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Abstract: We assayed microsatellite DNA variation among 1013 broad whitefish, Coregonus nasus, from 36 localities
within the lower Mackenzie River (Northwest Territories, Canada) to provide the first assessment of fine-scale population
structuring of broad whitefish in this large system. Among sampling locations, averaged across all loci, the number of al-
leles ranged from 3.00 to 6.71 and heterozygosity averaged 0.54. Population subdivision was generally low, but significant
(q = 0.026, P < 0.05), although pairwise comparisons indicated that overall significance was heavily influenced by compar-
isons between anadromous and lacustrine groups. Bayesian-based STRUCTURE analysis suggested that there are two
main genetic groups within our study area: anadromous and lacustrine broad whitefish. A mixture analysis indicated that
all populations contribute to the lower Mackenzie River subsistence fishery, yet catches were dominated by Peel River
fish, highlighting the importance of this tributary. Our data also supported the idea that there are several units of conserva-
tion among Mackenzie River system broad whitefish populations and that management strategies should be implemented
accordingly.

Résumé : Nous avons évalué la variation de l’ADN des microsatellites chez 1 013 corégones tschir, Coregonus nasus, de
36 sites sur le cours inférieur du Mackenzie (Territoires du Nord-Ouest, Canada) afin d’obtenir une première évaluation de
la structure à échelle fine de la population de ces corégones dans ce grand réseau hydrographique. Pour l’ensemble des si-
tes d’échantillonnage, le nombre moyen d’allèles pour tous les locus varie de 3,00 à 6,71 et l’hétérozygotie moyenne est
de 0,54. La subdivision de la population est généralement faible, mais significative (q = 0,026, P < 0,05), bien que des
comparaisons appariées indiquent que la signification statistique globale est fortement influencée par les comparaisons en-
tre les groupes anadromes et lacustres. Une analyse STRUCTURE de type bayésien laisse croire qu’il y a deux groupes
génétiques principaux dans notre région d’étude, les corégones tschir anadromes et les lacustres. Une analyse de mélange
indique que toutes les populations contribuent à la pêche de subsistance dans le cours inférieur du Mackenzie, bien que les
captures soient dominées par les poissons de la rivière Peel, ce qui souligne l’importance de ce tributaire. Nos données ap-
puient aussi la proposition qu’il existe plusieurs unités de conservation au sein des populations de corégones tschir du ré-
seau du Mackenzie et que les stratégies d’aménagement devraient en tenir compte.

[Traduit par la Rédaction]

Introduction

Determining the causes of genetic differentiation and the
factors that promote variation between and within popula-
tions is fundamental for understanding adaptation and is,
therefore, a primary goal of population and conservation ge-
netics (e.g., Allendorf and Luikart 2007). Geographic, eco-
logical, and behavioural factors can all contribute to
differentiation among populations (Hedrick 2000) and it is
apparent that populations of most, if not all, species show
some level of genetic structuring or some degree of genetic
differentiation among localities (Balloux and Lugon-Moulin

2002; Avise 2004). The extent of genetic structure among
populations is ultimately the outcome of interactions among
genetic drift, selection, migration, and mutation (Balloux
and Lugon-Moulin 2002), which in turn are influenced by
historical factors such as glaciation (Hewitt 1996; Ber-
natchez and Wilson 1998), contemporary factors such as
landscape complexity (e.g., Costello et al. 2003; Taylor et
al. 2003). and environmental factors such as salinity
(McCairns and Bernatchez 2008).

Resolving genetic structure and quantifying genetic varia-
tion in high-latitude species that are potentially faced with
global warming-induced environmental change is vital for
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gaining perspectives on how such species may adapt and
cope with these potential changes. One such species, the
broad whitefish, Coregonus nasus, is distributed within the
Holarctic region from western Russia to the Coppermine
River in Nunavut, Canada, where it occurs as both fresh-
water resident and anadromous populations. The Mackenzie
River basin is the largest watershed in Arctic Canada, in-
cludes Canada’s longest river, and consists of at least six
subbasins (Fig. 1) (Abdul Aziz and Burn 2006). This system
contains a diverse array of freshwater habitats culminating
with the Mackenzie River Delta at its lower reaches, a sys-
tem of almost 50 000 lakes of varying sizes and depths (Em-
merton et al. 2007). Within the Mackenzie River system,
anadromous and adfluvial potamodromous (from herein re-
ferred to as lacustrine) broad whitefish are found as far up-
stream as the Rampart Rapids near the town of Fort Good
Hope (Reist and Chang-Kue 1997; N. Millar, L.N. Harris,
and K. Howland, unpublished data). Spawning areas of
anadromous populations have been identified using radio-
telemetry and include several locations on the Mackenzie
River mainstem (Fort Good Hope and Point Separation just
upstream of the Mackenzie River Delta) and at least one up-
stream location in both the Peel and Arctic Red rivers

(Chang-Kue and Jessop 1997; Reist and Chang-Kue 1997)
(Fig. 1). The current understanding is that broad whitefish
spawn at these areas in the fall and that young-of-the-year
fish are carried to the outer Mackenzie River Delta and the
near shore environments of the Beaufort Sea during the
spring freshet (Reist and Chang-Kue 1997). The majority of
young-of-the-year fish are swept eastward along the Tuk-
toyuktuk Peninsula or Richards Island by prevailing cur-
rents. They subsequently migrate into the productive
freshwater lakes of these systems to feed after they become
ice-free (Bond and Erickson 1985; Reist and Chang-Kue
1997). Upon sexual maturity, fish move to the outer Mack-
enzie River Delta or lakes of the outer delta systems before
migrating to the aforementioned spawning locations in the
fall (Chang-Kue and Jessop 1997; Reist and Chang-Kue
1997).

Mackenzie River system lacustrine populations of broad
whitefish also exist in Travaillant Lake (Fig. 1) located
400 km upstream from the Beaufort Sea, which is connected
to the mainstem Mackenzie River by the 70 km long Trav-
aillant River. Little information is available, however, re-
garding possible spawning areas of broad whitefish in this
system. Stable isotope analysis had suggested that these fish
are transient visitors to the lake that have assimilated a sig-
nificant fraction of their sulphur from food sources outside
the lake (Hesslein et al. 1991). By contrast, comparisons of
genetic variation (allozyme variation), life history vital rates,
morphology, and habitat use suggested that Travaillant Lake
broad whitefish are distinct from those in the Mackenzie
River (Reist 1997; Chudobiak et al. 2002; Tallman et al.
2002). Most recently, radiotelemetry studies have shown
that Travaillant Lake broad whitefish do not leave this sys-
tem and therefore represent a truly lacustrine population (N.
Millar, L.N. Harris, and K. Howland, unpublished data).

Several hypotheses can be put forth concerning the degree
of genetic differentiation and the number of discrete genetic
populations within the Mackenzie River system. If broad
whitefish exhibit natal philopatry, it is probable that a num-
ber of discrete populations exist (Hendry et al. 2004). These
populations would be differentiated due to reduced gene
flow, with drift and possibly selection both promoting diver-
gence. If homing in broad whitefish is imprecise, then the
homogenizing effects of gene flow would lessen the degree
of differentiation among putative populations and (or) fewer
genetic populations are expected to exist. A lack of interpo-
pulation differentiation in another Mackenzie River corego-
nine (Arctic cisco, Coregonus autumnalis) has recently been
observed (J.L. Nielsen, Alaska Science Center, US Geologi-
cal Survey, 4210 University Drive, Anchorage, Alaska, per-
sonal communication (2008)), yet it is not uncommon for
genetic structuring to occur over very short geographic
scales in other salmonids (e.g., Angers and Bernatchez
1998). Additionally, if Travaillant Lake populations are
strictly lacustrine, then gene flow should be limited between
this population and adjacent anadromous populations that
should be reflected in significant genetic differentiation be-
tween them.

Anadromous populations of broad whitefish in the Mack-
enzie River system are also exploited during summer and
autumn subsistence and, periodically, commercial fisheries
(Treble 1996), but the relative contributions of these popula-

Fig. 1. Map showing sampling locations throughout the Mackenzie
River system. The inset shows the location in the Northwest Terri-
tories (NWT), Canada. Numbers correspond to spawning popula-
tions previously identified in the literature: Peel River (1), Arctic
Red River (2), Point Separation (3), the Rampart Rapids near the
town of Fort Good Hope (FGH) (4), Campbell Lake (5), Travaillant
River North (6), and Travaillant River South (7). Note that Fort
Good Hope is not shown on the map (located 200 km upstream on
the Mackenzie River). Note also that the channels and lakes of
Mackenzie Delta are too densely packed to show individually.

906 Can. J. Fish. Aquat. Sci. Vol. 67, 2010

Published by NRC Research Press



tions to the Mackenzie River based fisheries are unknown.
Several broad whitefish populations migrate through the
Mackenzie River Delta at any given time during the autumn
fishery (Reist and Chang-Kue 1997), and consequently, any
of them are potentially vulnerable to harvest across three
different aboriginal land claim settlement areas within the
region. Although physical tagging studies have had some
limited success in determining catch composition of this har-
vest (Babaluk et al. 1997), molecular techniques have never
been used to assess contributions of populations to this
mixed-stock fishery despite the power of their application in
other fisheries (e.g., Beacham et al. 2005).

Extensive research has been conducted on broad whitefish
from the Mackenzie River system to address questions con-
cerning their biology (Treble and Reist 1997), morphology
(Chudobiak et al. 2002), life history variation (Chudobiak
1995; Tallman et al. 2002), and specific habitat requirements
(Chang-Kue and Jessop 1997). Very little research, however,
exists regarding genetic variation within and among these
broad whitefish populations and their relative contributions
to fisheries. Here, we sought to fill these important knowl-
edge gaps and to provide valuable information to inform
conservation planning.

Within this context, our study has three objectives. The
first objective was to assay microsatellite DNA variation to
determine the scale at which genetic structuring occurs in
the Mackenzie River system, especially among anadromous
populations. If homing to natal sites is high and straying is
low, we expected to find several genetically differentiated
populations in this system. Our second objective was to as-
sess genetic diversity in known lacustrine (Travaillant Lake)
populations of broad whitefish and to test for their genetic
distinctiveness from known anadromous populations. Fi-
nally, we wanted to elucidate the relative contributions of
the different broad whitefish populations to the Mackenzie
River based subsistence fishery.

Materials and methods

Sample collection
Samples were collected in October and November 2003

and 2004 using gill nets to coincide with spawning time
from six areas previously identified as important spawning
locations: two locations along the mainstem Mackenzie
River, the Peel and Arctic Red Rivers, and two locations in
the Travaillant Lake system (Table 1; Fig. 1). Samples from
mature and maturing fish were also collected from Campbell
Lake, a lake approximately 10 km in length on the east side
of the Mackenzie River Delta, where uncertainties remain
regarding whether fish in this lake represent a discrete
spawning population. Mixed-stock fishery samples were
also collected mostly by local fishermen in subsistence fish-
ing areas through which several populations are known to
migrate (Table 1; Fig. 1).

Microsatellite DNA
Fin clips or muscle tissue was preserved in 95% ethanol

and DNA was isolated from approximately 5 mg of tissue
using Qiagen DNA extraction kits. Seven microsatellite loci
were included in this study and included six that were devel-
oped specifically for lake whitefish, Coregonus clupeaformis

(Cocl-Lav4, Cocl-Lav6, Cocl-Lav8, Cocl-Lav10, Cocl-
Lav18, and Cocl-27; Rogers et al. 2004; Table 2), and one
developed for Chinook salmon, Oncorhynchus tshawytscha
(Ots103; Small et al. 1998; Table 2). Polymerase chain reac-
tion (PCR) protocols were as described in Rogers et al.
(2004) for the Cocl-Lav primers and Small et al. (1998) for
Ots103, with slight modifications described in Harris and
Taylor (2010). Each PCR was performed in a 10 mL volume
with 1 mL of genomic DNA, 0.2 mmol/L of the fluorescently
labelled forward primer, 0.5 mmol/L of the unlabelled re-
verse primer, 10 mmol/L dNTP, 1 mL of reaction buffer
(New England Biolabs), and 0.1 U of Taq polymerase (New
England Biolabs). PCR products were visualized on a Beck-
man-Coulter CEQ 8000 automated sequencer where alleles
were scored by eye.

Genetic analysis
Basic descriptive statistics of microsatellite variation, in-

cluding number of alleles (NA), expected heterozygosity
(HE), and observed heterozygosity (HO), were calculated us-
ing TFPGA version 1.3 (Miller 1997) and allelic richness
(AR, calculated using the rarefaction method; El Mousadik
and Petit 1996) was calculated using FSTAT version 2.9.3.2
(Goudet 2002). Differences in AR and multilocus HE be-
tween populations from Mackenzie River system and Trav-
aillant Lake were assessed using the permutation approach
in FSTAT. The program HP-RARE (Kalinowski 2005) was
used for the detection of genetic variation unique to specific
sampling locations or areas (when sampling locations were
combined) accounting for differences in sample size (private
allelic richness (NP)). For this analysis, we organized our
samples into three groups: Mackenzie River system baseline
populations (those that contribute fish to the mixed-stock
fishery), Mackenzie River system fishery samples, and sam-
ples collected in the Travaillant Lake system. We rarefied to
the minimal size of 412 alleles for each group.

Tests for deviations from Hardy–Weinberg equilibrium of
observed genotypes were performed using GENEPOP ver-
sion 3.4 (Raymond and Rousset 2003) for each locus–popu-
lation combination using an exact test in which two-tailed P
values were estimated using a Markov chain method of Guo
and Thompson (1992). GENEPOP was also used to test for
genotypic linkage disequilibrium for all combinations of lo-
cus pairs within sampling locations using a Markov chain
method and to test for population differentiation between all
pairs of populations (refer to Table 1; Fig. 1) over all loci
combined using log-likelihood (G) based exact tests (Goudet
et al. 1996) with default values. The results from all tests
were compared with both a nominal alpha of 0.05 and an
adjusted alpha using the sequential Bonferroni procedure
(Rice 1989). We also used POWSIM (Ryman and Palm
2006) to investigate the power of our microsatellite DNA as-
says and the log-likelihood (G) based exact tests to resolve
differences between localities across a range of effective
population size (NE) values and generations of drift under a
model of complete isolation.

Spatial genetic structure was calculated at the population
level by estimating FST (q) (Weir and Cockerham 1984) and
RST (Slatkin 1995) to measure the extent of genetic differen-
tiation between populations. Pairwise FST and RST values
were calculated using FSTAT version 2.9.3.2 (Goudet 2002)
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Table 1. Broad whitefish sampling locations, sample sizes (N), and microsatellite diversity showing the average number of
alleles per locus (NA), number of private alleles (NP), allelic richness (AR), observed heterozygosity (HO), and expected
heterozygosity (HE).

Region/sampling location Location N NA NP AR HO HE

Peel River (1)
Scrapper Hill 67815’N, 134853’W 99 6.00 1 3.75 0.54 0.58
F. Koe Camp 67827’N, 134852’W 30 4.14 0 3.48 0.55 0.58
Road River 66852’N, 135800’W 60 5.29 2 3.67 0.54 0.57

Arctic Red River (2) 66858’N, 133816’W 35 5.14 1 3.54 0.55 0.62
Mackenzie River Delta

East channel, Inuvik (2003) 68820’N, 133824’W 33 5.14 2 3.70 0.58 0.57
East channel, Inuvik (2004) 68820’N, 133824’W 11 3.00 0 2.89 0.47 0.54
East channel, W. Simon Camp 68814’N, 133849’W 17 4.00 0 3.45 0.51 0.52
West channel, Destruction City (2004) 67844’N, 135822’W 20 4.29 0 3.61 0.44 0.56
West channel, Destruction City (2005) 67844’N, 135822’W 19 4.00 0 3.37 0.52 0.56
West channel, Rat River (2004) 67845’N, 135807’W 25 4.57 0 3.60 0.55 0.53
West channel, Rat River (2005) 67845’N, 135807’W 32 4.29 0 3.39 0.52 0.55
C. Allen Camp 68840’N, 134820’W 30 4.86 2 3.81 0.57 0.55
B. Day Camp 68818’N, 134812’W 30 5.14 1 3.69 0.55 0.58
Napoiak Channel 68835’N, 134853’W 11 4.00 0 3.93 0.54 0.58
J. Firth Samples 68813’N, 134831’W 30 4.86 1 3.69 0.56 0.52
J. Maring Samples 68806’N, 134830’W 30 4.57 0 3.56 0.60 0.53
E. Lennie Camp 68829’N, 134833’W 30 4.43 1 3.28 0.53 0.49
Bassook 67844’N, 134838’W 27 3.71 0 2.92 0.57 0.52
Cuttoff 67838’N, 134838’W 28 4.57 0 3.67 0.57 0.57
Point Separation (3) 67835’N, 134804’W 23 4.43 0 3.68 0.48 0.57
Campbell Lake 68812’N, 133827’W 29 4.71 1 3.58 0.57 0.58
Tuktoyuktuk Harbour 69822’N, 133838’W 95 5.14 0 2.95 0.50 0.46

Mackenzie River Proper
Mouth of Arctic Red River 67826’N, 133844’W 12 3.00 0 2.96 0.44 0.50
Tree River 67826’N, 132831’W 16 4.29 0 3.72 0.58 0.54
Fort Good Hope (4) 66839’N, 129825’W 34 5.14 0 3.65 0.57 0.56

Travaillant Lake System
Travaillant Lake (2003) 67840’N, 131853’W 21 3.57 1 3.25 0.49 0.51
Travaillant Lake (2004) 67840’N, 131853’W 20 4.29 0 3.38 0.44 0.46
Travaillant Lake (2005) 67840’N, 131853’W 32 3.71 0 2.94 0.46 0.44
Travaillant River south (2003) (6) 67836’N, 131851’W 30 3.71 0 2.94 0.46 0.44
Travaillant River south (2004) (6) 67836’N, 131851’W 20 3.57 0 2.98 0.44 0.46
Travaillant River south (2005) (6) 67836’N, 131851’W 19 3.86 0 3.16 0.42 0.44
Travaillant River north (2004) (7) 67845’N, 131851’W 35 4.14 1 3.05 0.49 0.49
Travaillant River north (2005) (7) 67845’N, 131851’W 30 3.57 0 2.91 0.50 0.47

Note: Numbers following sample locations refer to baseline populations used in our mixed-stock assessment (refer to Fig. 1). Those
without numbers are fishery (mixture) samples.

Table 2. Above diagonal: genetic differentiation among pairs of populations (ns, nonsignifi-
cant; asterisks, significant, Bonferroni-corrected minimum alpha 0.00238); below diagonal:
pairwise FST (q) comparisons among all pairs of populations.

Population 1 2 3 4 5 6 7
1 — ns ns ns ns * *
2 0.0092 — ns ns ns * *
3 0.0187 0.0365 — ns ns * *
4 0.0052 0.0200 0.0002 — ns * *
5 0.0024 0.0058 0.0255 0.0112 — * *
6 0.0418 0.0431 0.0487 0.0339 0.0602 — ns
7 0.0376 0.0306 0.0492 0.0302 0.0393 0.0051 —

Note: Underlined values represent comparisons that are not significant (P > 0.05) based on the permuta-
tion process. 1, Peel River; 2, Arctic Red River; 3, Point Separation; 4, Mackenzie River at Fort Good
Hope; 5, Campbell Lake; 6, Travaillant Lake south; 7, Travaillant Lake north.
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with the significance of these estimates calculated using
1000 permutations in Arlequin version 3.1 (Excoffier et al.
2005). Global population differentiation across all popula-
tions, including 95% intervals and significance assessed
with jackknife and bootstrap procedures, was also estimated
using q calculated in FSTAT. The program SPAGeDi
(Hardy and Vekemans 2002) was used to determine if allele
size significantly contributed to population differentiation, in
which case RST, instead of FST, would be a better estimator
of differentiation (allele permutation test with 20 000 permu-
tations).

Genetic distances were estimated using the pairwise chord
distance (DCE) of Cavalli-Sforza and Edwards (1967), which
has been shown to estimate tree topologies well in very
closely related populations where drift is the prime factor
driving divergence and because it is free of assumptions re-
garding modes of molecular evolution (Takezaki and Nei
1996). PHYLIP version 3.5 (Felsenstein 1993) was used to
calculate DCE and the corresponding genetic distance matrix
was used to construct an unrooted neighbour-joining (NJ)
tree to visualize, using the DRAWTREE module, genetic re-
lationships among populations and sampling localities.

To further detect patterns of genetic differentiation be-
tween samples, a factorial correspondence analysis (FCA)
of the microsatellite genotype data was conducted with the
program Genetix version 4.05.02 (Belkhir et al. 2004). This
was used to find the best linear combination of allele fre-
quencies at different microsatellite loci that best describe
variation between individual observations (e.g., Taylor et al.
2007).

To estimate the most likely number of populations in the
Mackenzie River and Travaillant Lake systems, we con-
ducted an analysis of population divergence assuming no
particular structure a priori. We used the Bayesian model
based clustering algorithm implemented by the STRUC-
TURE software (Pritchard et al. 2000) to assess the level of
population subdivision within a set of collections without
any a priori designation of populations. This analysis uses a
likelihood approach to find the most likely number of K
populations (i.e., the K value with the highest log-likelihood
score) that are most consistent with the observed microsatel-
lite allele frequency data. The analysis estimates the mini-
mum number of populations in the total data set that
minimizes departures from Hardy–Weinburg equilibrium
and linkage equilibrium; deviations from such equilibria are
typically found when mixtures of genetically divergent pop-
ulations are analyzed as a composite. The STRUCTURE
analysis was conducted using a burn-in period of 10 000 rep-
lications with subsequent analysis continuing for a further
10 000 MCMC replications (longer burn-in and replication
runs produced identical results). For each value of K (from
1 to the most likely number of populations plus 2 in our
study; cf. Evanno et al. 2005) that was assessed, we con-
ducted 20 independent iterations to check for variability of
obtained log-likelihood values (Pritchard et al. 2000). We
ran the analysis under the correlated allele frequencies op-
tion because (i) previous tests of population differentiation
suggested that the Mackenzie River system broad whitefish
populations are not highly differentiated from each other
and (ii) this option improves assignment of individuals in
closely related populations (Pritchard et al. 2000). Default

values implemented in STRUCTURE were selected for all
other model parameters. Upon generation of the log proba-
bility given the data (Pr(X|K) (eq. 12 in Pritchard et al.
2000), where applicable, the posterior probability of K was
calculated as suggested in the STRUCTURE manual.

Finally, a conditional maximum likelihood approach
(Millar 1987) as implemented in the genetic stock identifica-
tion program ONCOR (Kalinowski et al. 2007) was used to
estimate the stock composition of populations (Peel River,
Arctic Red River, Point Separation, and Fort Good Hope;
Reist and Chang-Kue 1997) that contribute fish to those
caught during subsistence fisheries in the lower Mackenzie
River system. Mixture proportions (including 95% confi-
dence intervals) for the fishery were estimated by bootstrap-
ping baseline (as per Rannala and Mountain 1997) and
fishery (mixture) samples 1000 times. Next, our data were
subjected to two kinds of simulations to assess the accuracy
of our mixture analysis. First, the original mixture propor-
tions were used to perform realistic fishery simulations by
randomly sampling 1000 fish from the fishery. To assess
how differences in baseline population sizes may potentially
impact our mixed-stock estimates, the realistic simulations
were performed first with the empirical baseline population
sizes and then with simulated baseline population sizes of
50, 100, and 500. For analyses involving empirical baseline
population sizes, mixture genotypes were simulated as per
Anderson et al. (2008) and when nonempirical baseline pop-
ulation sizes were used, mixture genotypes were simulated
following Kalinowski et al. (2007). Each realistic fishery
analysis was simulated 1000 times. Samples collected at the
same location over multiple years (e.g., Peel River) were
tested for deviations from Hardy–Weinburg equilibrium.
Where no deviations were detected, samples were combined
to increase fishery sample sizes for the ONCOR analysis.
Second, to further assess the accuracy of our genetic stock
identification estimates, fishery samples were simulated (N
= 500 and data were bootstrapped 5000 times) in which all
of the individuals in the fishery sample are from the same
baseline population. Using these data, mixture proportions
for all baseline populations contributing to the simulated
mixtures were then estimated. Sample size effects on our es-
timates were assessed by performing simulations initially
with our empirical baseline sample size and then using si-
mulated baseline sample sizes of 50, 100, and 500 fish.

Results

Intrapopulation genetic variation
A total of 1013 samples were collected from 36 localities

(Table 1; Fig. 1) and genotyped across seven microsatellite
loci, all of which were polymorphic. The NA detected
ranged from 5 (Cocl-Lav27) to 21 (Cocl-Lav8) and HE
ranged from 0.41 (Cocl-Lav27) and 0.66 (Ots103). Within
sampling locations, NA averaged across all loci ranged from
3.0 in the east channel of Mackenzie Delta to 6.1 in the Peel
River (Table 1). The overall mean AR based on a minimum
sample size of nine diploid individuals) was 3.4 and varied
from 2.9 in the east channel of the Mackenzie Delta to 3.9
in the Napoiak channel in the Mackenzie River Delta
(Table 1). Mean HE was 0.54, ranging from 0.43 in a Trav-
aillant River South sample to 0.58 in the Napoiak channel
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sample (Table 1). The Travaillant Lake system had signifi-
cantly lower HE (0.47 compared with 0.54) and AR (2.5
compared with 2.7) compared with the Mackenzie River
system (P < 0.001). Over all loci, genetic variation unique
to groups was quite low with private allelic richness (NP)
ranging from 0.40 (Travaillant Lake system) to 0.95 (Mack-
enzie River system baseline populations, data not shown).

Prior to Bonferroni adjustments, conformation to Hardy–
Weinberg equilibrium was rejected in 33 of 224 tests (P <
0.05), 22 of which involved deficits of heterozygotes. Com-
parisons using the sequential Bonferroni correction (min-
imum adjusted alpha = 0.0002) showed that four tests were
significant, two of which occurred in a sample collected
from Tuktoyuktuk Harbour and the other two significant de-
partures were from samples collected from one sampling lo-
cation in the Mackenzie River Delta. Significant genotypic
linkage disequilibrium was detected in 33 of 672 tests (P <
0.05), but after sequential Bonferroni corrections for multi-
ple comparisons (minimum adjusted alpha = 0.00007), only
one case of genotypic disequilibrium was found in a sample
from the Tuktoyuktuk Harbour and the loci Cocl-Lav8 and
Ots103.

Population divergence and genetic structure
Log-likelihood (G) based exact tests of population differ-

entiation indicated that the two main regions included in this

study (i.e., Mackenzie River system and Travaillant Lake
system) are significantly differentiated from each other
(P < 0.05). Fourteen of 21 comparisons of differentiation
between population pairs were significant (P < 0.05), but
after sequential Bonferroni corrections of alpha (minimum
adjusted alpha = 0.00238), this was reduced to eight pair-
wise comparisons (Table 2). None of the anadromous Mack-
enzie River populations were differentiated from each other
(including the sample collected from Campbell Lake) using
exact tests, but all were differentiated from both Travaillant
Lake system populations (P < 0.00238) (Table 2). The two
Travaillant Lake populations were not differentiated from
each other (P = 0.153). Simulations using POWSIM indi-
cated that our data provided >95% power to detect genetic
differentiation at the observed level of FST (~0.01) within
the Mackenzie River system (i.e., a true FST = 0.01 would
result in detection of genetic differentiation using G tests
with the range of loci that we used >95% of the time).

Allele size contributed significantly to population differ-
entiation in only 14 of the 496 possible comparisons across
loci and populations (results from SPAGeDi), and therefore,
only FST, instead of RST, values are considered further. Val-
ues of FST (q) ranged from 0.001 (Cocl-Lav4) to 0.072
(Cocl-Lav6) and the overall level of population subdivision
based on average pairwise estimates was low (q = 0.026,
95% confidence interval = 0.010–0.045) among all local-
ities. Among localities, pairwise FST values ranged from
0.0002 (between Point Separation and Fort Good Hope) to
0.0492 (between the Travaillant River South and Campbell
Lake) (Table 2). Differences in q were not substantial, but
the comparisons were statistically significant in 14 of the 21
comparisons (P < 0.05) (Table 2) prior to sequential Bonfer-
roni corrections and in 12 of 14 comparisons after adjust-
ments were made (minimum adjusted alpha = 0.00238).
Samples from the Travaillant Lake system were, however,
always significantly different than samples from the anadro-
mous Mackenzie River populations.

A clear genetic discontinuity was observed between
anadromous populations and those sampled from Travaillant
Lake as shown in the NJ tree with 100% bootstrap support
(Fig. 2). When all sampling locations were included (i.e.,
those from mixed-stock fisheries), the major population
clusters of Travaillant Lake and all other Mackenzie River
samples were also clearly evident (Fig. 2).

Genetic differentiation among all samples, as summarized
by FCA (Fig. 3), also revealed a strong geographical pattern
of genetic variation. Similar to the results of the NJ dendo-
gram, two distinct groupings were resolved showing the dis-
tinct genetic composition of Travaillant Lake and Mackenzie
River system populations. In this analysis, when all sample
sites were compared in both systems, there was no overlap
between any samples and no intermediates between the two.
There were, however, two outliers in the Mackenzie River
samples that grouped apart from the other fish sampled
from the Mackenzie River (Fig. 3). These included one loca-
tion in the Mackenzie Delta at ‘‘E. Lennie’s fish camp’’ and
one location on the Mackenzie River proper at the mouth of
the Tree River.

The STRUCTURE results revealed that that the most
likely number of distinct genetic groups in the Mackenzie
River system is two (mean –ln likelihood over the 20

Fig. 2. Neighbour-joining tree based on Cavalli-Sforza and Ed-
wards (1967) chord distances for broad whitefish populations sur-
veyed in this study. Only a priori designated populations based on
(a) previous literature and (b) all sample sites in the Mackenzie
River system. Bootstrap values greater than 50% are shown. Circles
show the geographic regions. PeelR, Peel River; ARR, Arctic Red
River; PtSep, Point Separation; FGH, Mackenzie River at Fort
Good Hope; CampLk, Campbell Lake; TravS, Travaillant Lake
south; TravN, Travaillant Lake north.
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runs = –14531.3; Supplementary Table S1).3 This is consis-
tent with the NJ tree and also the results of the FCA, which
all show that there are at least two distinct clusters in this
system. When Mackenzie River and Travaillant Lake sam-
ples were compared separately, the most likely number of
populations within each system was one in both cases
(K = 1, mean –ln likelihood over 20 runs = –11 619.4 and
–2600.0 respectively; Supplementary Table S1). Similarly,
when the Peel River and the Arctic Red River were ana-
lyzed by themselves, in both cases, the most likely number
of populations in these rivers was one (K = 1 with the mean
–ln likelihood over the 20 runs = –2665.2 and –3612.2, re-
spectively, Supplementary Table S1). In all cases, the poste-
rior probability of the most likely K value was 1.0 and any
K value greater than or less than the most likely value had a
posterior probability of 0.0 (Supplementary Table S1).

Mixed-stock analysis
The mixture analysis revealed that all baseline popula-

tions contribute to the Mackenzie Delta and Mackenzie
River subsistence fishery and that there is variation in the
contributions to the fishery depending on where fish are
being exploited. When all fishery samples from the Macken-
zie River were combined, the Peel River (including when all
sampling locations were pooled given that no departures
from Hardy–Weinberg equilibrium were found in the pooled
sample) was estimated to be the largest contributor to the
fishery (65.4% ± 3.4% SD) followed by the Arctic Red
River (16.6 ± 2.3%), Fort Good Hope (10.6 ± 2.4%), and fi-
nally Point Separation (5.8 ± 1.7%) (Table 3). The results of
the realistic fishery simulations were based on the estimated
empirical mixture proportions of 0.554, 0.251, 0.157, and
0.0383 for the Peel River, Arctic Red River, Fort Good
Hope, and Point Separation, respectively. There was, how-
ever, considerable variation in contributions to fisheries de-
pending on harvest locations, but for the most part, the Peel
River typically contributed the most in all cases (Table 3).

For instance, the Peel River still contributed the most to
fisheries in the east channel, west channel, and main channel
of the Mackenzie Delta and the mainstem Mackenzie River
when sampling locations in each region were combined;
Peel River contributions were 66.9% ± 3.4%, 69.3% ±
3.2%, 65.9% ± 3.3%, and 76.9% ± 4.6%, respectively. The
Point Separation source population often contributed the
least to fisheries (Table 3). Variation in baseline sample
sizes affected the point estimates of fishery contributions,
but even at simulated baseline sample sizes of 500 fish for
each population, the Peel River sample still was estimated
as contributing the most to the fishery and Point Separation
the least (Table 3).

Simulated mixtures (i.e., 100% of each baseline popula-
tion examined in turn) were used to assess the accuracy and
power of our mixture estimates and also indicated that in-
creasing baseline sample sizes would increase the power of
our analysis (data not shown). For example, a baseline sam-
ple size of 100 resulted in 77%, 89%, 88%, and 79% mix-
ture estimations for the baseline populations Peel River,
Arctic Red River, Point Separation, and Fort Good Hope, re-
spectively, compared with 65%, 80%, 82%, and 70% when
only 50 fish comprised each baseline sample.

Discussion

Genetic variability within and between populations
To our knowledge, this study represents the first genetic

assessment of population structure within a large and com-
plex river system in whitefish. Measures of genetic diversity
resolved in the present study were similar to those reported
in other studies of coregonines (e.g., Rogers et al. 2004) and
remarkably less diverse than others (e.g., Säisä et al. 2008).
As predicted, marked differences in genetic diversity were
observed between lacustrine (Campbell Lake was not in-
cluded in this group given its close affinity to anadromous
populations) and anadromous populations of broad white-
fish, a trend that has been previously documented in a vari-

Fig. 3. Results of the factorial correspondence analysis showing differentiation between Travaillant Lake system and Mackenzie River sys-
tem broad whitefish.

3 Supplementary data for this article are available on the journal Web site (http://cjfas.nrc.ca).
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ety of fish species including other salmonids (Ward et al.
1994; DeWoody and Avise 2000; Tonteri et al. 2007).
Greater genetic variation in anadromous fish can likely be
explained by larger evolutionarily effective population sizes
of marine and anadromous fish species (Ward et al. 1994).
Populations of freshwater fishes can be limited to particular
drainages over short to moderate evolutionary time and
therefore often exhibit lower effective populations sizes
compared with marine or anadromous populations (DeW-
oody and Avise 2000).

Historical factors have also likely contributed to the ob-
served differences in genetic variation. For instance, demo-
graphic events, such as bottlenecks or founder events
associated with postglacial dispersal from Beringia (the key
glacial refuge for broad whitefish; Harris and Taylor 2010),
have probably affected recently derived freshwater popula-
tions more than their presumably anadromous/marine ances-
tors (Hewitt 1996; Bernatchez and Wilson 1998; Harris and
Taylor 2010). Furthermore, populations near the periphery
of a species’ range (such as those in the Travaillant Lake
system) were probably colonized later in deglaciation and
typically show reduced genetic diversity associated with
chance founder events and bottlenecks (Ibrahim et al.
1996). The lower genetic diversity may be the result of a
small number of founding individuals with drift acting to
lower genetic diversity in these populations that have been
isolated from anadromous Mackenzie River populations for
some time (Lesica and Allendorf 1995; Tonteri et al. 2007).
Indeed, the lack of private alleles in the lacustrine broad
whitefish from Travaillant Lake suggests that this population
was founded from a small number of anadromous source
populations after recolonization of the Mackenzie River sys-
tem. This trend has been observed in many north-temperate
fish species (e.g., Castric and Bernatchez 2003) and is not
surprising given the glacial history of the area, which has
provided many opportunities for postglacial dispersal into
previously unoccupied habitats (Bernatchez and Wilson
1998; Rempel and Smith 1998).

Of special interest was the concordance among the
STRUCTURE, genic differentiation, unrooted NJ tree, and
FCAs that all suggested that lacustrine Travaillant Lake pop-
ulations are highly differentiated from anadromous Macken-
zie River populations. This is likely a result of the lake-
resident life history of Travaillant Lake fish, which has pre-
sumably isolated them from their Mackenzie River popula-
tions for many generations. In addition to contemporary life

history differences, historical factors, such as timing of post-
glacial colonization and refugial origin, could also contrib-
ute to genetic differentiation. For example, it is
hypothesized that distinct postglacial origins of anadromous
and lacustrine populations of Arctic char, Salvelinus alpinus,
may explain why these populations are highly differentiated
from one another (Bernatchez et al. 1998). Furthermore, sec-
ondary contact of distinct glacial races is not uncommon
when examining the evolutionary history of north-temperate
fishes (Wilson and Hebert 1998; Lu et al. 2001; Turgeon
and Bernatchez 2001). Given the geological history of the
area, the current North American distribution, and lack of
alleles unique to lacustrine broad whitefish, separate glacial
refugia are unlikely for broad whitefish (Harris and Taylor
2010). Secondary contact between lake whitefish lineages,
however, has likely occurred in the Mackenzie River sys-
tem, but this species survived in at least five glacial refugia
(Bernatchez and Dodson 1991). In general, populations of
broad whitefish in the Mackenzie River likely have a com-
mon origin from anadromous colonizers that dispersed post-
glacially from Beringia (Harris and Taylor 2010). This
phenomenon, that is lacustrine populations founded from
anadromous populations, has been suggested for several
other salmonid species (see review by Behnke 1972; King
et al. 2001).

Virtually all analyses showed that Travaillant Lake fish
form a genetic cluster that is divergent from the anadromous
Mackenzie River populations. Several studies have also
found significant differences between these two groups of
fish using a variety of methods. For example, Tallman et al.
(2002) found that anadromous broad whitefish had greater
reproductive investment (fecundity) and a greater age-at-ma-
turity in comparison with lacustrine populations, although
growth appeared to be similar among populations. Chudo-
biak et al. (2002) found that anadromous populations from
the Arctic Red River and lacustrine populations from the
Travaillant Lake differed morphologically and Reist (1997)
provided the first insights that lacustrine Travaillant Lake
fish and anadromous Mackenzie River fish are genetically
divergent groups of populations based on allozymes. Fur-
thermore, although broad whitefish can migrate upwards of
800 km (Babaluk et al. 1997; Chang-Kue and Jessop 1997),
radiotelemetry studies have reported a lack of movement of
broad whitefish between these two systems (Chang-Kue and
Jessop 1997; M. Vangerwen-Toyne, Fisheries and Oceans
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Table 3. Results of the genetic mixture analysis generated in ONCOR (Kalinowski et al. 2007) showing the estimated percent contribu-
fisheries from various geographic locations from the lower Mackenzie River and Mackenzie River Delta.

Peel River Arctic Red River

50 100 500 E (189) 50 100 500 E (35)
All Mackenzie samples 42.0 (7.9) 46.1 (6.7) 52.8 (4.7) 65.4 (3.4) 26.0 (5.6) 26.2 (4.6) 25.5 (3.3) 16.6 (2.3)
Beaufort Seaa 26.7 (7.5) 26.6 (5.6) 27.6 (3.9) 48.2 (3.2) 57.2 (7.0) 61.9 (5.2) 66.8 (3.4) 39.4 (2.8)
East Channelb 42.8 (7.7) 47.7 (6.6) 55.8 (4.6) 66.9 (3.4) 21.8 (5.6) 21.1 (4.4) 19.2 (3.1) 13.6 (2.2)
West Channelb 45.4 (8.4) 50.3 (6.7) 57.2 (4.7) 69.3 (3.2) 12.2 (4.5) 9.7 (3.8) 6.6 (2.5) 6.8 (1.9)
Middle Channelb 42.2 (7.8) 46.1 (6.6) 51.4 (4.6) 65.9 (3.3) 21.3 (5.4) 20.3 (4.2) 19.3 (3.1) 13.2 (2.1)
Mackenzie Riverc 53.8 (8.7) 61.7 (6.9) 72.2 (4.5) 76.9 (3.1) 9.1 (4.7) 6.1 (3.5) 1.8 (1.8) 4.5 (1.8)

Note: The values represent the mean estimated percent contributions (±1 SD) estimated from realistic fishery simulations under a variety of simulated
aIncludes samples from several locations in the Tuktoyuktuk Harbour.
bIndicates the different channels of the Mackenzie River Delta.
cIncludes all Mackenzie River sampling sites upstream of the Arctic Red River.



Canada, Freshwater Institute, 501 University Crescent, Win-
nipeg, Manitoba, personal communication (2009)).

Perhaps more surprisingly, we found a lack of strong in-
terpopulation genetic differentiation among anadromous
populations in the Mackenzie River system despite previous
work that suggested that there are probably several repro-
ductively isolated populations within the system (Reist
1997; Reist and Chang-Kue 1997). Some of our pairwise es-
timates of FST were, however, significant (although very
low). Comparisons of microsatellite DNA variation between
Arctic cisco populations from the Coleville River and from
the Mackenzie River system also revealed a general lack of
strong differentiation despite the large distance between the
two systems (J.L. Nielsen, Alaska Science Center, US Geo-
logical Survey, 4210 University Drive, Anchorage, Alaska,
personal communication (2008)). By contrast, numerous
studies have shown differentiation among fish populations
in rivers separated by very short distances (e.g., Koskinen et
al. 2001; Whiteley et al. 2004; Neville et al. 2006), but a
lack of strong differentiation among some marine (Hutch-
ings et al. 2007) and anadromous fish populations (McLean
et al. 1999) is not unprecedented.

Several hypotheses may explain the low levels of genetic
differentiation in the Mackenzie River system. First, homing
behaviour may be imprecise, resulting in some straying be-
tween populations and thus limited reproductive isolation.
Natal homing has evolved in several groups of fishes, typi-
fied by salmonids, and promotes fine-scale genetic structur-
ing in these fishes (Hendry et al. 2004; Rich et al. 2006).
Because anadromous fish often exhibit natal philopatry, fish
populations typified by this life history often show genetic
differentiation and subdivided population structure between
freshwater spawning tributaries. In some cases, however, se-
lection may favour straying if population sizes or spawning
habitat quality are typically variable (Hendry et al. 2004; Es-
teve 2005) or when the risk of inbreeding is high (Hendry et
al. 2004). In such cases, population structure is less well de-
veloped. For instance, Neville et al. (2006) showed that a
lack of fine-scale homing in Chinook salmon resulted in a
lack of genetic structuring in an Idaho river system. Pascual
et al. (1995) reported straying rates as high as 41.6% in
hatchery Chinook salmon (cf. Hendry and Stearns 2004). In
the anadromous eulachon, Thaleichthys pacificus, Mclean et
al. (1999) also found little genetic differentiation among
populations from distinct freshwater locations throughout
their range and suggested that this was the result of a high

degree of straying among watersheds. The iteroparous
coastal cutthroat trout, Oncorhynchus clarkii clarkii, has a
life history more similar to that of the broad whitefish and
straying rates can be as high as 35% (Michael 1989; cf.
Hendry and Stearns 2004).

Broad whitefish may have a high degree of straying if
they do not spend enough time in their freshwater natal
streams to imprint effectively. For example, young-of-the-
year are carried to nearshore marine environments and even-
tually to coastal lakes in the Tuktoyuktuk Peninsula during
the spring freshet (Reist and Chang-Kue 1997). As such, im-
printing may be to this nearshore environment or these
coastal lakes rather than to the spawning locality per se.
Similarly, pink salmon, Oncorhynchus gorbuscha, have a
tendency to stray more than other species of Pacific salmon,
possibly due to their short freshwater residency, which re-
sults in a reduced opportunity for imprinting (Hendry et al.
2004). Although there is a wealth of knowledge on the
straying rates of salmonids (reviewed by Hendry et al.
2004), empirical and experimental data on the degree of
straying of coregonines are lacking. Initial evidence of stray-
ing was provided by Babaluk et al. (1997) who found that a
broad whitefish tagged in the west channel of the Mackenzie
River Delta was recaptured the following year migrating up
the east channel of the delta. Further work, however, is
needed to determine if straying is the main cause of the
lack of differentiation in this system.

Second, a lack of genetic differentiation in the Mackenzie
River system may be due to historical factors having left a
pronounced signature of past evolutionary processes. For ex-
ample, the lack of differentiation may be evidence that this
is a recently colonized area in which there was extensive
historical gene flow between founding populations or one
that has recently been colonized by a single founding pan-
mictic population (and thus perhaps not enough evolutionary
time has passed to promote divergence). If broad whitefish
were isolated in a single refugium during the last Pleisto-
cene glaciation, as appears to be the case (Harris and Taylor
2010), then they have had approximately 12 000 years to di-
verge into discrete populations (Lindsay and McPhail 1986;
Pielou 1991), which may not have been long enough for dis-
tinct broad whitefish populations to form, at least when as-
sessed with the loci used in this study. Estoup and Angers
(1998) suggested that 2000 generations since population
founding is needed to promote significant differentiation at
microsatellite DNA loci via mutation. As the Mackenzie

tions of source populations of broad whitefish to fish captured during summer and fall subsistence

Mackenzie River at Point Separation Mackenzie River at the town of Fort Good Hope

50 100 500 E (23) 50 100 500 E (34)
9.0 (3.9) 6.9 (3.1) 4.5 (2.2) 7.4 (1.9) 23.0 (6.6) 20.8 (5.7) 17.2 (3.9) 10.6 (2.4)
5.6 (3.5) 3.3 (2.4) 1.1 (1.2) 6.4 (1.8) 10.4 (5.2) 8.2 (3.7) 4.6 (2.5) 5.9 (2.1)

16.0 (4.5) 14.9 (3.6) 14.1 (2.7) 10.8 (2.0) 19.4 (6.5) 16.2 (5.2) 10.8 (3.5) 8.7 (2.5)
11.0 (4.2) 9.5 (3.3) 7.3 (2.8) 9.1 (1.8) 31.4 (7.6) 30.6 (6.0) 28.9 (4.5) 14.7 (2.6)

7.4 (3.8) 5.4 (2.8) 2.5 (1.8) 7.1 (1.9) 29.0 (7.0) 28.1 (5.7) 26.8 (4.3) 13.7 (2.5)
6.6 (4.1) 4.1 (2.9) 1.1 (1.4) 5.8 (1.7) 30.1 (7.6) 28.2 (6.4) 24.8 (4.5) 12.9 (2.6)

population sizes including the empirical baseline sizes (E).
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River area has been subject to postglacial colonization for
about 12 000 years, there likely has been only about 1700
generations for discrete populations to evolve given that
broad whitefish first mature at approximately 7 years of age
(Bond 1982). Consequently, it is likely that drift has been
the predominate factor driving differentiation at microsatel-
lite DNA loci — an inference supported by our SPAGeDi
analyses.

Finally, NE in this system may be extremely large such
that the effects of genetic drift have been negligible in pro-
moting differentiation among populations given the rela-
tively short time since founding. Unfortunately, to our
knowledge, no direct estimates of population size have yet
been conducted, data that would greatly add to the under-
standing of the lack of differentiation in this system. Thera
(1998), however, incorporated various expert opinions on
abundance and estimated spawning population sizes for
anadromous broad whitefish in the lower Mackenzie River
at somewhere between 1 040 000 and 7 300 000 fish. Assum-
ing an NE to census size ratio of 0.2 (Waples 2002), a mid-
range estimate of census spawning population size split
across the six major suspected spawning areas, 1700 genera-
tions since founding, and the assemblage of microsatellite
DNA alleles that we observed, the model of complete isola-
tion employed in POWSIM generates an expected FST of
0.007. This expected FST under the complete isolation model
is about one half of what we observed among the anadro-
mous populations (~0.013), which suggests that perhaps NE
within populations is somewhat lower and more variable
but also that it might not be necessary to invoke consider-
able contemporary gene flow among Mackenzie River
anadromous broad whitefish populations as an explanation
for the observed low levels of genetic differentiation. Given,
however, tagging-based inferences of movement between lo-
calities (Babaluk et al. 1997), it is more reasonable to con-
clude that low differentiation among anadromous
components of the Mackenzie River assemblage of broad
whitefish results from the combined effects of some contem-
porary gene flow, large effective population sizes, and rela-
tively recent postglacial colonization of the area.

Mixture analysis
Results of the mixture analysis indicated that all popula-

tions contribute to the subsistence fishery, although the
catch is dominated by fish from the Peel River. In addition,
when sample size effects of baseline populations were tested
using realistic fishery simulations, we consistently found a
high contribution of Peel River fish. However, because there
was some variation in proportional contributions depending
on simulated baseline population sizes, it seems clear that
increasing empirical baseline sizes would increase the accu-
racy of mixture analyses. Despite some variability in point
estimates of mixture proportions, we consistently found that
the Peel River system contributed the most to mixtures over
all and when the analyses were conducted on specific re-
gions (e.g., east channel and eastern Mackenzie Delta verses
west channel and western Mackenzie Delta). The Peel River
system is the first major river system broad whitefish en-
counter during upstream spawning migrations, so it is per-
haps not surprising that it would contribute the most. In a
study in which 113 broad whitefish were tagged near the

town of Aklavik (~90 km downstream from the mouth of
the Peel River), four fish were recaptured, two of which
were in the Peel River (Babaluk et al. 1997). The following
year, 1225 broad whitefish were tagged at Horseshoe Bend,
and although the majority of these fish were recaptured at
the tagging location, fish were also recaptured in the Peel
River, the Arctic Red River, and at the spawning location
near Fort Good Hope (Babaluk et al. 1997), again suggest-
ing that more than one population contributes to the fishery
and that straying among populations exists in this system.
Radiotelemetry studies have suggested that Point Separation
is an important spawning location for broad whitefish in this
system (Chang-Kue and Jessop 1997), a result not apparent
from our genetic study. It has been suggested, however, that
disturbance to fish associated with the extensive gill-netting
at Point Separation at the time of the radiotelemetry studies
may have induced premature spawning, giving the false im-
pression that this area is an important spawning location (R.
Tallman, Fisheries and Oceans Canada, Freshwater Institute,
501 University Crescent, Winnipeg, Manitoba, personal
communication (2009)).

A large majority of broad whitefish captured upstream in
the Mackenzie River (e.g., at Tree River) were estimated to
have been composed of fish from the Peel River, yet we ex-
pected that most of these fish would be assigned to the next
downstream spawning population at Fort Good Hope. Given
the energetic requirements of migration, it is unlikely that
broad whitefish would migrate that far upstream of the Peel
River and then migrate back to that system to spawn. In-
stead, it is possible that there may be a riverine population
in the Mackenzie River system that uses the Peel River to
spawn. There is no confirmation of the existence of this life
history in the area, although riverine forms have been
known in Russia for some time (Berg 1962). J.A. Babaluk
and J.D. Reist (Fisheries and Oceans Canada, Freshwater In-
stitute, 501 University Crescent, Winnipeg, Manitoba, un-
published data) assessed strontium levels in broad whitefish
otoliths throughout the Mackenzie River system and found
that some fish inhabiting the Peel River appeared to be a
completely freshwater form. It is unknown if those fish
were Peel River residents or a Mackenzie River resident
form that migrates to the Peel River during spawning sea-
son. Regardless, our mixture results are consistent with the
suggestion by J.A. Babaluk and J.D. Reist (unpublished
data) of the existence of a riverine freshwater-resident form
and suggest that there may be a higher level of life history
complexity in this system than previously appreciated.

Conservation implications
The results of our study have several implications for the

conservation and management of Mackenzie River system
broad whitefish. First is the clear genetic distinction ob-
served between anadromous and lacustrine broad whitefish.
These genetic data are consistent with previous morphologi-
cal (Chudobiak et al. 2002), life history (Tallman et al.
2002), stable isotope (Hesslein et al. 1991), and allozyme
data (Reist 1997). In combination, these data argue that
there are two distinct units of conservation below the species
level (e.g., potential ‘‘designatable units’’; COSEWIC 2005)
that should be considered important in terms of manage-
ment: (i) anadromous populations of the Mackenzie River
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and its tributaries and (ii) lacustrine populations from the
Travaillant Lake system.

Although, based on our microsatellite data, it appears that
these two groups have not been isolated from each other for
an evolutionarily long time period, it is possible that unique
local adaptations may have evolved in each, which would
warrant their separate conservation status. For example,
Travaillant Lake populations are probably adapted to live
solely within freshwater, and these populations are at the pe-
riphery of their range in the Mackenzie River system. If
postglacial colonization is still occurring in this system, lo-
cally adapted traits such as those associated with a solely
freshwater lifestyle may be extremely important for coloni-
zation and persistence within novel freshwater environ-
ments. Peripheral populations are often the most genetically
divergent and they may harbour distinct traits important for
adaptation to changing environments or new conditions (Le-
sica and Allendorf 1995; Taylor et al. 2003). Newly formed
lakes within the Mackenzie River system may represent
such novel environments for colonizing anadromous white-
fish. Furthermore, the results of our study emphasize the im-
portance of considering life history variation when
developing conservation strategies. Travaillant Lake fish are
reproductively isolated from anadromous Mackenzie popula-
tions, and because this limits the possibility for new genetic
diversity via gene flow, it is expected that these lacustrine
populations may be more vulnerable to extinction following
a population crash (Tonteri et al. 2007). As such, high con-
servation status should be given to populations that exhibit
this life history, at least in the Mackenzie River system.

Alternatively, our analyses suggest that all anadromous
populations in the Mackenzie River system could be man-
aged as one unit, at least genetically. Ideally, all populations
should be treated as independent management units, main-
taining maximum genetic and phenotypic diversity, thereby
preserving local adaptive diversity. We recognize, however,
that this is not always possible given limited management
resources in many situations. Consequently, in the absence
of other data (e.g., morphological, ecological, physiological,
etc.), anadromous populations of the Mackenzie River sys-
tem appear to represent a single unit of management. If all
anadromous populations are taken to be equal with respect
to conservation, then priority for protection should be given
to those that are particularly threatened by human impact
(Bernatchez 2005). This may mean protecting those popula-
tions most harvested during subsistence fisheries (i.e., the
Peel River), those that may contain unique life history var-
iants (i.e., the potential riverine subpopulations of the Peel
River), or those most likely to be impacted by oil and gas
exploration and development (i.e., populations in closest
proximity to construction of the potential Mackenzie Valley
pipeline).

Major mixed-stock broad whitefish subsistence fisheries
exist in the Beaufort Sea, the Mackenzie River Delta, and
the Mackenzie River, which cover three different aboriginal
land claim settlement areas (Inuvialuit, Gwich’in, and
Sahtu). The results of mixture analysis in our study bring
up several important management considerations. First,
even though all populations contribute to subsistence fish-
eries of the Mackenzie Delta and Mackenzie River, our data
indicate that the fishery is dominated for the most part by

Peel River fish. In the absence of any empirical estimates
of population size, our data suggest that it may be very im-
portant to define and protect critical habitats, such as those
used for spawning, in the Peel River system. Second, be-
cause our results showed that contributions to the subsis-
tence fishery are variable depending on the harvest location
within this system (i.e., east, west, or main channel), differ-
ent management regimes may be required depending on the
fishing area. Because this subsistence fishery spans three
land claims, coordination among the comanagement boards
within these regions is a necessity for effective management
of the species. Third, the results of the mixed-stock analysis
have provided evidence that there may be a riverine life his-
tory form of broad whitefish present in this system that, if
corroborated, would be an extremely rare phenomenon in
this area. Conservation of such populations may be impor-
tant, as they could represent a distinct evolutionary lineage
separate from lacustrine and anadromous populations of the
system and (or) they may have evolved locally adapted traits
important for a riverine life history. Ideally, future radiotele-
metry or otolith microchemistry studies can provide more
insight into the possibility of this in the Mackenzie River
system, which will help guide specific management deci-
sions. Overall, our data provide a more complete under-
standing of a hitherto enigmatic species across a vast
riverscape — information that will be useful in future man-
agement and conservation decisions.
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