevalent local adaptation is in other anadromous salmonids
(Taylor 1991; Fraser et al. 2011).

Management implications
Our work has a few important implications for the manage-

ment of the commercial fishery for anadromous Arctic char in
Nunavut. First, the genetic assignment tests, while they did not
allow a precise quantification of the amount of dispersal, still
suggest that dispersal is high and should be considered in man-
agement. Second, we show that while dispersal is high, gene flow
remains fairly low. This introduces an interesting challenge for
management: how to reconcile the more regionally integrated
approach suggested by the dispersal estimates with the fact that
gene flow is low enough that each river may represent an inde-
pendently evolving, distinct genetic unit (Fraser and Bernatchez
2001)? An appropriate compromise may be to continue managing
the fishery on a river-by-river basis, but to use information on
dispersal when specific conservation actions are required. For ex-
ample, if a population showed evidence of declining abundance, it
may be important to reduce fishing pressure on nearby popula-
tions in addition to reducing pressure on the focal population.
More precise estimates of dispersal, using telemetry or genetic
assignment aided by new sequencing technologies, would be use-
ful in implementing such a management approach.
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