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Abstract

The Arctic Char Salvelinus alpinus is widely considered the most important subsistence ﬁsh species in the
Canadian Arctic. Throughout the species’ range, commercial ﬁsheries for Arctic Char also exist, the management
of which primarily follows river-speciﬁc harvest strategies. Such an approach, however, may not be appropriate if
the management unit or stock does not accurately reﬂect a demographically independent population or if mixtures
of populations are being harvested. We assayed microsatellite DNA variation among 744 Arctic Char from the
Cambridge Bay region, Nunavut, where the largest commercial ﬁshery for the species exists, in order to identify the
most appropriate spatial scale at which these stocks should be managed. Our sampling design speciﬁcally mirrored
that of the commercial ﬁshery in order to describe patterns of genetic structure and genetic variation within and
among the harvested component. We also included Arctic Char from more geographically distant sampling
locations to provide a spatial context for genetic stock structuring in the region. Overall, we found moderate but
signiﬁcant structure across the entire study area. In contrast, commercially harvested stocks were weakly differentiated, especially among the stocks that are considered part of the Wellington Bay complex. We propose several
hypotheses for this weak differentiation, including (1) our sampling design that mirrored the commercial harvest,
(2) high rates of potential gene ﬂow, and (3) large effective population sizes. Our results may have important
implications for commercial and subsistence ﬁsheries management, including the notion that there are several
potential units of conservation below the species level.

The sustainability of ﬁsheries depends on management
strategies that appropriately reﬂect the target species’ biology,
ecology, and intraspeciﬁc diversity. For instance, the stock is
the fundamental unit of management and should ideally represent demographically and genetically independent populations
or groups of populations (Reiss et al. 2009). The use of neutral
molecular markers can potentially help to delineate stocks, as

demographic independence should lead to the accumulation of
genetic differences among populations that are at least partly
reproductively isolated (Waples and Gaggiotti 2006). As such,
molecular markers have been used extensively in ﬁsheries
research and they can provide information to ﬁsheries managers regarding stock structure, dispersal, gene ﬂow, and the
origin of individuals contributing to a mixed-stock ﬁshery.
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The Arctic Char Salvelinus alpinus is a salmonid with a
circumboreal distribution and is the most northerly distributed
species of freshwater ﬁsh (Scott and Crossman 1998; Reist
et al. 2013). Throughout its range, the species exhibits considerable variation in morphology, life history, and ecology
(Johnson 1980; Reist et al. 2013). For example, Arctic Char
display marked variation in migratory behavior and habitat
use, with anadromous, freshwater-resident, and landlocked
populations all being described (Johnson 1980; Babaluk
et al. 1997; Gomez-Uchida et al. 2009). Where the Arctic
Char occurs, it has been targeted extensively in local
subsistence ﬁsheries for centuries (Kristofferson and Berkes
2005; Roux et al. 2011). In the Cambridge Bay region of
Nunavut, Canada (Figure 1), anadromous Arctic Char have
been the target of commercial ﬁsheries since the 1960s in
addition to being continually harvested for subsistence purposes (Kristofferson and Berkes 2005; Day and Harris 2013).

Since the inception of the ﬁrst commercial ﬁshery, over
2,000,000 kg of this species have been harvested (Day and
Harris 2013). Commercial ﬁshing historically targeted six
stocks in the vicinity of Cambridge Bay: the Ekalluk (EKA),
Ellice, Halokvik (HAL; Thirty-Mile River), Lauchlan (LAU;
Byron Bay), Jayko (JAY), and Paliryuak (Surrey [SUR]) rivers
(Figure 1). Presently, however, only four stocks (EKA, SUR,
HAL, and JAY) are commercially ﬁshed through the use of
both gill nets (SUR and EKA) and weirs (HAL and JAY). The
commercial ﬁsheries target upstream-migrating ﬁsh as they
return to freshwater to overwinter (Kristofferson and Berkes
2005). One exception is the SUR ﬁshery, which is executed in
July and presumably harvests downstream-migrating ﬁsh from
this system. Annually, the combined quota of the four commercial ﬁsheries is 51,100 kg, and the Arctic Char stocks are
considered stable and likely harvested at or below their sustainable rates of exploitation (Day and Harris 2013).

FIGURE 1. Map of the Cambridge Bay (identiﬁed with a star) region of Victoria Island, Nunavut, Canada, showing locations where anadromous Arctic Char
were sampled. Three-letter site codes are deﬁned in Table 1. Inset shows the location of the Cambridge Bay region and Victoria Island.
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TABLE 1. Sampling locations and sample sizes for Arctic Char collected from the Cambridge Bay region, Nunavut, Canada. The sample habitats were
categorized as (1) coastal locations (coastal) at the mouth of the river; (2) riverine habitats (river), where upstream-migrating Arctic Char were targeted; and (3)
lacustrine habitats (lake), where overwintering Arctic Char were targeted. Site codes refer to the locations presented in Figure 1.

Waterbody

Site code

Year(s) collected

Latitude

Longitude

Sample size(s)

Lauchlan River
Halokvik River
Surrey River
Ekalluk River
Freshwater Creek
Jayko River
Nauyuk Lake
Qunnguuq Lake
Kuujjua River
Hornaday River

LAU
HAL
SUR
EKA
FRE
JAY
NAU
QUN
KUJ
HOR

2011
2011, 2012
2013
2013
1988
2010, 2011, 2012
2000
2011
2010
2010

68°56′N
69°10′N
64°27′N
69°24′N
69°07′N
66°44′N
68°22′N
71°16′N
70°14′N
69°22′N

108°32′W
107°06′W
106°41′W
106°18′W
105°00′W
103°15′W
107°41′W
116°49′W
112°59′W
123°53′W

60
60, 60
60
60
60
60, 60, 60
60
60
42
42

Given the complexity of Arctic Char life history and its
relevance for understanding genetic stock structure, a description
of the species’ life history in the Cambridge Bay region is
warranted. Although similar in nature to salmonines at more
temperate latitudes, several adaptations to cold, resource-poor
marine habitats distinguish the life history of anadromous
Cambridge Bay Arctic Char from the life histories of other
salmonine species, including aspects that complicate ﬁsheries
management. In the Cambridge Bay region and throughout the
Canadian Arctic in general, the spawning of Arctic Char occurs
over gravel substrate in lakes during the fall. Eggs hatch in the
spring, and juveniles rear in freshwater until approximately age
4–5 (although ages 3–9 have been documented) before they
smolt (Gyselman 1994). Subsequent to smoltiﬁcation, both juveniles and adults undertake a downstream migration to marine

Sample habitat
Coastal
Coastal
Coastal
Lake
River
River
Lake
Lake
River
River

waters to exploit the abundant food sources (Johnson 1980;
Gyselman 1984). The adult component of this downstream
migration consists primarily of individuals that are current-year
nonspawners (CYNS; Gyselman and Broughton 1991). In contrast, current-year spawners (CYS) in the region typically opt to
forego marine migration, instead remaining in freshwater
throughout the summer (Johnson 1980; Kristofferson 2002).
Feeding at sea occurs for around 40 d (Gyselman 1984), and
Arctic Char have been known to travel great distances during that
period (e.g., >100 to 400 km; Gyselman 1984, 1994; Dempson
and Kristofferson 1987; Moore et al. 2016). Furthermore, extensive stock mixing during the marine feeding period has been
conﬁrmed at marine coastal subsistence and commercial ﬁshing
locations (Dempson and Kristofferson 1987; Kristofferson 2002;
Moore et al. 2016). Unlike many other salmonines, Arctic Char

TABLE 2. Significance of log-likelihood (G)-based exact tests of population differentiation (above diagonal) and pairwise comparisons of FST (θ; below
diagonal) for Arctic Char stocks in the Cambridge Bay region. Values within gray-shaded cells are not significant. Italicized values were significant before
adjustment of α (P < 0.05) based on the false discovery rate (FDR) procedure; italicized and underlined values remained significant after α adjustment (FDRadjusted α = 0.0099). Sample location codes are defined in Table 1; locations are shown in Figure 1.

Stock and year

LAU

HAL
2011

HAL
2012

SUR

EKA

FRE

JAY
2010

JAY
2011

JAY
2012

NAU

QUN

KUJ

HOR

LAU
HAL 2011
HAL 2012
SUR
EKA
FRE
JAY 2010
JAY 2011
JAY 2012
NAU
QUN
KUJ
HOR

–
0.010
0.010
0.017
0.013
0.014
0.012
0.019
0.021
0.024
0.024
0.029
0.079

0.000
–
–0.002
0.001
–0.001
0.009
0.006
0.007
0.009
0.012
0.020
0.030
0.071

0.000
0.546
–
0.002
–0.001
0.006
0.006
0.009
0.008
0.009
0.019
0.030
0.067

0.000
0.175
0.000
–
–0.001
0.004
0.006
0.008
0.009
0.013
0.017
0.032
0.072

0.000
0.622
0.064
0.958
–
0.005
0.005
0.007
0.008
0.011
0.019
0.030
0.073

0.000
0.000
0.000
0.000
0.000
–
0.006
0.007
0.009
0.013
0.020
0.026
0.074

0.000
0.000
0.000
0.001
0.001
0.000
–
0.001
0.001
0.011
0.012
0.021
0.063

0.000
0.000
0.000
0.000
0.000
0.001
0.489
–
0.003
0.012
0.018
0.020
0.058

0.000
0.000
0.000
0.000
0.000
0.000
0.165
0.034
–
0.011
0.017
0.025
0.067

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
–
0.020
0.030
0.056

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
–
0.019
0.061

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
–
0.055

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
–
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must return to freshwater every fall to overwinter regardless of
their reproductive status (i.e., whether they are CYS or CYNS;
Johnson 1980). Fidelity to natal habitats appears to be quite low
(Gyselman 1994), and genetic evidence suggests lower ﬁdelity in
individuals returning to freshwater solely for the purpose of
overwintering (Moore et al. 2013). Thus, with respect to understanding the patterns of Arctic Char dispersal, gene ﬂow, and
contemporary genetic stock structure, one must be cognizant of
reproductive status, as only the dispersal of CYS (i.e., breeding
dispersal) results in contemporary gene ﬂow. This is especially
relevant for Cambridge Bay Arctic Char, given that virtually all
upstream-migrating individuals are CYNS (Kristofferson 2002).
Dispersal in nonspawning Arctic Char (i.e., overwintering
dispersal) is viewed as a bet-hedging strategy that is evolutionarily advantageous in unpredictable, stochastic environments
(Hendry and Stearns 2004; Moore et al. 2013). Several important
points that are relevant for understanding the genetic stock structure of Arctic Char in the region should be gleaned from the
above description: (1) discrete stocks are known to mix extensively while at sea; (2) individual Arctic Char must return to
freshwater annually to overwinter regardless of reproductive
status, which results in the potential for two types of dispersal
(breeding and overwintering dispersal); (3) virtually all
upstream-migrating individuals in the Cambridge Bay region
are CYNS and have no potential to inﬂuence gene ﬂow in the
present year; (4) the majority of dispersal events therefore represent overwintering dispersal; and (5) overall site ﬁdelity appears
to be quite low.
The management of commercially harvested Arctic Char in
the Cambridge Bay region has primarily proceeded under a riverspeciﬁc regime wherein each river is recognized as containing a
separate stock (Kristofferson and Berkes 2005; Day and Harris
2013). This management strategy assumes that most ﬁsh do not
disperse from their natal river system to spawn or overwinter and
that there is little gene ﬂow among stocks (Moore et al. 2014b).
In this paper, we deﬁne the term “dispersal” as the interpopulation movement of individuals between their natal habitat and
their spawning or overwintering locations (modiﬁed from
Clobert et al. 2001). Because Arctic Char must return to freshwater each winter regardless of their reproductive condition, they
demonstrate both breeding dispersal and overwintering dispersal
(Moore et al. 2013). However, the management assumption that
commercial catches comprise Arctic Char originating from a
single river may not be entirely appropriate for Cambridge Bay
Arctic Char. Given that the majority of commercial ﬁshing is
conducted in coastal areas or close to river mouths, populations
from several different river systems may be vulnerable to harvest
(Kristofferson et al. 1984; Dempson and Kristofferson 1987;
Moore et al. 2013). In such a situation, an area-based approach
to management may be more appropriate, but there is still a lack
of genetic data with which to assess whether stocks are demographically independent and whether they mix in the ocean and
potentially during the fall return migrations to freshwater. Indeed,
it has been hypothesized that three potential stock complexes are

being harvested in the Cambridge Bay region: the mainland stock
(Ellice and Perry rivers), the Wellington Bay stock (EKA, SUR,
HAL, and LAU), and the Albert Edward Bay stock (JAY;
Kristofferson et al. 1984). Although some tagging data are available to support this hypothesis (Dempson and Kristofferson
1987), there is limited information on the distribution of genetic
variation, and the degree to which stocks in the region are
subdivided remains unknown (but see Kristofferson 2002).
Fisheries management and conservation are frequently
complicated when genetic stock structure is not fully understood and when stock-speciﬁc ﬁsheries simultaneously harvest
individuals from multiple stocks (Utter and Ryman 1993;
Ensing et al. 2013). Previous studies on other stocks of anadromous Arctic Char have generally found weak to moderate
(global genetic differentiation index [FST] ~ 0.04) genetic
stock structure (Bernatchez et al. 1998; Moore et al. 2013;
Harris et al. 2014). Furthermore, dispersal and gene ﬂow appear
to be most prevalent among proximate stocks (Moore et al.
2013), resulting in signiﬁcant patterns of isolation by distance
(IBD; Harris et al. 2014). The stock structure of Arctic Char in
the Cambridge Bay region has previously been assessed with
allozyme markers, morphological variation, and otolith
microchemistry (Kristofferson 2002). Signiﬁcant differences
were found in morphology/meristics and otolith microchemistry, and allozyme allele frequencies at one locus differed among
stocks. Kristofferson (2002) concluded that spawning Arctic
Char in the Cambridge Bay region show high ﬁdelity to natal
spawning grounds, resulting in the establishment of discrete
stocks both between and within river systems. Furthermore,
tagging evidence available for Arctic Char in the region
suggests that dispersal among rivers is common and that several
stocks are indeed harvested together at discrete ﬁshing locations
(Dempson and Kristofferson 1987; Gyselman 1994). Given that
harvest quotas are assigned to putatively discrete stocks (i.e.,
commercial quotas are allocated to individual river systems),
this behavior severely complicates the management of Arctic
Char in the region. Describing the genetic structure of these
stocks—particularly that of the harvested component—by
using highly variable microsatellite markers would therefore
provide important insights into Cambridge Bay-region ﬁsheries
management.
The main goal of the present study was to resolve genetic
variation and genetic structure among the six putative stocks of
anadromous Arctic Char that are targeted by commercial ﬁsheries in the Cambridge Bay region. This was accomplished by
analysis of 18 microsatellite markers in samples from Arctic
Char that were harvested directly by the commercial ﬁsheries
or obtained through a sampling design that was intended to
mirror commercial exploitation so as to better understand the
genetic structure and relationships among commercially harvested Arctic Char in the region. In addition, we included
Arctic Char from four geographically distant sampling locations
to provide further insights regarding the spatial scale of stock
structure in the region. Overall, these genetic data will inform
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management by providing information on gene ﬂow and thus the
degree of genetic divergence among Arctic Char stocks in the
region, with emphasis on those exploited in the Cambridge Bay
commercial ﬁsheries.

METHODS
Study area and Arctic Char collections.—Our study area
included 10 river systems in Canada’s central Arctic, including
those targeted by commercial ﬁsheries near the community of
Cambridge Bay, Nunavut, on southern Victoria Island (Figure 1).
The Cambridge Bay region harbors ﬁve commercial quotas for
Arctic Char, three of which (EKA, SUR, and HAL) are
distributed around Wellington Bay, approximately 80 km west
of Cambridge Bay. The Lauchlan River (LAU) is located
approximately 80 km west of Wellington Bay, and JAY drains
into Albert Edward Bay on the southeastern corner of Victoria
Island. Cambridge Bay-region Arctic Char that were assessed in
this study were collected through a commercial ﬁshery plant
sampling program (SUR and EKA), where 200 commercially
harvested individuals from each ﬁshery are biologically sampled
on an annual basis. Additional samples were also collected
through ﬁshery-independent sampling of Cambridge Bay
Arctic Char stocks (LAU, HAL, and JAY) that was intended to
mirror the commercial ﬁsheries in those systems. Overall, Arctic
Char were collected from all six sampling locations in the
Cambridge Bay region, including the ﬁve commercial ﬁsheries
described above as well as Freshwater Creek (FRE), an important
subsistence and recreational ﬁshing location near the community
of Cambridge Bay (Table 1). Samples from the six Cambridge
Bay locations were typically collected during the upstream
migration of Arctic Char in August or September (with the
exception of SUR, where samples were collected in July from
commercially harvested Arctic Char). Samples from more
geographically distant locations in western Nunavut and the
eastern Northwest Territories were collected as part of other
research initiatives in the region. The more distant sampling
locations included those on the mainland of Canada (Nauyuk
Lake [NAU] and Hornaday River [HOR]) and western Victoria
Island (Kuujjua River [KUJ] and Qunnguuq Lake [QUN]) and
were used to provide further spatial context for stock structuring
in Canada’s central Arctic (Table 1). Some locations also
included samples that were collected over several years to
assess temporal inﬂuences on stock structure. Detailed
descriptions of the study area and the history of the Arctic Char
commercial ﬁshery in the Cambridge Bay region are provided by
Kristofferson (2002) and Day and Harris (2013).
Extraction of DNA and ampliﬁcation of microsatellites.—In
general, sampling of Arctic Char involved the collection of
pelvic ﬁns, which were stored in 95% ethanol prior to DNA
extraction using Qiagen DNeasy tissue extraction kits (Qiagen,
Inc., Valencia, California) in accordance with the manufacturer’s
protocols. Eighteen microsatellite loci were ampliﬁed in three
multiplexes; details of these reactions are presented in
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Supplementary Table S.1 available in the online version of this
paper. Ampliﬁed microsatellite fragments were analyzed with an
automated sequencer (Applied Biosystems, Inc. [ABI], 3130XL
Genetic Analyzer; ABI, Foster City, California) and the LIZ-600
size standard. All genotypes were scored by using ABI
GeneMapper software version 4.0.
Intrastock genetic variation.—We ﬁrst used MICROCHECKER version 2.2.3 (Van Oosterhout et al. 2004) to assess
the quality of our microsatellite loci by testing for the presence of
null alleles and large-allele dropout. Descriptive statistics for
each locus (number of alleles [NA], expected heterozygosity
[HE; Nei’s unbiased gene diversity], observed heterozygosity
[HO], and the ﬁxation index [FIS]) in samples from each
location were compiled using FSTAT version 2.9.2.3 (Goudet
2002). Additionally, to account for differences in sample size,
allelic richness (AR; 100 genes from each sampling location) and
private allelic richness (PAR; 100 genes from each sampling
location) were calculated in HP-RARE (Kalinowski 2005).
GENEPOP version 4.0 (Rousset 2008) was used to test for
deviations from Hardy–Weinberg equilibrium (HWE) for each
locus × population combination by using an exact test in which
probability values were estimated via a Markov chain method.
Tests for genotypic linkage disequilibrium (LD) for all
combinations of locus pairs within a stock were also performed
in GENEPOP, applying default values and a Markov chain
method. The signiﬁcance of simultaneous comparisons was
initially evaluated with a nominal α of 0.05 and then with an
adjusted α obtained via the false discovery rate (FDR) procedure
(Benjamini and Yekutieli 2001), as suggested by Narum (2006).
Interstock genetic structure.—Log-likelihood (G)-based
exact tests (Goudet et al. 1996) were used to test for stock
differentiation between all pairs of sampling locations over all
loci combined using default values in GENEPOP. An estimate
of global FST (i.e., theta [θ] of Weir and Cockerham 1984) was
generated in FSTAT, and 95% conﬁdence intervals (CIs) of the
estimate were calculated via a bootstrap procedure following
10,000 permutations. Global FST values greater than zero
suggest the existence of genetic structuring among sampling
locations. Pairwise estimates of FST between each sampling
location were calculated in ARLEQUIN version 3.1 (Excofﬁer
et al. 2005). The signiﬁcance of these estimates was assessed
following 10,000 individual permutations. We evaluated the
statistical power of our microsatellite data set and empirical
sample sizes (N = 60) by using the program POWSIM (Ryman
and Palm 2006). Speciﬁcally, this program estimates the
power of the genetic study design while incorporating
information on sample sizes, number of loci, and allele
frequencies for any hypothetical degree of true genetic
differentiation (quantiﬁed as FST; Ryman and Palm 2006).
The signiﬁcance of tests in POWSIM is evaluated with both
Fisher’s exact test and the χ2 test. For POWSIM analyses, we
assumed that Arctic Char from the EKA and SUR sampling
locations (the two locations with the least genetically
differentiated samples) diverged from a common baseline
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stock with the same allele frequencies as observed in
contemporary samples. We simulated effective population
sizes (Ne) of 1,000 and 5,000 individuals into the EKA and
SUR stocks, and we assessed varying generation times of
divergence (i.e., t = 0, 1, 10, 100, and 1,000 generations
since splitting) with 1,000 runs. Statistical power was
determined as the proportion of simulations for which
Fisher’s exact test and the χ2 test showed a signiﬁcant
deviation from zero (i.e., signiﬁcant genetic differentiation;
Ryman and Palm 2006).
The relationship between genetic distance (i.e., FST) and geographic distance was also explored by testing for patterns of IBD.
We tested for an overall IBD pattern by regressing linearized
values of FST (i.e., FST /[1 – FST]; Rousset 1997) against the
ﬂuvial distance (km) separating sampling locations and then
conducted Mantel tests (Mantel 1967) to assess the signiﬁcance
of the relationship following 10,000 permutations. Patterns of
IBD were evaluated by (1) incorporating all sampling locations
and (2) including only locations from the Cambridge Bay region.
The IBD analyses were performed with the ECODIST library in
R version 2.12.1 (R Development Core Team 2010).
We visualized interstock structure via several analyses. First,
we created neighbor-joining trees using Cavalli-Sforza and
Edwards’ (1967) chord distance. Trees were created with
PHYLIP version 3.68 (Felsenstein 1993) using the subprograms
SEQBOOT, GENDIST, NEIGHBOR, and CONSENSE.
Support for the nodes was assessed following 10,000 bootstrap
replicates, and the ﬁnal trees were visualized in FIGTREE version 1.3.1 (Rambaut 2009). Next, we conducted a discriminant
analysis of principal components (DAPC; Jombart et al. 2010)
using the adegenet package (Jombart 2008) in R version 2.12.1
(R Development Core Team 2010). Discriminant analysis of
principal components is a multivariate approach that is aimed
at identifying and describing genetic clusters or groups of related
individuals; however, DAPC differs from conventional clustering methods in that it does not rely on a speciﬁc genetic model
(e.g., HWE and LD) to describe the underlying genetic data
(Jombart et al. 2010). To identify the number of clusters (K),
DAPC ﬁrst employs the ﬁnd.clusters function (a sequential
K-means clustering algorithm) on data that have been transformed by using principal components analysis, and the
Bayesian information criterion is used to infer the number of
clusters. The DAPC then performs a discriminant analysis on the
retained principal components (PCs; both DAPCs retained 100
PCs [comprising over 95% of the total genetic information] as
predictors for discriminant analysis). The DAPC was performed
(1) for all sampling locations and (2) among only the commercial
sampling locations and FRE in the Cambridge Bay region.
As an alternative method for identifying potentially distinct
genetic clusters among anadromous Arctic Char, we used the
Bayesian clustering approach as implemented in STRUCTURE
version 2.3 (Pritchard et al. 2000). This program identiﬁes the
number of putative genetic clusters (K) without deﬁning
populations a priori based on minimizing departures from

HWE and LD. The STRUCTURE analysis was run under
assumptions of correlated allele frequencies and admixed ancestry, with a burn-in of 500,000 iterations followed by 500,000
Markov chain–Monte Carlo iterations. Because the genetic
structure resolved in our study area was weak and because an
initial STRUCTURE run was not informative given the high
degree of admixture (see Supplementary Figure S.1), we opted
to incorporate priors on sampling location information
(LOCPRIOR), which is recommended for detecting structure
when there are lower levels of divergence (Hubisz et al. 2009).
The STRUCTURE analyses were ﬁrst run on the entire data set,
and subsequent rounds of clustering were then used to test for
hierarchical stock structure in our system (e.g., Harris et al. 2014,
2015). Once the major stock structure was revealed after the ﬁrst
round of clustering, additional rounds of clustering were performed (i.e., hierarchical STRUCTURE analysis) on each
genetic cluster until no further genetic structure could be
resolved. Genetic clusters that were resolved in the hierarchical
analysis were qualitatively identiﬁed based on visual observations of the admixture plots by sampling location. We conducted
10 iterations for K-values from 1 to 15 for the entire data set and
then 10 iterations for each K-value from 1 to 10 for the subsequent runs. For all STRUCTURE analyses, convergence after
each run was evaluated by (1) assessing the plots of α, f (correlation coefﬁcient), and the posterior probability of the data
(lnP[D]); and (2) comparing the variability between independent
runs for each value of K. Convergence did not appear to be an
issue for any of the STRUCTURE analyses.
Given that sampling was not conducted at Arctic Char
spawning locations, some of our samples possibly represented
mixtures of individuals from several genetically distinct
populations. To test this hypothesis, we plotted the frequency
distribution of the admixture coefﬁcient (q) values resulting from
a STRUCTURE assignment of K = 2 for scenarios in which the
hierarchical STRUCTURE analyses resulted in two geographically proximate sampling locations without clear genetic structure (e.g., the LAU–HAL cluster and the SUR–EKA cluster; see
Results). If the sample from a given location does contain a
mixture of two demographically independent populations, we
would expect the frequency distribution of q to be bimodal,
with peaks at 0 and 1. Alternatively, if most individuals are
from the same population or from heavily admixed populations,
we would expect a unimodal distribution of q centered on 1 in the
case of a single population or centered on 0.5 in the case of two
heavily admixed populations.
The STRUCTURE data were ﬁrst processed using
STRUCTURE HARVESTER version 0.6.91 (Earl and
VonHoldt 2012), which combines the results of independent
runs of the program and compiles the results based on lnP(D)
and the post hoc ΔK statistic of Evanno et al. (2005) to infer the
most likely number of clusters. The best alignment of replicate
runs was assessed with CLUMPP version 1.1 (Jakobsson and
Rosenberg 2007) using 1,000 permutations under the
LargeKGreedy algorithm; DISTRUCT version 1.1 (Rosenberg
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2004) was then used to visualize the admixture plots based on the
best alignments. For STRUCTURE analyses, we report both
lnP(D) and the post hoc ΔK statistic.
RESULTS
Intrastock Genetic Variation
In total, 744 Arctic Char were genotyped from 10 locations
(some over multiple years) spanning southern Victoria Island and
the northern Canadian mainland. The loci Smm21 and OMM1128
were monomorphic, and MICRO-CHECKER consistently identiﬁed Sco212 as harboring null alleles. These three loci were
removed from all subsequent analyses. Overall microsatellite
genetic diversity was relatively high: NA ranged from 4 (Sfo18)
to 31 (OMM1070), averaging 18.56 alleles/locus; HE ranged
from 0.43 (SnaMSU3) to 0.92 (Smm22), averaging 0.77 across
all loci; HO ranged from 0.44 (SnaMSU3) to 0.90 (Smm22) and
averaged 0.74 across loci; AR ranged from 2.10 (Sfo18) to 14.78
(Smm22) and averaged 9.82 across all loci; and PAR ranged from
0.00 (Sco215) to 0.48 (OMM1105), averaging 0.22 across loci.
Descriptive statistics for genetic variation at all sampling locations are presented in Table S.2. Departures from HWE were
detected in 27 of 195 tests (at α = 0.05), but only 11 of them
remained signiﬁcant after controlling for multiple comparisons
(FDR-adjusted α = 0.0085; Table S.3). Of the 11 tests that
remained signiﬁcant after the FDR procedure, all departures
were found to be the result of heterozygote deﬁciency (positive
FIS), but there appeared to be no speciﬁc locus or sampling
location implicated with these departures (the 2012HAL and
2010LAU samples showed departures at two loci, whereas all
others were single-locus departures from HWE; Table S.3).
Signiﬁcant LD was detected in 93 of 1,365 tests (at α = 0.05),
and only 41 of the 93 tests remained signiﬁcant after we controlled for multiple comparisons (FDR-adjusted α = 0.0064). No
locus pair combinations or speciﬁc sampling locations were
consistently identiﬁed as exhibiting signiﬁcant LD.
Interstock Genetic Structure
Log-likelihood (G)-based exact tests of population differentiation suggested that Arctic Char sampled at most locations were
signiﬁcantly differentiated from each other (P < 0.05). Among
the 78 comparisons of sampling location pairs, 70 comparisons
were signiﬁcant (P < 0.05), the majority of which remained
signiﬁcant after adjustment to α based on the FDR procedure
(FDR-adjusted α = 0.0099). Comparisons that were not signiﬁcant involved Wellington Bay sampling locations and temporally
collected samples. Relatively low overall differentiation was
resolved when we included all sampling locations (global FST
= 0.021; 95% CI = 0.012–0.033). When including only those
sampling locations from the Cambridge Bay region, overall
differentiation was considerably lower (global FST = 0.007;
95% CI = 0.004–0.011), although this estimate may be downwardly biased by the inclusion of sampling locations with temporal samples. Global FST, however, was only marginally higher
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(global FST = 0.008; 95% CI = 0.005–0.012) when controlling
for temporally collected samples (i.e., when years were combined for systems where temporal samples were collected).
Pairwise estimates of FST ranged from virtually no apparent
differentiation (among temporally collected samples from the
same system and between the EKA and SUR sampling locations)
to 0.079 between the HOR and LAU sampling locations
(Table 2). The majority of these comparisons were signiﬁcant
before and after applying the FDR procedure for multiple
comparisons (FDR-adjusted α = 0.0099; Table 2). Those that
were not statistically signiﬁcant primarily involved (1) samples
from the same system collected over different years and (2)
several sampling locations within the Cambridge Bay region
(e.g., SUR and EKA). Given our microsatellite data set (including the number of loci, alleles per locus, and sample sizes),
simulations in POWSIM revealed signiﬁcant statistical power
(>95%) to detect relatively low levels of genetic differentiation
(e.g., FST ~ 0.0005–0.0100; Table S.4) for Ne ranging from 1,000
to 5,000. Simulations based on Ne of 5,000, however, did have
lower power for detecting differentiation. Over the entire study
area, a signiﬁcant pattern of IBD was resolved (Mantel r = 0.567,
P = 0.016; Figure 2A). When only Cambridge Bay sampling
locations were included in the analysis, the relationship between
genetic distance and ﬂuvial distance was still positive albeit
nonsigniﬁcant (Mantel r = 0.570, P = 0.16; Figure 2B).
The unrooted neighbor-joining tree based on Cavalli-Sforza
and Edwards’ (1967) chord distance generally had low bootstrap support for population groupings, although the majority of
the nodes had bootstrap values exceeding 50% (Figure 3). The
Cambridge Bay region sampling locations (LAU, HAL, SUR,
EKA, FRE, and JAY), however, clustered together and were
separate from the mainland and western Victoria Island samples
with 52% bootstrap support; within the latter grouping, the
mainland sampling locations (NAU and HOR) clustered separately from the western Victoria Island sampling locations with
62% support. Within the Cambridge Bay grouping, sampling
locations that were considered part of the Wellington Bay
complex clustered together and away from the JAY sampling
location (Albert Edward Bay; 53% bootstrap support).
Generally, samples collected over several years from the same
location grouped together in the neighbor-joining tree.
When all sampling locations were included in the DAPC,
ﬁve genetic clusters were resolved (Figure 4A). Two genetic
clusters (clusters 2 and 5) were clearly divergent from the other
three clusters (clusters 1, 3, and 4). Virtually all HOR Arctic
Char fell within cluster 2, which also included several ﬁsh from
KUJ. Cluster 5 was composed of an admixture of ﬁsh from
KUJ and QUN as well as a few individuals from the Cambridge
Bay region. Clusters 1, 3, and 4 were all composed of a mixture
of Arctic Char from the Cambridge Bay region and NAU.
When only sampling locations from the Cambridge Bay region
were included, ﬁve genetic clusters were also resolved. Each
cluster was clearly admixed, containing individual Arctic Char
from all Cambridge Bay locations. No strong pattern of genetic
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clearly divergent from all other locations. A subsequent round
of clustering (i.e., on all sampling locations, with the exception of
HOR [group 1]) resolved three genetic groups (ΔK = 6.93);
although no clear genetic structure was apparent, these groups
roughly corresponded to (1) the Wellington Bay sampling
locations and FRE in the Cambridge Bay region (group 1A),
(2) the JAY sampling location (group 1B), and (3) the remaining
outgroup locations (NAU, QUN, and KUJ; group 1C; Figure 5;
Table S.5). Further clustering in the Cambridge Bay region
cluster (group 1A) resolved three genetic groups (ΔK = 8.17) as
the most likely stock structure, roughly corresponding to (1) a
LAU–HAL group (the two western-most Cambridge Bay
sampling locations), (2) a SUR–EKA group (both at the northern
end of Wellington Bay), and (3) FRE (Figure 5; Table S.5). No
further noticeable structure was resolved in the SUR–EKA
cluster based on the admixture plot (K = 3, ΔK = 9.23). Some
modest structure, however, was visually noticeable upon an
additional round of clustering in the LAU–HAL cluster (K = 5,
ΔK = 9.23), but no further structure could be resolved within the
temporally collected HAL samples (Figure 5; Table S.5).
Subsequent rounds of clustering revealed no clearly visible
genetic structure (K = 7, with a ΔK = 13.34) among the temporally collected JAY samples (group 1B); a subsequent round of
clustering in the NAU–QUN–KUJ group (group 1C) resolved
three genetic clusters that corresponded to each sampling location (ΔK = 3.72). We compared the frequency distribution of q
for the LAU and HAL sampling locations in the LAU–HAL
grouping and the SUR and EKA sampling locations in the
EKA–SUR grouping for K = 2. Frequency plots of q in the
analysis of LAU–HAL appeared to be bimodal, suggesting
that there were two distinct stocks despite some admixture
(Figure S.2). Alternatively, the frequency plot of q in the analysis
of the EKA–SUR grouping was heavily skewed to the left,
suggesting that those Arctic Char may have originated from the
same genetic stock (Figure S.2).

FIGURE 2. Results of Mantel tests for isolation by distance when FST/(1 –
FST) (Rousset 1997) was used as the measure of genetic differentiation among
anadromous Arctic Char from the Cambridge Bay region, Nunavut. Isolation
by distance was tested for ﬂuvial (shoreline) distance while including (A) all
sampling locations or (B) only locations from the Cambridge Bay region.

clustering could be resolved, although the majority of LAU
individuals were assigned to cluster 1, while the majority of
JAY individuals were assigned to clusters 2 and 5.
Finally, Bayesian clustering implemented in STRUCTURE
provided evidence for two genetic groups (i.e., K = 2, ΔK =
43.67) when all sampling locations were assessed (Figure 5;
Table S.5), with the HOR sampling location appearing to be

DISCUSSION
We assessed the distribution of genetic variation and genetic
stock structure among anadromous Arctic Char from the central
Canadian Arctic, with emphasis on commercially harvested
stocks from the Cambridge Bay region of southern Victoria
Island. Overall, our microsatellite data revealed some regional
genetic structure across the entire study area (global FST ~ 0.02)
and a signiﬁcant pattern of IBD when all sampling locations were
included. In contrast, commercial ﬁshery sampling locations in
the Cambridge Bay region were weakly differentiated (average
FST < 0.01) and showed a nonsigniﬁcant pattern of IBD. In the
Cambridge Bay region, differentiation (FST) was never signiﬁcant between temporally collected samples and was rarely signiﬁcant among sampling locations within the Wellington Bay
complex (speciﬁcally EKA, SUR, and HAL; Kristofferson et al.
1984). Alternatively, the JAY (Albert Edward Bay) sampling
location was typically differentiated from the Wellington Bay
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FIGURE 3. Unrooted neighbor-joining tree based on Cavalli-Sforza and Edwards’ (1967) chord distance for anadromous Arctic Char from the Cambridge Bay
region, Nunavut, Canada. Highlighted are sampling locations from the Cambridge Bay region (shown in gray). Within the Cambridge Bay area, sampling
locations that were considered part of the Wellington Bay complex are highlighted with a solid line; samples from Albert Edward Bay (i.e., the Jayko River
location) are highlighted with a dashed line. Bootstrap values (1,000 replicates) above 50% are shown. Sample location codes are deﬁned in Table 1; the
locations are shown in Figure 1.

sampling locations, as were the mainland sampling locations
(NAU and HOR) and the western Victoria Island sampling locations (KUJ and QUN). Clustering analyses typically grouped
sampling locations together by geographic region (Wellington
Bay, Albert Edward Bay, the mainland, and western Victoria
Island). It should be noted, however, that in hierarchically structured populations with long divergence times, STRUCTURE
may not be able to accurately resolve appropriate genetic clusters
that reﬂect the true evolutionary histories (Kalinowski 2011).
Given that the Arctic Char stocks assessed here likely do not
have long divergence times (see below) and given the fact that
several distinct analyses were employed for resolving and visualizing stock structure, this concern should be somewhat alleviated. Nevertheless, our data do suggest that genetic
differentiation among commercially harvested sampling locations from the Cambridge Bay region is weak.

Stock Structure of Anadromous Arctic Char, with
Emphasis on Cambridge Bay
There have been relatively few assessments of genetic stock
structure in anadromous Arctic Char, and even fewer studies
have focused on commercially harvested stocks. Previous studies
of anadromous Arctic Char in North America have found that
genetic differentiation among stocks is typically weak or moderate (FST ~ 0.04; Bernatchez et al. 1998; Moore et al. 2013; Harris
et al. 2014). Although homing is presumed to be precise
(Bernatchez et al. 1998; Nordeng 2009), high rates of dispersal
and subsequent gene ﬂow in the absence of physical barriers to
dispersal have been implicated in explaining the relatively low
degrees of differentiation among proximate Arctic Char stocks
(Moore et al. 2013; Harris et al. 2014). For example, Moore et al.
(2013) estimated dispersal rates (breeding and overwintering
dispersal) of 15.8–25.5% for Arctic Char stocks in Cumberland
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FIGURE 4. Scatter plots depicting the ﬁrst two principal components of the discriminant analysis of principal components (DAPC) for assessment of (A) all
sampling locations and (B) only sampling locations from the Cambridge Bay region. For both analyses, sequential K-means clustering resolved ﬁve groups (i.e.,
K = 5) as the most likely number of clusters based on the Bayesian information criterion. The scatter plot shows the clustering of individual Arctic Char (dots)
into the groups represented by the inertia eclipses. Eigenvalues are shown in the inset (PCA = principal components analysis; DA = discriminant analysis).

Sound on Bafﬁn Island, suggesting that Arctic Char may disperse
at a higher rate than other salmonids (see Hendry and Stearns
2004). Moore et al. (2013) also found that the propensity to
disperse was higher in Arctic Char that were not anticipated to
spawn during the year in which they were sampled (i.e., overwintering dispersal), which is almost exclusively the case for
harvested Arctic Char in the Cambridge Bay region. Both Moore
et al. (2013) and Harris et al. (2014) reported that gene ﬂow was
highest between proximate stocks of anadromous Arctic Char
from Cumberland Sound. In an earlier assessment using microsatellite loci of anadromous Arctic Char from Labrador,
Bernatchez et al. (1998) resolved genetically distinct stocks but

concluded that there was likely some dispersal among rivers.
Dispersal and gene ﬂow, however, can be remarkably variable
among salmonid species and among stocks within a species (see
Hendry and Stearns 2004 for a review). For example, in a study
of the closely related Northern Dolly Varden S. malma malma,
Harris et al. (2015) resolved virtually no dispersal or gene ﬂow
among anadromous stocks in the western Canadian Arctic, with
the exception of the Joe-Firth and Babbage rivers. This resulted
in a high degree of differentiation and an average FST of 0.108
among stocks. Palstra et al. (2007) examined connectivity in
Atlantic Salmon Salmo salar stocks from Newfoundland and
Labrador and found clear regional differences in gene ﬂow and
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FIGURE 5. Results of the hierarchical Bayesian clustering analysis implemented in STRUCTURE and inferred by using the ΔK statistic of Evanno et al.
(2005). The proportion of the genome (admixture coefﬁcient q) that was assigned to each of the inferred clusters (K) is shown; each column represents a
different individual Arctic Char. Rounds of clustering were performed until groups (Grp) were parsed down to sampling locations or until no further population
structure could be visualized. Sample location codes are deﬁned in Table 1, and the locations are shown in Figure 1; the results for each round of clustering are
presented in Table S.5.

subsequent stock structure. For example, they resolved highly
variable values of FST among river systems (FST = 0.004–0.223)
but concluded that overall, gene ﬂow among rivers was generally
low and typically asymmetrical. In general, however, previous
studies and our current assessment of anadromous Arctic Char
stock structure indicate that this species is characterized by
relatively high dispersal and gene ﬂow among stocks compared
to other salmonids, thus resulting in mild but nonetheless statistically signiﬁcant genetic differentiation.

The overall estimates of differentiation measured in our study
were noticeably less than those reported in the above studies, and
we did not observe signiﬁcant stock structure within Arctic Char
samples from commercial harvest locations in the Wellington
Bay complex. We propose three sets of possible explanations:
sampling design, potentially higher rates of gene ﬂow, and putatively larger effective stock sizes. The most plausible hypothesis
is that our sampling design, which mirrored commercial harvest
in the Cambridge Bay region, explains the weak genetic
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differentiation of commercially harvested stocks in the region. A
previous study documented signiﬁcant morphological and
genetic differences among stocks in the region (although only
one of the assessed allozyme markers exhibited differences;
Kristofferson 2002). However, Kristofferson (2002) sampled
spawning adults, whereas we sampled mainly in coastal areas
or rivers during the upstream migration. It is therefore possible
that Arctic Char collected at our sampling locations constituted a
mixture of stocks. Tagging evidence suggested that mixing
occurs where and when ﬁshing occurs (Dempson and
Kristofferson 1987), and recent acoustic telemetry data also
conﬁrmed extensive stock mixing at commercial ﬁshing locations when these ﬁsheries are being prosecuted (Moore et al.
2016). Furthermore, although almost all samples were collected
in the rivers or other freshwater habitats during the fall upstream
migration, our SUR samples were collected directly from the
commercial harvest, which operates in coastal habitats at the
mouth of the river during July and therefore may represent a
composite of stocks that co-occur in marine feeding areas.
Indeed, recent tagging evidence directly showed that a proportion
of ﬁsh tagged at EKA were recaptured in the SUR ﬁshery within
days of being tagged (Moore et al. 2016). Furthermore, the
distribution of q-values from our STRUCTURE analysis also
suggested that samples from EKA and SUR were most likely
composed of individuals sharing a common origin (i.e., most
samples originate from EKA, as suggested by recent acoustic
telemetry data; Moore et al. 2016). Thus, if the sample consisted
of individuals from genetically differentiated populations, we
would anticipate a bimodal distribution of q produced from the
STRUCTURE analysis assuming the hypothesis of K = 2, but
this was not the case. Further sampling of spawning individuals
would nonetheless be beneﬁcial for resolving genetic stock
structure and the degree of mixed-stock harvest in the region.
Second, breeding dispersal (and possibly overwintering dispersal) and subsequent gene ﬂow may be much more prevalent in
the central Canadian Arctic than in other regions, although our
sampling design did hinder our ability to directly test this, and
therefore only inferences can be made. Indeed, Gyselman (1994)
studied the NAU stock of Arctic Char from 1974 to 1978 and
suggested that the ﬁdelity of Arctic Char from that system was
low (mean ﬁdelity rate ~ 55%). Interestingly, Gyselman (1994)
also found that a large proportion (~35%) of Arctic Char left
NAU and never returned, further lending support to the hypothesis of high gene ﬂow among stocks in the region. Additionally,
studies in which thousands of Arctic Char (primarily nonspawning individuals) were tagged in most river systems of the
Cambridge Bay region revealed an extensive amount of potential
dispersal (Dempson and Kristofferson 1987). For example, 1,621
Arctic Char were tagged in EKA, and more than 50% of the 690
recaptured individuals were recaptured at other river systems or
locations (i.e., 16% from SUR, 13% from HAL, 12% from LAU,
and 10% from the community of Cambridge Bay; Dempson and
Kristofferson 1987). There was also movement of ﬁsh between
JAY (Albert Edward Bay) and locations within the Cambridge

Bay region, including HAL, approximately 460 km away. These
results should be interpreted with caution given that the majority
of dispersal in the region is overwintering dispersal, from which
there is no potential for gene ﬂow. Alternatively, tagging evidence in Labrador suggested that movement is more limited
among Arctic Char stocks in that region (Dempson and Green
1985; Dempson and Kristofferson 1987), and therefore gene ﬂow
may not be as prevalent among those systems (Bernatchez et al.
1998). Indeed, the nonsigniﬁcant pattern of IBD among Arctic
Char from the Cambridge Bay sampling locations does indicate
that gene ﬂow (rather than reproductive isolation and drift) is
important in shaping genetic stock structure (see Koizumi et al.
2006). As mentioned above, samples collected from known
spawning populations or from juveniles that have not yet left
their natal freshwater systems would be required to directly test
hypotheses related to dispersal and gene ﬂow, but such samples
are yet unavailable.
Finally, the weak genetic differentiation structure within the
Cambridge Bay region may reﬂect larger Ne, where genetic
drift has been negligible in promoting divergence since the
founding of Arctic Char stocks in the region. Genetic drift
promotes differentiation among populations through unpredictable changes in allele frequencies from generation to generation due to a ﬁnite population size (Allendorf et al. 2012).
Genetic differences are thus expected to accumulate more
slowly among larger populations.
Cambridge Bay Arctic Char stock sizes have been estimated
through enumeration assessments incorporating the use of weirs,
and stock sizes in the region appear to be remarkably large. For
example, over 183,000 Arctic Char were enumerated in EKA,
and almost 140,000 were counted in the JAY (McGowan 1990).
Applying an Ne:Nc ratio (where Nc = census population size) of
0.1 (Frankham 1995) to these enumeration yields Ne estimates of
around 18,000 for EKA and 14,000 for JAY. In contrast, the
available data suggest that Arctic Char population sizes in
Labrador are much lower (<10,000 individuals) than those
reported for Cambridge Bay (Dempson et al. 2004).
Additionally, Cambridge Bay stocks likely colonized the region
from a single glacial refugium (an Arctic lineage; Moore et al.
2015), and thus the founding populations likely did not differ
much with respect to allelic variation. This, coupled with the
markedly large values of Ne and the short amount of time since
Arctic Char colonized the region (~6,000 years before present;
Dyke 2004), has reduced the ability of drift to generate genetic
differences among stocks. Indeed, the lack of a signiﬁcant IBD
pattern among Arctic Char samples from the Cambridge Bay
locations does suggest that they have yet to reach migration–drift
equilibrium (Hutchison and Templeton 1999).
Implications for Commercial Fishery Management
The results of our study have several implications for the
management of commercially harvested Arctic Char stocks in
the Cambridge Bay region. First, our data support the argument
that there are several potential units of conservation below the
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species level (e.g., potential ‘‘designatable units’’; COSEWIC
2008) that could warrant distinct management, including stocks
from (1) Wellington Bay, (2) Albert Edward Bay, (3) the mainland, and (4) western Victoria Island. These are similar to the
stocks proposed by Kristofferson et al. (1984) based on tag return
evidence; although commercial ﬁsheries are only implemented in
the Cambridge Bay region, this suggestion could have implications for subsistence ﬁshery management across the entire study
area. The genetic differences among Arctic Char samples at the
regional scale are indicative of reproductive isolation among
these sampling areas (Reiss et al. 2009) and support the idea
that Arctic Char are structured by region rather than by river and
would beneﬁt from a regionally based management approach
(Waples 1991).
Second, the low differentiation among harvested stocks in
the Cambridge Bay region also has important management
implications; this is especially apparent among the Wellington
Bay stocks. Although weak differentiation may relate to our
sampling design (as discussed above), the design closely
mirrored the current ﬁshing practices, and it is reasonable to
assume that either (1) a mixture of stocks is harvested at some
commercial ﬁshing locations or (2) there is ongoing contemporary gene ﬂow among the stocks. Presently, Cambridge Bay
commercial ﬁsheries are managed on a river-by-river basis
(Roux et al. 2011; Day and Harris 2013). Our results, however,
provide evidence that these stocks may not be completely
independent demographically (Waples and Gaggiotti 2006;
Palsboll et al. 2007). In other words, the lack of noticeable
and signiﬁcant genetic stock structure among Arctic Char
from some of the sampling locations (primarily the
Wellington Bay locations) was conceivably the result of
ongoing gene ﬂow—meaning that samples from the harvested
component of the population would not represent demographically independent units (Waples and Gaggiotti 2006). This
would potentially argue for an area-based management
approach whereby harvest quotas are implemented for an area
that encompasses several populations. However, such a management strategy has been applied in the past, with negative
results. As described by Kristofferson and Berkes (2005), a
Wellington Bay area quota was applied in the late 1960s, and
the majority of ﬁshing effort was concentrated at EKA given
that this ﬁshery is closest to the community of Cambridge Bay.
The area-based quota led to a drastic decline in the average
individual weight of EKA Arctic Char (from 3.9 kg in 1963 to
1.4 kg in 1969), and the ﬁshery was closed in 1970. Therefore,
we are not necessarily advocating for an area-based approach,
especially since the status quo for commercial harvest appears
to be sustainable (Day and Harris 2013), but elements of such
an approach could perhaps be incorporated. For example, quota
transfers among locations could be implemented for the SUR
and EKA stocks. Given the clear weak differentiation between
the two stocks, if the quota is not reached at SUR in July, then
the remainder of the quota could be allocated to the fall ﬁshery
in EKA (or perhaps even HAL).
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If the SUR and EKA stocks are demographically independent
(e.g., large Ne with low dispersal), then a quota transfer management strategy could have negative consequences for the overall
sustainability of the EKA stock. Added pressure would be
applied the EKA stock, with limited opportunity for dispersal
from the SUR stock. However, we feel that this is an unlikely
scenario given the tagging and acoustic telemetry evidence,
which indicates that stock mixing and dispersal are likely high
for Arctic Char in the region (Dempson and Kristofferson 1987;
Gyselman 1994; Moore et al. 2015). Overall, a quota transfer
system could provide increased yield and thus value for the
commercial ﬁshers without compromising the sustainability of
the stocks. To our knowledge, this type of management strategy
has not been applied to anadromous Arctic Char ﬁsheries, and its
use should be entertained with caution.
Finally, the potentially high amount of dispersal suggested
by the weak genetic differentiation could have important implications pertaining to genetic rescue or genetic restoration
(Tallmon et al. 2004; Whiteley et al. 2015). Immigrants from
nearby systems may be important for the demographic restoration of depleted stocks and the maintenance of genetic variation
or may help to buffer changes in these parameters after disturbance to the system (Brown and Kodric-Brown 1977; Hanski
1999; Kawecki and Holt 2002; Tallmon et al. 2004). This will
have implications for population ﬁtness and for preventing the
overall loss of biodiversity (Whiteley et al. 2015). For example,
as described above, the EKA Arctic Char stock was assumed to
have collapsed in the late 1960s, as evidenced by a marked
decrease in average weight per individual (Kristofferson and
Berkes 2005). The ﬁshery was subsequently closed, but it
appeared to recover quickly and was re-opened in 1973 under
a reduced, river-speciﬁc quota (Day and Harris 2013). The
recovery may be related to the immigration of Arctic Char
from other nearby populations, although more work would be
required to achieve an understanding of Arctic Char metapopulation ecology in the region.
Conclusions and Future Work
Our study is the ﬁrst to use highly variable genetic markers
to document ﬁne-scale genetic stock structure of anadromous
Arctic Char from the central Canadian Arctic, with an emphasis on commercially harvested stocks (but see Kristofferson
2002 for a description of enzyme variation).
Interestingly, we found a lack of genetic structure among
samples from most locations within the Wellington Bay area of
Cambridge Bay; this may be attributable to the nature of our
sampling design, high gene ﬂow, or large Ne. In contrast,
genetic structure was clearly apparent between regions, suggesting that gene ﬂow is restricted at that scale. Several future
considerations, however, may better resolve genetic structure
among Cambridge Bay Arctic Char stocks. First, sampling
directly on the spawning grounds would be helpful in determining whether the observed weak genetic differentiation reﬂected
the true population differentiation or was due to the timing and

1486

HARRIS ET AL.

location of sampling. Second, the use of alternative approaches,
such as next-generation sequencing and the identiﬁcation of
single-nucleotide polymorphisms, may provide a ﬁner picture
of Arctic Char stock structure. Next-generation sequencing
techniques have shown promise for shedding additional light
on contemporary stock structure in other anadromous species
(Moore et al. 2014a) and thus may be useful if applied to Arctic
Char in the Cambridge Bay region. Overall, the results of our
study could have important implications for the management of
commercially harvested Arctic Char and for detecting potential
changes in the distribution of genetic variation and the degree to
which stocks are structured in the rapidly changing Arctic.
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