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Abstract Assessments of fine-scale population struc-
ture in natural populations are important for understand-
ing aspects of ecology, life history variation and evolu-
tionary history and can provide novel insights into re-
source management. Although Arctic char, Salvelinus
alpinus, represent one of the most culturally and com-
mercially important salmonids in the Canadian Arctic,
fine-scale assessments of genetic structure in northern
populations of this species are rare. In this study, we
assessed population structure in anadromous Arctic char
from Cumberland Sound in Canada’s Nunavut territory
using 18 microsatellite loci. Specifically, we aimed at

identifying potential habitat and landscape/geographic
features influencing genetic variation and population
structure and resolving potential barriers to gene flow.
Overall population structure was moderate (global FST
and Jost’s D of 0.042 and 0.236 respectively) and sig-
nificant among all sampling locations. Habitat and land-
scape/geographic features, with the exception of fluvial
(shoreline) distance, appeared to have little influence on
genetic variation and population structure. Bayesian
clustering revealed a hierarchical model of population
structure, in which the 14 sampling locations were
nested within two distinct clusters corresponding to the
north and south shores of Cumberland Sound. Both
isolation-by-distance analysis and calculations of mean
dispersal distance suggest dispersal and gene flow is
highest among proximate locations. Finally, several pu-
tative barriers to gene flow were identified and one, a
putative barrier separating north and south Cumberland
Sound, was consistent with the hierarchical STRUC-
TURE results. Our results suggest that the current
river-specific management of commercially harvested
Arctic char is appropriate. Overall, we provide further
insights into the evolution of genetic variation and pop-
ulation structure in iteroparous, Arctic salmonids.

Keywords Arctic char . Salvelinus alpinus . Population
structure . Genetics . Hierarchical . Cumberland Sound

Introduction

Assessments of fine-scale population structure are be-
coming increasingly important for investigating
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ecological and biological aspects of natural populations
(Selkoe and Toonen 2006; Vidal and Garcia-Marin
2011). Detailing contemporary structure and genetic
variation may also have significant implications for
guiding conservation strategies for threatened and/or
exploited species (Palsboll et al. 2007; Schwartz et al.
2007) and numerous examples exist in which genetic
data have been incorporated into management recom-
mendations for a variety of taxa (e.g., Andersen et al.
2009; Perez-Espona et al. 2010; Harris and Taylor
2010a). Generally, assessments of population structure
aim at resolving what processes are potentially respon-
sible for promoting and organizing variation among and
within species, populations and individuals. In particu-
lar, the impact of historical (e.g., glacial events) and
contemporary factors (e.g., current geographical and
landscape features) on dispersal, gene flow and drift
are seen as especially important determinants of popu-
lation structure (e.g., Costello et al. 2003; Manel et al.
2003; Crispo et al. 2011). Gene flow may have signifi-
cant fitness consequences on natural populations, for
example through the spread of novel, beneficial alleles
that may be important for adapting to changing or newly
colonized environments (Holt and Gomulkiewicz 1997;
Barrett and Schluter 2008). Alternatively, gene flow can
impede local adaptation through the introduction of
deleterious alleles (Garant et al. 2007) and through the
potential disruption of locally-adapted gene complexes.
Given this, resolving factors that may promote gene
flow or identifying barriers that might restrict it have
important implications both theoretically (Palsboll et al.
2007) and increasingly in resource management (e.g.,
Crispo et al. 2011).

Studies of freshwater and anadromous fishes have
provided many good examples of geographical features
or environmental variables influencing population struc-
ture and intra-population genetic variation. For instance,
natural habitat features such as waterfalls (Taylor et al.
2003; Whiteley et al. 2010), stream gradient (Cook et al.
2011), spawning area size (Dillane et al. 2008), lake
characteristics (e.g., lake size, perimeter, depth, Caldera
and Bolnick 2008; Tamkee et al. 2010), river distance/
length (e.g., distance of sampling location from marine
habitats, Dionne et al. 2008; Perrier et al. 2011) and
stream order (e.g., Tamkee et al. 2010) and complexity
(Guy et al. 2008) can play important roles in shaping
both the distribution of genetic variation and population
structure in freshwater fishes. Additionally, evidence for
aquatic environmental variables such as temperature

(Dionne et al. 2008; Leclerc et al. 2008) and salinity
(McCairns and Bernatchez 2008) that influence popula-
tion structure are becoming more common. Heterogene-
ity among such environmental variables may act to ham-
per dispersal or promote differentiation through diver-
gent natural selection (e.g., Gaggiotti et al. 2009; Andre
et al. 2010). Despite a growing body of knowledge on
the influence of geographic and landscape-level environ-
mental factors on spatial genetic structure, understanding
how these factors influence genetic structure among
proximate populations remains an important issue. This
is especially true for Arctic ecosystems, for which very
little data exist (see review by Cook et al. 2013).

Arctic fishes provide rich opportunities for studying
the factors responsible for organizing spatial genetic
structure among populations, the majority of which
were impacted by historical events such as isolation in
distinct glacial refugia where, in many cases, secondary
contact has ensued following dispersal from these areas
(e.g., Lindsay and McPhail 1986; Turgeon and
Bernatchez 2001a, b; Elmer et al. 2012). Furthermore,
north temperate and Arctic fish species exhibit remark-
able amounts of morphological and ecotypic polymor-
phisms stemming from divergence following the colo-
nization of previously unexploited habitats that became
available after the ice-sheets receded subsequent to the
most recent glaciation events (Schluter 1996). Finally,
the anadromous behaviour of many north temperate
salmonids (McDowall 2008), provides ample opportu-
nity for investigating questions pertaining to homing,
straying and the consequences of such events on popu-
lation structure and local adaptation (Hendry et al. 2004;
Moore et al. 2013a). Combined, these influences pro-
vide unique opportunities for addressing a variety of
ecological and evolutionary questions in Arctic anadro-
mous fish species.

One such species, the Arctic char (Salvelinus
alpinus) is widely distributed throughout much of the
Northern Hemisphere (Johnson 1980) where they are
primary targets of subsistence, recreational and com-
mercial fisheries (e.g., Kristofferson et al. 1984;
Kristofferson and Berkes 2005). Genetic studies of Arc-
tic populations of this species have generally focused on
resolving phylogeographic structure (Wilson et al. 1996;
Brunner et al. 2001), the evolution of ecotypic and
morphological variation in sympatric populations
(Arbour et al. 2011; Moore et al. 2013b) and relation-
ships with closely-related species (e.g., Taylor et al.
2008) whereas fine-scale assessments of population
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structure are very rare. Those that are available for
anadromous populations in this species have typically
resolved weak, but usually significant, genetic differen-
tiation (Bernatchez et al. 1998) and a high degree of
straying (Moore et al. 2013a). Additionally, although
prevalent in a variety of salmonid species, examples of
landscape/geographic features influencing dispersal and
population structure in Arctic char are virtually absent
from the literature (but see Gomez-Uchida et al. 2009
for an example among freshwater populations).

In this study, we used 18 microsatellite markers to
resolve genetic population structure among 14 popula-
tions of anadromous Arctic char from Cumberland
Sound in Canada’s Nunavut Territory. We investigate
the use of different measures of genetic differentiation,
specifically Weir and Cockerham’s (1984) measure of
FST vs. Jost’s (2008) differentiation index (D), as a
method to potentially disentangle historical (i.e., colo-
nization history) and contemporary demographic pro-
cesses (e.g., Raeymaekers et al. 2012) influencing ge-
netic structure. If historical contingency (i.e., post-
glacial colonization history) has resulted in a pro-
nounced genetic signal, we anticipate Jost’s D to more
accurately represent population structure. Alternatively,
if contemporary demographic and evolutionary process-
es are the most important factor shaping the distribution
of genetic variation, we expect FST to more accurately
represent contemporary population structure. Addition-
ally, we also employ several analyses to assess the
potential impacts of heterogeneity in geographic fea-
tures and geographic distance on genetic variation and
population structure. Specifically, we predicted that hab-
itat size (e.g., lake area and drainage basin) would have
positive influences on genetic variation, as has been
shown in a variety of assessments in freshwater and
anadromous fishes (Vaha et al. 2007; Tamkee et al.
2010) and that certain geographic features (e.g., river
length from marine habitats to freshwater sampling lo-
cations, e.g., Perrier et al. 2011) should impact contem-
porary structure. Finally, we used genetic data to iden-
tify specific barriers or genetic discontinuities among
proximate populations, predicting that those located up
the longest fiords and longest rivers should be the most
genetically disjunct. Overall, this study will facilitate
our understanding of how iteroparous, anadromous
salmonids are genetically structured in Arctic habitats.
Our findings are discussed with respect to the commer-
cial fishery management of anadromous Arctic char in
Cumberland Sound.

Methods

Sample collection, DNA extraction and amplification

We sampled Arctic char from 14 populations around
Cumberland Sound on Baffin Island, in Canada’s Nu-
navut Territory (Table 1, Fig. 1) as described by Moore
et al. (2013). Given that many adult Arctic char col-
lected in freshwater systems may not actually spawn in
that specific system in a particular year, but rather may
use them for overwintering (e.g., Gyselman 1994;
Moore et al. 2013a), we used juvenile samples to
address questions pertaining to fine-scale population
structure in this species. Juvenile char have not had the
opportunity to disperse between systems and are the
products of spawning within individual habitats and,
therefore, they should better represent genetic popula-
tion structure among proximate Arctic char popula-
tions. Sampling juveniles, however, introduces the po-
tential problem of sampling resident (non-migratory)
Arctic char instead of anadromous individuals. Cum-
berland sound Arctic char systems have been relatively
well studied and to date only two systems used in the
present study seem to harbour resident populations
(QAS and IQ1, Loewen et al. 2009). Thus we are
reasonably confident that our samples should be com-
posed almost entirely of anadromous juveniles. Fur-
thermore, for the systems mentioned above for which
residents are known, recent genetic work (Moore et al.
2013b) has found that anadromous and resident sam-
ples from the same population are not reproductively
isolated. Thus, genetically, no bias would be intro-
duced that may skew our results even if there was
the small chance that residents were sampled from
some of our locations. DNA extraction and microsat-
ellite amplification (Appendix 1) are described by
Moore et al. (2013).

Microsatellite DNA analyses

Using juvenile samples for assessments of fine-scale
population structure can lead to erroneous conclusions
if individuals from the same family are sampled (i.e.,
the Allendorf-Phelps effect, Waples 1998). To reduce
the likelihood of this occurring with our data set, the
software COLONY (Wang and Santure 2009) was
used to identify likely siblings given their multi-locus
genotypes (see Moore et al. 2013a for details). Once
full-sibs were identified (“BestML” full-sibs only), all
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but one randomly selected individual from each full-
sib group was removed. Genetic data used for all
analyses described below used the data set with full-
sibs removed.

Intrapopulation variability

Microsatellite data were first assessed for genotyping
inconsistencies and errors (e.g., null alleles and large

Table 1 Sampling locations and
sample sizes for Arctic char sam-
pled from Cumberland Sound,
Nunavut

Map codes refer to those
highlighted in Fig. 1

Waterbody name Map code Latitude Longitude Sample size

Iqaluggarjuit 2 IQ2 64°46′W 65°44′N 47

Kingnait KIN 64°19′W 66°23′N 57

Avataktoo AVA 66°09′W 66°19′N 65

Iqaluqjuaat IAT 66°32′W 66°26′N 47

Kekertelung KEK 66°46′W 66°20′N 21

Iqaluggarjuit 1 IQ1 66°43′W 66°34′N 54

Isuituq ISU 68°12′W 66°50′N 31

Kangitujuak KAN 67°27′W 66°26′N 67

Kipisa KIP 67°55′W 66°33′N 58

Aunktavik AUN 67°26′W 65°58′N 35

Ikpit IKP 67°25′W 65°26′N 59

Opingnavik OPI 67°15′W 65°14′N 24

Iqaluit IQA 67°07′W 65°02′N 63

Qassigigiat QAS 66°19′W 64°37′N 64

Fig. 1 Map showing sampling locations for anadromous Arctic char from Cumberland Sound used in this study. Sample codes refer to those
described in Table 1. The inset map shows the location of Cumberland Sound on Baffin Island in the Nunavut Territory
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allele drop-out) using the program MICRO-CHECKER
version 2.2.3. (van Oosterhout et al. 2004). For each
locus within each sampling location, sample size (N),
number of alleles per locus (NA), expected (HE, Nei’s
unbiased gene diversity), and observed heterozygosities
(HO), and the fixation index (FIS), were calculated in
FSTAT version 2.9.2.3. (Goudet 2002). Additionally,
we used the program HP-RARE (Kalinowski 2005) to
calculate allelic richness (AR, 100 genes from each
sample) and private allelic richness (PAR, 100 genes
from each sample) in order to account for differences
in sample sizes among locations. GENEPOP version
4.0. (Rousset 2008) was used to test for departures from
Hardy-Weinberg equilibrium (HWE) for each locus-
population combination and for detecting linkage dis-
equilibrium (LD) within locus-population-pairs. This
approach employs exact tests and a Monte Carlo (MC)
algorithm (Guo and Thompson 1992) to estimate P-
values and default values for permutations were used
for both analyses. For all results involving multiple
comparisons, significance was compared to an adjusted
alpha (initial alpha of 0.05) following the false discovery
rate procedure (Narum 2006). Finally, given the recent
(i.e., postglacial) colonization of Cumberland Sound,
we tested for the presence of population bottlenecks
typically associated with such founding processes using
the program BOTTLENECK version 1.2.02. (Piry et al.
1999). For bottleneck assessments, we used both the
step-wise mutation (SMM) and the two-phase mutation
(TPM) models (95 % single-step mutations and 12 %
variance of multi-step mutations, Piry et al. 1999) and
Wilcoxon signed-rank tests (Luikart and Cornuet 1998)
with 1,000 iterations.

Interpopulation structure

Global FST (theta (θ) Weir and Cockerhams 1984) was
calculated in FSTAT and 95 % C.I.s were calculated
following 10,000 permutations. Pairwise estimates of
FST were calculated in ARLEQUIN version 3.0.
(Excoffier et al. 2005) and significance of these esti-
mates was calculated following 10,000 permutations.
As an alternative method for assessing population dif-
ferentiation, we also calculated the differentiation index
(D) of Jost (2008). Using FST in combination with other
statistics (e.g., D) is increasingly common (Meirmans
and Hedrick 2011). For example, D may better describe
population structure influenced by post-glacial coloni-
zation history whereas traditional statistics (e.g., FST)

may bemore appropriate for identifying the role of more
recent demographic processes (e.g., contemporary gene
flow) influencing genetic structure (Raeymaekers et al.
2012). Additionally and for systems with high intrapop-
ulation genetic diversity, FST may underestimate inter-
population structure (Jost 2008). Global and pairwise
estimates of D were calculated using the R version
2.12.1. package DEMEtics (Gerlach et al. 2010) and
confidence intervals and significance of these estimates
were obtained through bootstrapping (N=1,000). Popu-
lation structure was visualized using several methods.
First, we used two-dimensional multidimensional scal-
ing plots (CMDS) created using the R function cmdscale
to visualize population structure for both estimates of
FSTand D. Second, neighbour-joining trees were created
based on FSTand D in PHYLIP version 3.5. (Felsenstein
1993). Trees were created using the subprogram
NEIGHBOR and were visualized in FIGTREE version
1.3.1. (Rambaut 2009). Finally, we created plots of
ancestry (i.e., admixture coefficients (Q)) using the
Bayesian clustering approach of STRUCTURE version
2.3.2. (Pritchard et al. 2000). This approach clusters
individuals based on their multi-locus genotypes, mini-
mizing departures from HWE and minimizing LD with-
out a priori information on sample location. We tested
for the presence of hierarchical structure in this system, a
phenomenon common in north temperate fishes (Vaha
et al. 2007; Warnock et al. 2010). To do so, we followed
the approach of Vaha et al. (2007) in which a first round
of Bayesian clustering was performed on the entire data
set to first reveal the major population structure in this
system as inferred using the post hoc ΔK statistic of
Evanno et al. (2005). A second round was then per-
formed on individuals in each of the clusters identified
from the first round of analysis and this continued until
no further structure could be resolved. On the entire data
set, given the computational requirements, we ran the
program employing a burn-in length of 100,000 follow-
ed by 100,000 MCMC repetitions and subsequent anal-
yses were run employing a burn-in length of 100,000
followed by 250,000 MCMC repetitions. We assumed
an admixture model and correlated allele frequencies
using no LOCPRIOR information (see Hubisz et al.
2009). Ten independent iterations were run for each
value of K (with K varying from 1 to 20 in round one
and 1 to 10 in subsequent rounds). Results were first
processed using STRUCTURE HARVESTER version
0.6.92 (Earl and Vonholdt 2012) which reports both the
posterior probability of the data (ln P[D]) andΔK for the
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most likely number of clusters. The computer program
CLUMPP version 1.1. (Jakobsson and Rosenberg 2007)
was used employing 1,000 permutations under the
LargeKGreedy algorithm to find optimal alignments of
independent runs and results were finally visualized
using the cluster visualization program DISTRUCT
version 1.1. (Rosenberg 2004).

Genetic barriers and landscape/geographic features
influencing genetic variation and population structure

We first attempted to identify habitat features potentially
influencing intra-population genetic variation under the
expectation that populations from larger habitats (e.g.,
lake size and catchment) should harbour higher levels of
genetic variation (Neville et al. 2009; Tamkee et al.
2010). To do this, we regressed measures of genetic
variation (AR and HE) against several habitat variables,
specifically, lake size (ha) and total catchment (ha) of the
system from which Arctic char were sampled. We also
tested for potential genetic signatures of post-glacial
colonization (i.e., decreases in variation as a result of
bottlenecks and founder events associated with post-
glacial colonization of contemporary habitats) by
assessing if coastal distance (km) from the most south-
erly sampling location (QAS) around Cumberland
Sound has influenced contemporary genetic variation.
We predicted that decreases in genetic variation would
be apparent in more northerly situated samples around
Cumberland Sound if this system was colonized from
south to north (i.e., from the Atlantic refuge, Brunner
et al. 2001, Moore et al. unpublished data).

Second, the program BARRIER version 2.2. (Manni
et al. 2004) was used to identify potential genetic
barriers among Cumberland Sound Arctic char popula-
tions. This program implements the Monmonier’s
(1973) maximum difference algorithm to identify genet-
ic barriers which are then visually displayed on a map
portraying sampling locations based on geographic X/Y
coordinate data. Briefly, geographic coordinate data are
used to create a geometric map through the use of
Voronoï tessellation. Voronoï tessellation creates a po-
lygonal neighborhood for each sample (population) and
then Delaunay triangulation is used to connect a set of
points (localities) on the map into a neighborhood of
networks. Monmonier’s algorithm is used to identify
genetic barriers by determining which of the borders
between proximate populations exhibits the highest ge-
netic differentiation. To quantify important barriers

creating genetic discontinuities identified by the pro-
gram, we used a single-matrix approach (i.e., one
matrix of genetic distance that included all loci). We
expected genetic barriers to be associated with popu-
lations located furthest upstream from Cumberland
Sound (e.g., longest distance from natal lake to marine
habitats, e.g., Ostergren and Nilsson 2012) or those
located up the longest fiords (e.g., the KIN sampling
location at the head of Kingnait Fiord) given that gene
flow between such sites and proximate populations
could be restricted. We report the top five identified
barriers for both FST and D.

Third, we simultaneously assessed the influence of
geographic distance and two additional landscape vari-
ables on genetic structure using paired partial Mantel
tests, following a causal modelling framework com-
monly used in landscape genetics (e.g. Cushman et al.
2006; Galpern et al. 2012). We estimated genetic simi-
larity among pairs of individuals using the proportion of
shared alleles (Dps; Bowcock et al. 1994) because
individual-based causal modelling has higher power to
detect landscape influences on genetic structure
(Cushman and Landguth 2010). Variables tested were
the log-transformed Euclidean and fluvial (from herein
referred to as shoreline) distances (to determine which
of these had a larger impact on dispersal and gene flow
and hence population structure), as well as the count of
intercepting streams (assessed using the program
MapSource) between sampling locations.We performed
these analyses using R 2.15.1 (R Development Core
Team 2012) with partial Mantel tests provided by the
vegan package (Oksanen et al. 2012).

Isolation-by-distance (IBD) was assessed by exam-
ining the influence of geographic distance on population
structure using Mantel tests (Mantel 1967) and the Iso-
lation by Distance Web Service (IBDWS) version 3.23
(Jensen et al. 2005) employing 10,000 permutations to
test for the significance of these relationships. We report
results based on both Rousset’s (1997) measure FST/(1-
FST) and D for log-transformed shoreline and shoreline
distance respectively (see causal modelling results for an
explanation as to why shoreline distance was used over
Euclidean distance). The IBDWS utility also employs
reduced major axis (RMA) regression to estimate the
slope and confidence intervals of this relationship.
Using the slope of the regression line from the analyses
incorporating FST/(1-FST) we were able to calculate
mean dispersal distance for Cumberland Sound Arctic
Char. Assuming a two-dimensional model of dispersal
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(see Rousset 1997) if significant IBD is found, Wright’s
(1946) genetic neighborhood size (NS) can be calculat-
ed as 4Dσ2 where D is density and σ2 is the mean
squared axial parent–offspring dispersal distance. Fol-
lowing this, σ2 is calculated as 1/(4πbD) where b is the
slope of the regression line of genetic distance (FST/(1-
FST)) on geographic distance (log-transformed, Rousset
1997). Finally, σ provides a measure for mean dispersal
distance. For density, we used a global estimate of NE

calculated for Cumberland Sound Arctic char (~3100,
Moore et al. 2013a) generated using the program
MIGRATE-n ver. 3.2.15 (Beerli and Felsenstein 2001)
and the total area for Cumberland Sound (approximately
20,000 km2). This resulted in an approximate effective
density of 0.155 Arctic char per square kilometre. Con-
fidence intervals around our estimates were produced
using the confidence intervals for the slope of the re-
gression described above.

Finally, the hierarchical Bayesian analyses imple-
mented in the program GESTE version 2.0. (Foll and
Gaggiotti 2006) was used to assess the relative influence
of several geographic/landscape attributes on genetic
differentiation in Cumberland Sound Arctic Char. This
method estimates local population differentiation (local
population FST, Balding and Nichols 1995), and relates
these values to geographic/landscape factors using a
general linear model. A reverse jump MCMC approach
is then used to provide posterior probabilities (the 95 %
highest probability density interval (HPDI)) for each
model. The program also tests multiple geographic/
landscape variables simultaneously. For GESTE analy-
ses, we employed 10 pilot runs of a length of 5,000 as
our burn-in prior to drawing samples from a chain of 50,
000 in length, separated by a thinning interval of 50.
Given that it has been hypothesized that Arctic char
colonized Cumberland Sound post-glacially from a
southern Atlantic refugium or a cryptic northern Arctic
refugium (or perhaps both, Moore et al. unpublished
data) we tested these potentially range expansion hy-
potheses by including latitude and longitude as factors.
We also assessed other features such as distance to
marine water (river length (km): distance from Cum-
berland Sound to the lake from which samples were
collected), lake area (ha), catchment area (ha), coastal
distance from zero (starting at the southernmost sam-
pling location (QAS)), and presence/absence of rapids
(assessed using MapSource). All combinations of the-
se variables were considered and all potential models
were evaluated.

Results

Intrapopulation variation

A total of 692 juvenile Arctic char were genotyped at 18
microsatellite loci. Two problematic loci (Sco212 and
Sco218) appeared to be characterized by large allele
dropout or null alleles. In addition, one locus (Smm21)
was monomorphic. These three loci were removed from
all subsequent analyses, leaving a total of 15 informative
markers. Microsatellite polymorphism was relatively
high and among loci the number of alleles ranged from
two (OMM1128) to 52 (Sco216, Appendix 2). Among
populations, the overall average number of alleles per
locus ranged from 8.13 (KEK) to 14.13 (AVA) and
overall expected heterozygosity (HE) ranged from 0.73
(ISU, IKP and QAS) to 0.77 (IQ2 and KIP). Overall
allelic richness (AR) ranged from 7.94 in the KEK
sample to 10.4 in the OPI sample and private allelic
richness (PAR) ranged from 0.04 (KAN) to 0.48 (KIN).
Subsequent to adjustments of alpha following the false
discovery rate procedure (adjusted α=0.00834) only
eight deviations from HWE were detected. The locus
Sco19 was involved in four of these departures and all
were the result of heterozygote deficiencies. Linkage
disequilibrium was detected in only 27 (of a possible
1,470 locus-population-pair comparisons subsequent to
adjustments of alpha using the FDR procedure (adjusted
α=0.00635) and no specific pattern was detected
among loci or populations. Population bottlenecks were
only detected in the IQ2 (P<0.05) population under the
two-phase model of mutation (Appendix 3).

Interpopulation structure

A global FSTwas estimated at 0.042 (95 % C.I.=0.034–
0.052) and the global estimate of the differentiation
index (D) was 0.236 (95%C.I.=0.231–0.241). Pairwise
estimates of FST were as low as 0.022 between IAT and
KAN and as high as 0.087 between KEK and KIN
(Table 2). All pairwise comparisons were significant
before (P<0.05) and after (P<0.00938) adjustments to
α based on the FDR procedure. Pairwise estimates of D
ranged from 0.134 (between KEK and IAT) to 0.406
(between KEK and KIN) and again, all comparisons
were significant before (P<0.05) and after (P<
0.00938) adjustments to α (Table 2).

Both the FST- constructed and the D-constructed
CMDS plots revealed relatively similar results; samples
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tended to group by geographic proximity of sampling
location, especially when based on D (Fig. 2a, b). The
analysis employing D highlighted a potential north–
south genetic discontinuity among Arctic char popula-
tions in Cumberland Sound (Fig. 2b). Furthermore, both
metrics consistently identified KEK and KIN as samples
that clustered furthest away from all other samples.
Similarly, neighbor-joining trees constructed using both
FST and D as genetic distance measures typically
grouped more proximate samples together, although
not as clearly as the CMDS plots (Fig. 2c, d). Both trees,
however, had samples from opposite sides of Cumber-
land Sound cluster together. A neighbor-joining tree
constructed using Cavalli-Sforza and Edwards (1967)
distance, for which bootstrap support can be provided,
produced results that were different than those produced
using FSTand D and appeared to better reflect the spatial
proximity of sampling locations (Appendix 4) in com-
parison to the latter statistics.

We found evidence of hierarchical genetic structure
in Cumberland Sound Arctic char. Bayesian clustering
as implemented in the program STRUCTURE revealed
two genetic groups (i.e.,K=2) when assessing the entire
data set (ΔK=46.36, Fig. 3, Appendix 4). These two
groups corresponded to an approximate north–south
genetic discontinuity separated at the KIP and AUN
sampling locations containing nine and five population

respectively. The most geographically distant samples
also appeared asmost divergent (i.e., IQ2 and KIN at the
north-easterly end of Cumberland Sound were clearly
differentiated from QAS and IQA at the north-easterly
end of Cumberland Sound). Further STRUCTURE runs
on each cluster identified on the entire data set revealed
nine subsequent clusters (K=9,ΔK=43.56) for the north
group and five clusters (K=5, ΔK=25.82) for the south
group as the most likely genetic structure (Fig. 3,
Appendix 4). These clusters corresponded closely to
sampling locations, indicating that the finest level of
population differentiation is at the scale of the river.
The inferred number of clusters were the same regard-
less of the test statistic used (i.e., ΔK or LnP[D],
Appendix 4).

Genetic barriers and landscape/geographic features
influencing genetic variation and population structure

Overall, habitat characteristics (e.g., lake surface area,
catchment and coastal distance), were poor predictors of
genetic variation as measured by AR and HE given that
most relationships were weak and non-significant sta-
tistically (Fig. 4a–f). Even when trends in the data
suggested important relationships they were sometime
contradictory. For instance, two measures of within
population genetic variation (AR and HE) showed

Table 2 Pairwise comparisons of FST (θ, below diagonal) and Jost’s D (above diagonal) among Cumberland Sound Arctic Char

IQ2 KIN AVA IAT KEK IQ1 ISU KAN KIP AUN IKP OPI IQA QAS

IQ2 0.2297 0.1773 0.1795 0.3245 0.2223 0.2518 0.2165 0.2166 0.2817 0.2713 0.1507 0.2742 0.2552

KIN 0.0431 0.2445 0.2124 0.4057 0.2486 0.2647 0.2527 0.1941 0.3094 0.2749 0.1663 0.3130 0.2808

AVA 0.0334 0.0560 0.1772 0.2652 0.1640 0.1985 0.1810 0.1625 0.2671 0.1821 0.1388 0.2336 0.2006

IAT 0.0336 0.0384 0.0341 0.2648 0.1587 0.1339 0.1517 0.1665 0.2069 0.1701 0.2806 0.2228 0.2221

KEK 0.0604 0.0865 0.0470 0.0527 0.2315 0.3198 0.2910 0.2833 0.2963 0.2856 0.2630 0.3218 0.2865

IQ1 0.0405 0.0499 0.0278 0.0263 0.0402 0.2359 0.2147 0.2276 0.2418 0.2392 0.2287 0.2638 0.2189

ISU 0.0566 0.0581 0.0394 0.0306 0.0647 0.0423 0.1548 0.1969 0.2242 0.1917 0.2287 0.2760 0.2284

KAN 0.0366 0.0472 0.0298 0.0220 0.0549 0.0343 0.0263 0.1839 0.2421 0.1953 0.1848 0.2337 0.2084

KIP 0.0351 0.0359 0.0321 0.0288 0.0500 0.0396 0.0435 0.0301 0.1978 0.2254 0.1658 0.2426 0.2578

AUN 0.0484 0.0572 0.0443 0.0371 0.0511 0.0440 0.0469 0.0397 0.0308 0.1887 0.1870 0.1445 0.1702

IKP 0.0536 0.0635 0.0301 0.0313 0.0595 0.0418 0.0328 0.0294 0.0431 0.0411 0.1887 0.2008 0.1702

OPI 0.0287 0.0660 0.0304 0.0409 0.0572 0.0524 0.0532 0.0420 0.0418 0.0376 0.0355 0.1658 0.1870

IQA 0.0484 0.0653 0.0377 0.0441 0.0606 0.0466 0.0487 0.0381 0.0440 0.0447 0.0363 0.0302 0.1445

QAS 0.0521 0.0666 0.0390 0.0453 0.0602 0.0422 0.0449 0.0388 0.0532 0.0507 0.0329 0.0374 0.0255

All pairwise comparisons were significant both before and subsequent to adjustments of alpha based on the false discovery rate procedure
(adjusted alpha of 0.00938). Population codes are shown in Fig. 1 and Table 1
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opposite trends when related to catchment area (positive
and negative respectively, Fig. 4c, d). The exception to
this was the significant positive relationship observed
between coastal distance from the QAS sampling loca-
tion around Cumberland Sound and HE (Fig. 4f).

The BARRIER analysis revealed several potential
genetic barriers (i.e., areas of restricted gene flow) in
Cumberland Sound, and overall, the results were rela-
tively consistent regardless of the measure of differenti-
ation used (i.e., FST or D, Fig. 5a, b). First, there appears
to be a genetic barrier associatedwith the KEK sampling
location and gene flow in and out of this system appears
to be restricted. Both FST-based and D-based analyses
identified the most important barrier as one that sepa-
rates this system from all proximate sampling locations.

Second, and similar to the CMDS plot based on D and
the STRUCTURE analyses, there appears to be a north–
south genetic discontinuity. That is, a genetic barrier
separating samples collected from north and south Cum-
berland Sound, typically around the AUN sampling
location, was consistently identified (Fig. 5). A third
barrier isolated the KIN sampling location from other
proximate samples. Finally, a genetic barrier was con-
sistently resolved between ISU and proximate popula-
tions suggesting gene flow into these systems may be
limited (Fig. 5).

Causal modelling using paired, partial Mantel tests
indicated that shoreline distance was the only variable
significantly associated with genetic similarity among
pairs of individuals (Table 3). The support for shoreline

Fig. 2 Multi-dimensional scaling (CMDS) plots calculated using FST (a) and Jost’s D (b) for Cumberland Sound Arctic char. Also shown
are neighbor-joining trees based on FST (a) and Jost’s D (b) for Cumberland Sound Arctic char
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distance implies that gene flow is more likely to occur
between proximate sampling locations along the coast
of Cumberland Sound rather than by the most direct
route (e.g., Euclidean distance). Mantel tests supported
an isolation-by-distance model of gene flow when
assessed using FST/(1-FST) (P=0.017, Mantel r=0.317,
Fig. 6a) but not when using D (P=0.068, Mantel r=
0.223 Fig. 6b). Using an NE of 3,100 previously gener-
ated using MIGRATE (see Moore et al. 2013a) and a
total area of ~20,000 km2 for Cumberland Sound result-
ed in an estimate for density of 0.155. This value pro-
duced an estimated mean squared axial parent–offspring
dispersal distance of 14.00 km2 (95 % C.I.=11.41–
17.41) and an average dispersal distance of 3.75 km
(95 % C.I.=3.38–4.18).

Population-specific FST generated from GESTE
ranged from 0.0272 (AVA) to 0.0868 (KEK, Table 4).
Overall, posterior probabilities were relatively low (all
models < 0.06) with the exception of the constant, which
had the highest posterior probability (0.690, Table 5).
The three most important variables shaping population
structure were catchment (drainage area), lake size, and
river length. Their posterior probabilities, however,
were relatively low (posterior probability = 0.0517,
0.0406 and 0.0346 respectively, Table 5).

Discussion

Molecular assessments of population structure in North
American populations of Arctic char are relatively rare.
In this study, we provide the first examination of fine-
scale population structure in anadromous populations of
Arctic char from the Canadian Arctic with relevance to
hierarchical structuring and the geographic features
influencing such structure.

Fine-scale population structure in Cumberland Sound
Arctic char

Our results suggest the existence of genetically discrete
populations of Arctic char structured in a hierarchical
fashion, in which gene flow is at least partly restricted.
Our estimates of differentiation are similar to those
reported among proximate populations of anadromous
Arctic char from more southerly latitudes. For example,
Bernatchez et al. (1998) also resolved moderate (overall
FST=0.059), but significant, differentiation among
anadromous Arctic char from Labrador and suggested
that genetically distinct populations are found on a
relatively small geographic scale and that there is likely
some movement of individuals among systems. Indeed,

Fig. 3 Results of the hierarchical Bayesian clustering analysis
implemented in STRUCTURE inferred using the ΔK statistic of
Evanno et al. (2005). Shown is the proportion of the genome (q,
admixture coefficient) assigned to each of the inferred clusters (K)
where each column represents a different individual. Three round
of clustering were required to partition population structure down
to sampling location. Using the entire data set (round one), two

genetic clusters were resolved as the most probable population
structure corresponding approximately to a North–south division.
Subsequent rounds of STRUCTURE on the North (round 2) and
South (round 3) clusters identified in round one partitioned popu-
lation structure down to sampling location. Sampling locations
refer to those outlined in Table 1 and Fig. 1
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assessments of dispersal and gene flow in Cumberland
Sound Arctic char have suggested that straying is likely
pervasive among river systems (Moore et al. 2013a).

Although no other fine-scale molecular assessments
of genetic population structure are available for Arctic
populations of anadromous Arctic char, the results re-
solved in this study are congruent with results based on
tagging evidence in high latitude populations of this
species. For example, Kristofferson et al. (1984) deter-
mined that the majority of fish recaptured in Cambridge
Bay region of Nunavut did return to the freshwater
system in which they were tagged after some time at
sea. There was, however, some straying or movement of
individual fish among systems. Subsequent tagging that
included Arctic char from all major commercial

fisheries in the region also showed that the largest pro-
portion of recaptures corresponded to the system in
which they were tagged, yet individual fish were
recaptured among all major fisheries. The percentage
of fish recaptured at the system in which they were
tagged ranged from 46 % to 93 % (Dempson and
Kristofferson 1987). This is consistent with straying
rates (15.8 % to 46.5 %) calculated for Cumberland
Sound using genetic assignment (Moore et al. 2013a).

Moderate but significant structure appears to be com-
mon for anadromous populations of north-temperate
and Arctic salmonids that are suggested to have rela-
tively high dispersal capability yet a strong propensity to
home to natal streams/lakes. Among proximate Atlantic
salmon (Salmo salar) populations in Newfoundland and
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Fig. 4 Relationships between lake size (a, b), total catchment (c, d) and coastal distance from the QAS sampling location (e, f) on genetic
variation [allelic richness (AR) and expected heterozygosity (HE)] in Cumberland Sound Arctic char
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Labrador, Palstra et al. (2007) resolved comparable
levels of differentiation as those resolved in the present
study and concluded that the magnitude and direction of
gene flow, and hence population structure, vary

depending on the geographic scale/region. Tonteri
et al. (2009) found slightly higher overall differentiation
(FST=0.07) in Atlantic salmon populations from the
White and Barents seas. When assessed over a larger

Fig. 5 Potential barriers to gene flow among populations of
Cumberland Sound Arctic char identified by the program BAR-
RIER. Areas of restricted gene flow are shown as red lines and the

top five barriers (a–e, determined including all loci) are shown for
estimates incorporating FST (a) andD (b). Sampling locations refer
to those outlined in Table 1 and Fig. 1

Table 3 Results of causal modelling using partial Mantel tests to determine the influence of landscape variables (shoreline distance,
Euclidean distance and the number of intercepting streams between sampling locations) on genetic structure

A

Test Partial Mantel test Significance (alpha=0.05)

1 Genetic ~ Shoreline|Euclidean S

2 Genetic ~ Streams|Euclidean NS

3 Genetic ~ Streams|Shoreline NS

4 Genetic ~ Shoreline|Streams S

5 Genetic ~ Euclidean|Shoreline NS

6 Genetic ~ Euclidean|Streams S

B

Causal model Expectation for test Supported?
1 2 3 4 5 6

Euclidean + Shoreline + Streams S S S S S S NO

Euclidean + Streams NS S S NS S S NO

Euclidean + Shoreline S NS NS S S S NO

Shoreline + Streams S S S S NS NS NO

Euclidean NS NS – – S S NO

Shoreline S – NS S NS – YES

Streams – S S NS – NS NO

Shown are the partial Mantel test results (A) and the support for causal models based on these tests (B). To determine if a given causal model
is supported the pattern of significance or non-significance of up to six tests (A) is interpreted using the expectations given in B. Shoreline
distance between sampling locations is therefore the only causal model supported given the pattern of significance and non-significance of
partial Mantel tests in A
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geographic scale (e.g., between seas) differentiation was
much higher than our estimates, but when assessed on a
smaller scale (populations within a sea), populations
exhibited similar values of differentiation as we did.
Numerous additional examples of moderate, but signif-
icant population subdivision among anadromous salmo-
nids also exist (e.g., Nielsen et al. 2009; Harris and
Taylor 2010b; Palstra and Ruzzante 2010).

Employing Bayesian clustering implemented in
STRUCTURE, hierarchical genetic population structure
was identified in Cumberland Sound Arctic char. Two

genetic clusters, corresponding approximately to north–
south genetic discontinuity, were inferred as the major
population structure in this system over the entire data
set. When assessed using LnP[D], however, two genetic
groups were not identified (Appendix 4). It is common
for the metric LnP[D] to miss the higher level of hierar-
chical structure, while the statistic ΔK captures the ma-
jor population structure in the data (Evanno et al. 2005;
Vaha et al. 2007). Subsequent runs on each of these
clusters partitioned those data sets down to the specific
sampling location with both test statistics (i.e., ΔK and
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Fig. 6 Results of Mantel tests for isolation-by-distance (IBD) shown when using both FST/(1-FST) (a Rousset 1997) and Jost’s D (b) as
measures of genetic differentiation. Isolation-by-distance was tested for fluvial (shoreline) distance (see Results)

Table 4 Population-specific FST and the 95 % highest probability density interval (HPDI) for each Cumberland Sound Arctic char
population estimated using the program GESTE

Map code Population-specific
FST (HPDI)

River length
(km)

Catchement
(ha)

Lake size
(ha)

Costal distance
(km)

Rapids Longitude
(dd.m′)

Latitude
(dd.m′)

IQ2 0.0619 (0.0483; 0.0767) 1,500 11,400 79.7 1,240 0 64.5 65.4

KIN 0.0488 (0.0382; 0.0597) 4,000 84,700 31.2 1,100 0 64.2 66.2

AVA 0.0272 (0.0212; 0.0338) 1,000 25,600 114.0 889 0 66.1 66.2

IAT 0.0292 (0.0219; 0.0369) 4,300 62,100 89.8 806 1 66.3 66.2

KEK 0.0868 (0.0634; 0.1100) 870 467 14.4 781 0 66.5 66.2

IQ1 0.0502 (0.0392; 0.0622) 1,300 2,350 111.0 760 0 66.4 66.3

ISU 0.0592 (0.0454; 0.0756) 29,300 96,100 152.0 683 1 68.1 66.5

KAN 0.0430 (0.0340; 0.0534) 455 9,860 101.0 575 1 67.3 66.3

KIP 0.0359 (0.0277; 0.0449) 4,600 38,400 298.0 547 0 67.5 66.3

AUN 0.0664 (0.0507; 0.0836) 973 6,670 17.1 443 0 67.3 67.2

IKP 0.0422 (0.0327; 0.0516) 4,900 34,000 2,400.0 258 0 67.2 65.3

OPI 0.0295 (0.0205; 0.0398) 4,900 102,000 1,960.0 208 0 67.2 67.2

IQA 0.0426 (0.0333; 0.0526) 1,300 53,200 157.0 155 0 67.1 65.1

QAS 0.0447 (0.0351; 0.0547) 449 65,100 551.0 0 0 66.2 64.3

Also shown are the variables used to assess the association between landscape/geographic variables and population structure. These include:
river length (distance to marine water: distance from Cumberland Sound to the lake from which samples were collected), lake area (ha),
catchment area (ha), coastal distance from zero (starting at the southernmost sampling location (QAS)), the presence/absence of rapids, and
latitude and longitude. Population codes are shown in Fig. 1 and Table 1
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LnP[D]). Therefore, in this system our data suggest that
populations of Cumberland Sound Arctic char are ge-
netically organized in a spatial hierarchy with two dis-
tinct groups (north and south), each of which is charac-
terized by significant intragroup spatial structure
consisting of up to 14 genetically distinct populations.
Hierarchically organized population structure is com-
mon in anadromous salmonids (e.g., Vaha et al. 2007;
Dionne et al. 2008). In general, over smaller spatial
scales, hierarchical structure typically appears to be at
the scale of river systems (i.e., populations or sampling
locations) clustering together by drainage basin (e.g.,
Warnock et al. 2010). In Cumberland Sound Arctic char,
the hierarchical structure observed appears to be the
result of a potential marine barrier to gene flow
highlighted in the vicinity of the AUN-KIP sampling
locations. These two locations are separated by the
Kangilo Fiord; one of the larger fiords in the region
which may act to hamper dispersal. This limitation to
gene flow was also identified in the BARRIER analysis
using D.

Isolation-by-distance, genetic barriers and landscape
features influencing genetic variation and population
structure

We assessed the influence of several geographic and
habitat variables (i.e., lake and catchment size, coastal
distance from the QAS sampling location) on intra-
population genetic variation (i.e., AR and HE). The
majority of the relationships we resolved were relatively
weak and non-significant. This result was somewhat

surprising given documented positive associations be-
tween habitat size and population size (Frankham 1996;
McCusker and Bentzen 2011), and significant positive
relationships between genetic variation and habitat size
in a variety of other salmonid systems (Heath et al.
2001; Neville et al. 2006a, b; Vaha et al. 2007). Alter-
natively, some studies have found no relationship be-
tween habitat size and genetic variation and have attrib-
uted this result to bottlenecks/founder events that have
reduced genetic variation (Castric et al. 2001). This
explanation may also apply to Arctic char given that
Cumberland Sound was post-glacially colonized rela-
tively recently (perhaps within the last 5,000 years)
where bottlenecks and founder events likely reduced
population sizes and genetic variation (e.g., Bernatchez
et al. 1989). Unfortunately, population sizes are not
known for any of the systems and point estimates of
NE were unreliable given our data (not shown). Further-
more, we failed to detect any recent reductions in NE

using the program BOTTLENECK, although bottle-
neck tests can be associated with limited statistical pow-
er especially when sample sizes are small (Peery et al.
2012).

We resolved significant patterns of isolation-by-
distance (IBD) when assessed using FST as our genetic
distance metric, but not when using D. Although signif-
icant patterns of IBD are common in anadromous pop-
ulations of salmonids (e.g., Heath et al. 2001; King et al.
2001), there are numerous examples where this is not
the case (e.g., Vaha et al. 2007; Harris and Taylor
2010b). Non-significant patterns of IBD observed
among northern populations of fishes can be explained
by insufficient time since postglacial colonization for
IBD patterns to evolve (Castric and Bernatchez 2003).
Alternatively, however, others have proposed that non-
significant patterns have little to do with time since
colonization and more likely reflect other factors such
as dispersal capability and contemporary barriers to
gene flow (Crispo and Hendry 2005). The significant
pattern of IBD resolved with FST suggests that Cumber-
land Sound populations have had sufficient time since
postglacial colonization to reach migration-drift equilib-
rium (Hutchison and Templeton 1999) and that barriers
to dispersal are limited resulting in higher gene flow
among proximate populations (Meirmans 2012). Indeed
our estimates of dispersal distance based on genetic
neighborhood size (Rousset 1997) were relatively small
(mean squared axial parent–offspring dispersal distance
(σ2) of 14.00 km2 and an average dispersal distance (σ)

Table 5 Posterior probabilities of the top ten models used to
explain population structure in Cumberland Sound Arctic char as
a function of geographic/landscape features

Model Posterior probability

Constant 0.690

Constant, catchment 0.0517

Constant, lake size 0.0406

Constant, river length 0.0346

Constant, coastal distance 0.0336

Constant, longitude 0.0332

Constant, rapids 0.0319

Constant, latitude 0.0305

Constant, catchement, river length 0.0052

Constant, lake size, river length 0.0032
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of 3.75 km). Furthermore, genetic assignment tests of
Cumberland Sound adult Arctic char showed that most
adult classified as dispersers tended to disperse from
nearby locations (Moore et al. 2013a). The non-
significant IBD when assessed using D, a statistic that
is reported to better reflect population colonization his-
tory and ancestry, also suggests that recent demographic
processes and contemporary gene flow and drift are the
strongest factors influencing population structure in
Cumberland Sound Arctic char. Raeymaekers et al.
(2012) assessed population structure in upland and low-
land threespine stickleback (Gasterosteus aculeatus)
and also concluded that GST (an FSTanalogue) was more
sensitive to gene flow and drift in comparison to D and
therefore better reflects recent demographic processes.
We used causal modelling to better understand the sig-
nificant IBD signal we found among populations. Using
genetic distance among individuals grouped by popula-
tion, we found that that the distance between the popu-
lations measured along the shoreline, rather than by the
most direct route, better explained the genetic structure.
Importantly, this result implies that dispersal occurs
more frequently along shorelines and not necessarily
by the most direct route. This, again, is in line with
previous tagging and telemetry work that suggest that
most movement occurs near coastal habitats in Arctic
char (Moore 1975; Spares et al. 2012).

Few studies have assessed geographic variables on
Arctic population of salmonids and, to our knowledge,
none have assessed this in anadromous populations of
Arctic char. We found, however, very little influence of
geographical variables on contemporary population
structure. Rather, at least in our area, genetic relation-
ships among populations appear to be best explained by
physical distance, especially shoreline distance. Similar-
ly, Ostergren and Nilsson (2012) found that, with the
exception of stream width, landscape/riverscape vari-
ables had no influence on population structure in anad-
romous and resident populations of brown trout (Salmo
trutta) from northern Sweden. Alternatively, Dionne
et al. (2008) found that both coastal distance and tem-
perature were predominant factors influencing popula-
tion structure in anadromous Atlantic salmon. In the
present study, the lack of any association between geo-
graphic variables and genetic differentiation, with the
exception of geographic distance, is likely the result of
the lack of variation observed at these variables coupled
with the relatively moderate levels of genetic differenti-
ation we resolved. The lack of influence of geographic

variables impacting population structure could also be
due to the small spatial scale of our study (Storfer et al.
2007), in which variation in habitat and landscape fea-
tures is not sufficient to promote differentiation. For
example, although Perrier et al. (2011) found that multi-
ple variables influenced genetic differentiation (e.g., tem-
perature, substrate, river length and coastal distance) in
Atlantic salmon, they determined that the power to detect
the effects of individual variables depended on spatial
scale. They found little influence of river length when
assessed at a smaller spatial scale (i.e., northwest France)
but this variable had a significant influence on population
structure across the entire study area. An assessment of
anadromous Arctic char population structure at a larger
spatial scale (for example among populations fromBaffin
Island) including additional landscape variables (e.g.,
temperature, salinity, substrate, sea ice) may provide
more insight into geographic or environmental variables
important for the contemporary structuring but those
variables were not readily available.

Although our results failed to detect major associa-
tions between continuous measures of landscape varia-
tion and genetic structure, we did identify larger scale
genetic breaks in our data that appear to be associated
with significant barriers to gene flow. First, there ap-
pears to be an important barrier restricting gene flow
between the KEK sampling location and all other loca-
tions. This is the only sampling not part of the mainland
of Baffin Island; rather, it is located on an island within
Cumberland Sound. This differentiation could be
interpreted as further evidence for limited dispersal
across open oceans. It should be noted, however, that
this location has the smallest catchment area (the next
smallest was over five times greater in area) and lake
size. Interestingly, the next smallest catchment also
contained a population that was quite divergent (AUN)
suggesting that populations distributed across small
areas may be particularly unique owing to some inherent
ecological difference or because small areas reflect
smaller population sizes which may promote differenti-
ation through genetic drift.

We also identified a north–south genetic discontinu-
ity across Cumberland Sound. This apparent barrier to
gene flow may result from limited contemporary dis-
persal between samples separated by the open water
habitat that must be traversed to move between opposite
sides of Cumberland Sound. Although long-distance
ocean dispersal has been reported for anadromous pop-
ulations of Arctic char (Dempson and Kristofferson
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1987), our IBD analyses, neighborhood calculations and
the results of Moore et al. (2013) suggest that dispersal/
gene flow is highest among proximate locations and that
such movements would then tend to occur along coast-
lines. Consequently, the north–south barrier that we
identified may reflect a relative lack of movement across
open water habitats regardless of the actual distance
involved. For example, if dispersal is restricted by sea
ice for a proportion of the time subsequent to Arctic char
entering Cumberland Sound, the north–south barrier is
not surprising. Indeed, the ice-free season in Cumber-
land Sound can be relatively short, persisting for a large
proportion of the time while Arctic char are in marine
habitats (Moore 1975). In nearby Frobisher Bay acoustic
tagging revealed that Arctic char spend the majority of
time in the top three meters of the water column (Spares
et al. 2012). Thus, when sea ice is present, this could act
as a barrier to dispersal and previous studies from Cum-
berland Sound suggest most Arctic char movement is
close to the shore in ice-free areas (Moore 1975).

Finally, a barrier to gene flow was consistently asso-
ciated with both the ISU and KIN sampling locations.
These locations are associated with the longest fiord
(Kingnait Fiord, the head of which approximately
90 km from Cumberland Sound) in the region and the
farthest upstream sampling location respectively. As
such, it is not surprising that these more isolated sites
are associated with genetic barriers given that dispersal
and gene flow into and out of these systems may be
restricted in comparison to other less remote sampling
locations.

Management implications

Commercial and exploratory fisheries for Arctic char in
Cumberland Sound are currently managed based on
river specific harvest strategies (Roux et al. 2011). De-
spite the fact that there is likely some degree of gene
flow among proximate populations, and therefore pop-
ulations of Cumberland Sound Arctic char may not be
completely demographically independent (see Palsboll
et al. 2007), small-scale genetic differences among sam-
pling locations at the scale of river systems support the
current management approach (Waples 1991). A clear
goal for fisheries conservation is to maximize and pre-
serve genetic diversity (Allendorf and Leary 1988;
Schindler et al. 2010); ensuring the long-term persis-
tence of the resource in changing environments where
populations potentially need to adapt (Holderegger et al.

2006; Barrett and Schluter 2008). This will be especially
important for species such as Arctic char that face un-
precedented rates of environmental changes (Reist et al.
2006). Previous work, however, suggests that dispersal
among systems is pervasive, even if gene flow may be
limited (Moore et al. 2013a). This would suggest that an
area-based management approach may be appropriate
because this dispersal will lead to mixed-stock fisheries.
This approach, however, has resulted in the collapse of
Arctic char fisheries in the past (Day and de March
2004) and therefore the details of such a strategy would
have to be considered cautiously. Still, taking dispersal
into consideration may be important in cases where a
declining stock needs to be protected because harvest at
nearby stocks may lead to unwanted harvest of individ-
uals from the impacted stock (i.e., the vulnerable stock
may still be harvested in mixed-stock fisheries). In such
cases, closures or reduced quotas at nearby stocks may
be called for, and our results showing a genetic discon-
tinuity between north and south populations in the
Cumberland Sound will provide useful guidelines re-
garding the required spatial extent of appropriate con-
servation measures.
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