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Abstract Arctic cisco Coregonus autumnalis have a
complex anadromous life history, many aspects of which
remain poorly understood. Some life history traits of Arctic
cisco from the Colville River, Alaska, and Mackenzie
River basin, Canada, were investigated using molecular
genetics, harvest data, and otolith microchemistry. The
Mackenzie hypothesis, which suggests that Arctic cisco
found in Alaskan waters originate from the Mackenzie
River system, was tested using 11 microsatellite loci and a
single mitochondrial DNA gene. No genetic differentiation
was found among sample collections from the Colville
River and the Mackenzie River system using molecular
markers (P > 0.19 in all comparisons). Model-based
clustering methods also supported genetic admixture
between sample collections from the Colville River and
Mackenzie River basin. A reanalysis of recruitment pat-
terns to Alaska, which included data from recent warm
periods and suspected changes in atmospheric circulation
patterns, still finds that recruitment is correlated to wind

Electronic supplementary material The online version of this
article (doi:10.1007/s00300-013-1372-y) contains supplementary
material, which is available to authorized users.

C. E. Zimmerman (<) - A. M. Ramey -

S. M. Turner - J. L. Nielsen

U.S. Geological Survey, Alaska Science Center, 4210 University
Drive, Anchorage, AK 99508, USA

e-mail: czimmerman@usgs.gov

F. J. Mueter

School of Fisheries and Ocean Sciences, University of Alaska
Fairbanks, 17101 Point Lena Loop Road, Juneau, AK 99801,
USA

S. M. Murphy
ABR, Inc., P.O. Box 8410, Fairbanks, AK 99708, USA

conditions. Otolith microchemistry (Sr/Ca ratios) con-
firmed repeated, annual movements of Arctic cisco
between low-salinity habitats in winter and marine waters
in summer.
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Introduction

Arctic cisco (Coregonus autumnalis) is an important cul-
tural and subsistence resource in Alaska and Canada (Reist
and Bond 1988; Gallaway et al. 1989). For example, in
Alaska, an annual subsistence fishery occurs in the Colville
River as fish gather to overwinter in brackish waters of the
Colville River Delta (Fig. 1). In addition to the Colville
River, Arctic cisco overwinter in the Sagavanirktok River
(Fig. 1) but are not believed to spawn in any Alaska rivers
(Craig 1984; Moulton 1989; Morales et al. 1993). Rather,
Arctic cisco in Alaskan waters are thought to originate
from spawning aggregations found over 650 km to the east
in the Mackenzie River, Canada (Fig. 1), the only docu-
mented spawning population in North America (Moulton
1989; Fechhelm et al. 2007). This proposed scenario, in
which Arctic cisco caught in Alaskan rivers are the prog-
eny of Arctic cisco spawning in Canada, has been called
the “Mackenzie hypothesis” (Gallaway et al. 1983; Bick-
ham et al. 1989; Morales et al. 1993).

According to the Mackenzie hypothesis, it is assumed
that age-0 fish emerge from spawning habitats in the
Mackenzie River and are flushed or move downstream into
ice-free waters of the Mackenzie River delta (Craig 1989).
It is assumed that some age-0 fish that are abundant in delta
channels during their first summer (Reist and Bond 1988;
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Fig. 1 Genetic sample collection locations (black circles) for Arctic cisco from the Colville River and Mackenzie Rivers, 2005-2007

Fechhelm et al. 2007) are transported westward in the
Beaufort Sea by wind-driven currents. Recruitment of
Arctic cisco is controlled by wind speed and strength
(Fechhelm and Griffiths 1990), and strong easterly winds
result in higher abundance of Arctic cisco in coastal
Alaskan waters and rivers, whereas lower recruitment
occurs when westerly winds prevail (Fechhelm and Fissel
1988; Fechhelm and Griffiths 1990; Schmidt et al. 1991;
Colonell and Gallaway 1997). Once in Alaskan waters,
Arctic cisco are assumed to make annual migrations
between summer feeding habitats in the Beaufort Sea and
overwintering habitats in river deltas (Craig 1989).
Between the ages of 6 and 8 years, Arctic cisco are thought
to reach sexual maturity and return to the Mackenzie River
system to spawn.

While predominately based on observed relationships
between recruitment patterns into Alaskan rivers and wind
speed and direction, the Mackenzie hypothesis has also
been examined using genetic tools. Previous investigations
using DNA restriction site analysis and allozymes did not
find evidence for genetic differentiation between collec-
tions of Arctic cisco from the Colville River and Mac-
kenzie River basin, a finding that supports the Mackenzie
hypothesis (Bickham et al. 1989; Morales et al. 1993).
There is limited evidence, however, for genetic differen-
tiation among sample collections of Arctic cisco from
Mackenzie River tributaries (Bickham et al. 1989;
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Lockwood and Bickham 1991) and between collections
from the Mackenzie River and Beaufort Sea near Point
Barrow (Morales et al. 1993), findings that do not support
the Mackenzie hypothesis. In addition, studies of age
structure support the Mackenzie hypothesis. Arctic cisco
are iteroparous (Reist and Bond 1988) and reported to live
up to 19 years (Bond and Erickson 1997), but fish older
than age-8 are rare in Alaskan waters (Murphy et al. 2007).
Presumably, after the first spawning event, Arctic cisco
remain within the Mackenzie River and delta and make
annual migrations to feed at sea but do not return to rivers
in Alaska. If there were local spawning populations in
Alaska, it is assumed that fish older than age-8 would be
more common.

While the Mackenzie hypothesis remains the most
plausible and accepted explanation of recruitment of Arctic
cisco to Alaska, we conducted this study to reexamine the
Mackenzie hypothesis for three reasons. First, in spite of all
the evidence to the contrary, both local residents and some
scientists continue to ask whether some recruitment of
Arctic cisco could originate from local-Alaska-spawning
populations or from Asia (MBC Applied Environmental
Sciences 2004). Second, methodological advances in
genetic analyses warranted a reassessment using new
techniques. Third, and most important, climatic and
oceanographic changes during the last decade have resulted
in diminished sea ice, warming, and changes in northern
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wind and atmospheric circulation patterns (Overland et al.
2008; Overland and Wang 2010). Given the critical role
that temperature and wind play in the early life history and
recruitment of Arctic cisco in Alaska (von Biela et al. 2011,
2013), a reassessment of the Mackenzie hypothesis,
including recruitment and wind data that expands previous
studies and includes data from the recent warm period
(Overland et al. 2008), was warranted to better understand
how changes in climate may affect this important subsis-
tence resource.

In this study, we revisit the Mackenzie hypothesis using
several lines of investigation. First, we use newer genetic
analyses including microsatellite markers and mitochon-
drial DNA (mtDNA) sequence data to test for differentia-
tion among collections of Arctic cisco from the Colville
River and five tributaries of the Mackenzie River. Second,
we reexamine the link between wind conditions in the
Beaufort Sea, recruitment of Arctic cisco to the Colville
River region, and subsequent harvest in the Colville River
area using new data. Third, we examine the relation
between recruitment during their first winter and age
structure of Arctic cisco to confirm that a lack of recruit-
ment of age-0 fish results in missing age-classes in sub-
sequent fall migrations as proposed by Fechhelm and
Griffiths (1990). Fourth, we compare the age composition
of Arctic cisco in the Colville River fishery to those col-
lected from the Peel River, a tributary of the lower Mac-
kenzie River to determine whether there are differences
consistent with the Mackenzie hypothesis. Finally, we
examine patterns of strontium in otoliths of Arctic cisco to
test the migration chronology of Arctic cisco that was
proposed by Craig (1989). Strontium is substituted for
otolith calcium in levels reflecting the concentration of
strontium in the environment, which is generally greater in
seawater than freshwater. Strontium-to-calcium ratios (Sr/
Ca), therefore, can be used to trace the movement of fish
among environments of different salinity (Campana 1999;
Zimmerman et al. 2003; Brown et al. 2007). Combining
these lines of inquiry, we provide a new test of the Mac-
kenzie hypothesis in light of new methods of analysis and
longer time series to improve our understanding of how
this important resource may respond to future climate and
development scenarios.

Materials and methods

Genetic sample collections

Arctic cisco were collected from the subsistence fishery on
the Colville River near the village of Nuigsut in 2005,

2006, and 2007 (n = 86, 176, and 136, respectively)
(Fig. 1). Mature fish were also collected in late summer

from five tributaries of the lower Mackenzie River where
Arctic cisco are presumed to spawn: the Arctic Red
(n = 60), and Peel (n = 54) rivers in 2007 and the Great
Bear (n = 55), Carcajou (n = 52), and Mountain (n = 59)
rivers in 2008 (Fig. 1). Arctic cisco were caught using
monofilament gill nets at all collection locations.

DNA extraction and microsatellite amplification

Genomic DNA was extracted from fin, gill, or muscle
tissue using the DNeasy Tissue Kit (Qiagen, Valencia, CA,
USA) or Puregene DNA Extraction Kit (Gentra Systems
Inc., Minneapolis, MN, USA) following the manufacturer’s
protocols. Sixteen microsatellite loci were identified as
nuclear genetic markers to assess population structure of
Arctic cisco including the following: seven microsatellite
loci originally isolated from congenerics (Cisco-90, Cisco-
157, Cisco-181, Cocl-Lav4, Cocl-Lav6, Cocl-Lav8, and
LGL BWF?2; Patton et al. 1997; Turgeon et al. 1999; Rogers
et al. 2004), three previously published microsatellite loci
developed from Arctic cisco (Autl35, Aut139, and Autl51,;
Ramey et al. 2008), two unpublished loci developed from
Arctic cisco for this study (Autl34 and Auti89, Table 1),
and four unpublished microsatellite loci taken from Gen-
Bank (Bom3c, Boml7c, Bom2lc, and Bom22b). Five
microsatellite loci (Autl35, Bom21c, Cisco-90, Cocl-Lavo,
and Cocl-Lav8) were subsequently excluded from our
panel after preliminary analyses because of low allelic
polymorphism (<4 alleles per locus).

Microsatellite loci were amplified using PCR in 10-pL
volumes containing 4-50 ng of genomic DNA, 10 mM
Tris—HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCI, 0.01 %
gelatin, 0.01 % NP-40, 0.01 % Triton X-100, 3.7-4.0 uM
each unlabeled primers, 0.1-0.3 pM labeled tail primer,
2 mM each dNTP, and 0.3-0.5 U of Taq DNA polymerase.
Reactions were carried out in MJ Research (BIORAD,
Hercules, CA, USA) or MWG thermocyclers (MWG Bio-
tech Inc., Huntsville, AL, USA) with an initial denaturation
time of 2 min at 94 °C followed by variable thermoprofiles
(Table 1) and a final 10-min elongation step at 72 °C. PCR
products were separated on 6 % polyacrylamide gels using
a LI-COR Model IR2 automated fluorescent DNA
sequencer (Lincoln, NE, USA). Forward primers were
either directly fluorescently labeled to visualize alleles
(Bom3c, Bomi17c, Bom22b, LGL BWF2, Cisco-151, Cisco-
181, and Cocl-Lav4) or were synthesized with universal
tails on the 5’ ends and visualized by adding fluorescently
labeled complementary-tailed sequences to the PCR reac-
tion (Autl34, Autl39, Autl51, and Autl89). Size standards
were created by determining allele sizes for specific sam-
ples at each locus relative to the M13 phage single nucle-
otide ladder, and these samples were then used in
subsequent gels. To verify allele sizes across all loci for
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Table 1 Eleven microsatellite loci with original citation, annealing
temperatures (74), A = number of alleles, Agx = allelic richness,
H, = observed heterozygosity, H. = expected heterozygosity, and

the GenBank accession number for each locus used to assess genetic
structure of Arctic cisco

Locus Reference Ta (°C) A AR H, H. Accession #
Aut]34>4 This study 52 29 28.992 0.772 0.831 EU603399
Aut139*° Ramey et al. (2008) 50 47 46.803 0.871 0.877 EF192595
Autl51%¢ Ramey et al. (2008) 50 33 33.000 0.886 0.875 EF192596
Aut189** This study 52 38 37.946 0.778 0.782 EU603400
Bom3c®™f Unpublished 55 38 37.896 0.905 0.907 AY507115
BomlI7c%® Unpublished 50 21 20.951 0.817 0.815 AY507114
Bom22b®" Unpublished 55 17 16911 0.572 0.563 AY507121
Cisco-157° Turgeon et al. (1999) 55 23 22.947 0.795 0.792 N/A
Cisco-181¢ Turgeon et al. (1999) 57 32 31.929 0.931 0.946 N/A
Cocl-Lav4® Rogers et al. (2004) 52 21 20.933 0.579 0.580 AY453197
LGL BWF2° Patton et al. (1997) 52 15 14.946 0.609 0.595 N/A

? PCR profiles consisted of 3040 cycles of 15-s denaturation, 15-s annealing, and 30-s extension, all other loci had a PCR profile of 30, 30, 60 s,

respectively

" Loci that went through 30 cycles of PCR

€ 40 Cycles

4 F: TCATGAAATCACACACCC, R: CTCACGCATCACACACC
¢ F: TTATACTGCATGGTGC, R: GCCTGGCTCAATTTGT

! F: GTGGACTGCTGCTTTGTTG, R: GCTGTATCTTTAACCTCCC

€ F: GGCAACAGACAGAAATAAG, R: TATGTCACAAGGGGCAGTG
" F: GGATGCCTTCTTGATGCTT, R: CATTTATCAGCCTCTCAGCC

quality control, a minimum of 10 % of all samples were
independently amplified and scored. GenelmagIR v4.05
(Lincoln, NE, USA) software was used to assign allele
scores.

Mitochondrial DNA sequencing

A 594 base pair (bp) fragment of the mitochondrial ATP
synthase VI subunit gene (ATPase 6) was sequenced for a
subsample of 372 Arctic cisco (Colville River, n = 258;
lower Mackenzie River system, n = 114) using previously
published primers (H9208 and L8558; Giuffra et al. 1994).
The ATPase 6 gene was selected for use in the current
study as it has been used in previous genetic investigations
of North American ciscoes (Turgeon and Bernatchez 2001,
2003). Primers were modified on the 5’ ends with a uni-
versal M13F(-29) or M13R tail (Oetting et al. 1995).
Mitochondrial DNA (mtDNA) was amplified using a MJ
Research thermocycler using PCR conditions as follows:
initial denaturation at 94 °C for 1 min followed by 35
cycles of 94 °C for 1 min, 62 °C for 1 min, and 72 °C for
1 min ending with a final elongation step at 72 °C for
10 min. Sequencing reactions were conducted using a
simultaneous bi-directional sequencing kit (Epicentere
technologies, Madison, Wisconsin) and fluorescently
labeled primers. The sequencing reaction was conducted
using a RoboCycler® thermocycler (Stratagene, La Jolla,
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CA, USA) with the following conditions: initial denatur-
ation at 92 °C for 2 min followed by 30 cycles of 92 °C for
30 s, 60 °C for 30 s, and 70 °C for 1 min. Sequences were
visualized on a LI-COR Long ReadIR 4200 automated
sequence using a 5.5 % acrylamide gel. Sequence data
were aligned and proofed using AlignIR software (LI-
COR, Lincoln, NE, USA). Nucleotide positions for
sequences amplified from Arctic cisco were confirmed by
alignment with the published sequence for the complete
mtDNA genome of European whitefish (C. lavaretus)
(Miya and Nishida 2000; GenBank Accession No.
AB034824).

Population genetic statistics

Microsatellite allelic size ranges, total number of alleles
(A), and observed and expected heterozygosity (H, and H,,
respectively) were generated by locus and by population
using FSTAT v2.9.3 (Goudet 2001). The average number
of alleles was calculated using GENALEX (Peakall and
Smouse 2006). Average allelic richness by population,
allelic richness by locus, and private allelic richness across
11 nuclear loci were calculated using HP-RARE 1.0 (Ka-
linowski 2005), which uses the rarefaction procedure to
account for variable sample sizes. An exact test for Hardy—
Weinberg equilibrium (HWE) was done by locus using
Arlequin v3.01 (Excoffier et al. 2005) with a Bonferroni
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correction (Sokal and Rohlf 1995; k = 11 loci, « = 0.05/
11 or 0.0045). Arlequin v3.01 was used to test for pairwise
linkage disequilibrium between all possible pairs of loci
with a Bonferroni correction (k=55 comparisons,
o = 0.05/55 or 0.0009). Samples were divided into sample
collections by location and year (n = 8) and major river
systems (Colville and Mackenzie rivers) to examine pop-
ulation structure. Pairwise Fst comparisons between all
sample collection pairs and major river systems were cal-
culated using Arlequin v3.01, and a Bonferroni correction
was applied (o« = 0.0017 k= 28; o= 0.0167 k= 3;
o = 0.025 k = 2, respectively). An analysis of molecular
variance (AMOVA) using Arlequin v3.01 was conducted
to quantify genetic variability and estimate its distribution
among sampling collections (between years for the Colville
samples and tributaries for the Mackenzie) and major river
systems (Colville and Mackenzie).

The frequency of mtDNA haplotypes, haplotype diver-
sity, and nucleotide diversity were calculated using Arle-
quin v3.01, and NETWORK version 4.5.1.6 (Fluxus
Technology Ltd. 2009; http://www.flexus-engineering.
com/sharepub.htm) was used to generate a median-join-
ing network (Bandelt et al. 1999) of mtDNA haplotypes.
Arlequin 3.01 was used to calculate pairwise Fgr com-
parisons of haplotype frequencies between Arctic cisco
from the Colville River and the Mackenzie River system.

Model-based clustering analysis

Allele frequencies for microsatellite loci were used to
probabilistically assign genotypes to populations or clusters
using STRUCTURE v2.3.1 (Pritchard et al. 2000). Two
sets of analyses were conducted: one using genotypic data
for all samples collected from the Colville River and
Mackenzie River system (n = 678) and a second using
only data derived from samples collected from five tribu-
taries of the lower Mackenzie River system where Arctic
cisco are presumed to spawn (n = 280). The number of
populations or clusters (K) was assessed for values of
K from 1 to 10 for the analysis of genotypic data for all
sample collections combined (e.g., the possibility of up to
ten “source populations” was explored). Values of K from
1 to 5 were assessed for genotypic data derived from
samples collected from the lower Mackenzie River system
(e.g., structuring among five tributaries was explored). Five
replicate model runs were conducted for each assumed
value of K using the admixture model with correlated allele
frequencies for 100,000 Markov chain Monte Carlo repe-
titions after a burn-in of 10,000. The mean natural log
probability of sample genotypes clustering to K popula-
tions for five replicates was used to calculate the posterior
probability for each value of K. The highest penalized

posterior probability of K, where mean natural log likeli-
hoods for each value of K were penalized by one half of
their variance, was inferred to be the most likely number of
clusters or populations among sample genotypes (Hubisz
et al. 2009).

Retrospective analyses of catch data

Recruitment of Arctic cisco to the Colville River region,
catch rates of young-of-year fish during summer surveys in
the Prudhoe Bay region, historical harvest data for the
commercial and subsistence fall fishery, and environmental
data compiled by Murphy et al. (2007) were examined.
First, a recruitment index was constructed by standardizing
log-transformed catch-per-unit-effort (CPUE) in Prudhoe
Bay during summer (days of year 200-258) for age-0, age-
1, and age-2 Arctic cisco and then averaging the age-spe-
cific indices corresponding to a given cohort. Thus, an
improved recruitment estimate was obtained for each
cohort or year-class based on catch rates at three ages
sampled in three consecutive summers. The main envi-
ronmental indicator to link recruitment to wind conditions
in the Beaufort Sea was an annual index of average easterly
wind speed for the period from July 1 to August 31 at the
Deadhorse airport located at Prudhoe Bay (Murphy et al.
2007). The recruitment index was modeled as a function of
easterly winds using a linear model with a threshold.
Residuals from the model were used as an index of
recruitment anomalies to examine the effect of climate
conditions (i.e., near-shore temperature, ice conditions;
Murphy et al. 2007) on anomalous recruitment using cor-
relations and linear regression analyses.

Second, we examined harvest rates as indices of
recruitment to the fishery. We examined estimates of age-
specific catch rates (ages 5—-8) for both the commercial and
subsistence fishery. To test whether catch rates of 5-, 6-, 7-,
and 8-year-old fish are related to variability in recruitment
5-8 years earlier, we computed Pearson’s product moment
correlations between the available time series of catch rates
at each age and the recruitment time series at the appro-
priate lag. R version 2.12.2 (R Development Core Team
2011) was used for all statistical analyses.

Chronology of migration

Nine otoliths, collected in 1986 (n = 3), 1995 (n = 3), and
2005 (n = 3), were examined in this study. Otoliths were
provided by L. Moulton of MJM Research (Lopez Island,
Washington) and were drawn from an archive of otoliths
collected from subsistence fisheries in the Colville River
(von Biela et al. 2011). Prior to preparation for age and
microchemical analysis, otoliths were rinsed in deionized
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water, air dried, and weighed. Each otolith was embedded
in thermoplastic cement on a glass slide, ground in the
sagittal plane, and polished. Individual otoliths were
mounted sulcus side down and ground with 2000-grit wet-
dry sandpaper on a glass plate to the level of the nucleus.
The slide was then warmed on a hotplate and the otolith
flipped with the sulcus side up. The otolith was again
ground using 2000-grit wet-dry sandpaper until the pri-
mordia were exposed, polished with 12000-grit polishing
cloth, and finally, polished with a slurry of 0.05 pm alu-
mina and deionized water. Analysis of otolith Sr and Ca
followed the methods of Zimmerman and Nielsen (2003)
and Zimmerman (2005).

Otoliths were mounted on a petrographic slide (Dono-
hoe and Zimmerman 2010), which was then rinsed with
deionized water, air dried, and coated with a 40-nm carbon
layer. Based on annual banding patterns, the fish examined
ranged in age from 5 to 8 years old. Elemental analysis was
conducted with a JEOL 8900 electron microprobe at the
U.S. Geological Survey, Menlo Park, California. A 15-kV,
50-nA, 10-um-diameter beam was used for all analyses.
Strontianite and calcite were used as standards for Sr and
Ca, respectively. Each element was analyzed simulta-
neously and a counting time of 40 s was used to maximize
precision. A transect of points from the core to the edge of
the otolith was sampled with a spacing of 14-25 um
between sampling points for each otolith. Sr/Ca ratios
(molar) were plotted, and annuli were superimposed on
these figures to describe the chronology of migration for
each fish. Based on daily ring count, the mean number of
days represented by a 10-pm-diameter sample point in
these otoliths ranged from 5 days during the first year of
life to over 30 days in years 6 through 8.

Results
Microsatellites

Eleven microsatellite loci were used to genotype a total of
678 Arctic cisco from Alaska and Canada (Online
Resource 1). The number of microsatellite alleles
(A) ranged from 15 (LGL BWF2) to 47 (Autl39; Table 1),
with a mean A = 28.55. All microsatellite loci conformed
to HWE when collections were combined. When sampling
groups were analyzed individually, two loci deviated sig-
nificantly from HWE in one sample collection each after
Bonferroni correction (Autl39 in the Great Bear River
collection had lower observed heterozygosity than expec-
ted, P < 0.0001; and Bom17c in the Colville 2006 col-
lection had higher observed heterozygosity than expected,
P = 0.0034). There was no evidence of inbreeding; global
Fis = 0.007. No linkage disequilibrium was detected
between loci for all collections combined. When sampling
groups were analyzed individually, one pair of loci in the
Colville 2007 sample collection showed significant evi-
dence of linkage after Bonferroni correction (P = 0.0002).
Allelic richness was similar for fish in the Colville River
(average Ar = 23.99) and Mackenzie River (average
AR = 23.45) (Table 2). Private allele richness was 4.10 for
fish in the Colville River and 3.56 for fish from the Mac-
kenzie River system. Average observed and expected het-
erozygosity across all loci were 0.774 and 0.778,
respectively. No statistically significant pairwise Fgr dif-
ferences were detected between sample collections
(P >0.126) (Table 3) or major river drainages
(P = 0.477). AMOVA results show that over 99.94 % of
the allelic variation was found within individuals. The

Table 2 Population-specific descriptive statistics for eleven microsatellite loci of Arctic cisco collected from the Colville River and the

Mackenzie River system, 2005-2008

n Average A Average Ar Private allelic H, H.
richness
Mackenzie River 280 23.455 23.45 3.56 0.775 0.777
Arctic Red 60 15.455 14.62 0.63 0.765 0.759
Great Bear 55 15.909 15.58 0.74 0.769 0.779
Carcajou 52 15.182 15.18 0.70 0.804 0.790
Mountain 59 14.364 13.83 0.12 0.767 0.767
Peel 54 14.727 14.54 1.16 0.771 0.763
Colville River 398 25.727 23.99 4.10 0.773 0.779
Colville (2005) 86 16.818 14.45 0.74 0.787 0.774
Colville (2006) 176 21.273 15.13 0.68 0.778 0.779
Colville (2007) 136 20.545 15.41 1.01 0.767 0.767

n = number of individuals in each population, average A = number of alleles per locus, average Ag = allelic richness, private allelic richness
was calculated across 11 loci, H, = observed heterozygosity, and H, = expected heterozygosity
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Table 3 Pairwise Fgy values for eleven microsatellite loci in collection of Arctic cisco

Arctic Red Great Bear Carcajou Mountain Peel Colville 2005 Colville 2006
Colville (2007) 0.00061 —0.00144 —0.00070 0.00129 —0.00032 0.00052 0.00037
Colville (2006) 0.00006 0.00054 —0.00053 0.00082 0.00100 —0.00122
Colville (2005) 0.00005 0.00095 —0.00189 —0.00070 —0.00012
Peel —0.00081 0.00026 —0.00012 0.00042
Mountain —0.00070 0.00232 0.00048
Carcajou 0.00047 0.00036
Great Bear 0.00064

No pairwise comparisons were significantly different (P > 0.126 for all comparisons)

highest posterior probability (1.00) as determined using
model-based clustering analyses occurred when K = 1 for
genotypic data for all sample collections of Arctic cisco
combined (Table 4) and when only genotypic data from the
Mackenzie River system were considered (Table 4).

Mitochondrial DNA

Nineteen mtDNA haplotypes and 29 variable nucleotide
positions were identified from the amplification and
sequencing of a 594-bp fragment of ATPase 6 gene from
372 samples (Fig. 2; Table 5). Haplotype diversity among
the 19 Arctic cisco haplotypes (AMN) was 0.414 £ 0.030
and nucleotide diversity averaged across all positions
equaled 0.0011 % 0.0009. Fish from the Colville River and
Mackenzie River tributaries shared the five most common
haplotypes (AMNOO1, AMNO002, AMNO006, AMNOO7, and
AMNO12). Colville River samples had 12 unique haplo-
types found at low frequencies (1-2 fish each; <1 %)
including two highly divergent haplotypes (AMNO09 and
AMNO15). Two haplotypes found at low frequency (1 fish
each) in the Arctic Red River sample collection (AMNO10
and AMNOI11) were not identified in Colville River sam-
ples. No statistically significant difference was detected in
haplotype frequencies for Arctic cisco from the Colville
and Mackenzie rivers using pairwise Fgt comparison
(P = 0.678).

Retrospective recruitment patterns

Retrospective analysis of recruitment confirmed previous
research (Fechhelm et al. 2007), showing a correlation
between year-class strength of Arctic cisco in the Colville
River and wind conditions. Recruitment was best described
by a linear model with a threshold below which wind speed
did not affect recruitment (r2 =0.70, F = 54.3,
P < 0.001) (Fig. 3). This implies that year-class recruit-
ment failures occur in years with average July—August
winds from the west and that recruitment increases linearly
with the strength of easterly winds. Strong recruitment

Table 4 The number of populations or clusters (K) inferred from
model-based clustering analyses using the admixture ancestry model
and correlated allele frequencies for Arctic cisco genotypes derived
from the Colville River and the Mackenzie River system

K Ln Pr(XIK) Pr(K)

Colville River and Mackenzie River system
1 —31,033.7 1.00000
2 —31,056.0 0.00000
3 —31,186.0 0.00000
4 —31,441.2 0.00000
5 —31,703.7 0.00000
6 —31,816.8 0.00000
7 —32,382.9 0.00000
8 —33,319.6 0.00000
9 —33,420.7 0.00000
10 —33,394.8 0.00000

Mackenzie River system only
1 —12,858.6 1.00000
2 —12,925.8 0.00000
3 —13,115.9 0.00000
4 —13,276.6 0.00000
5 —13,274.9 0.00000

Each value for Ln Pr(XIK) is the mean of five STRUCTURE simu-
lations using a burn-in of 10,000 and 100,000 Markov chain Monte
Carlo repetitions. The posterior probabilities [Pr(K)] are given for
each assumed number of clusters

translated into elevated catch rates in the Colville River
fishery 5-8 years later, with significant correlations
(P < 0.05) between age-specific CPUE and the combined
recruitment index ranging from 0.73 (age 7) to 0.86 (age 5)
for commercial CPUE and from 0.60 (age 8) to 0.80 (age 6)
for subsistence CPUE.

Recruitment anomalies (i.e., residuals from the best-fit
model) suggest that after accounting for the effects of
wind, recruitment was anomalously low in the early 1980s,
increased in the mid-1980s, and declined significantly since
then with below-average recruitment in recent years
(Fig. 4). No significant effects of climate conditions (near-
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Fig. 2 Minimum spanning
network for mitochondrial DNA
ATP synthase VI subunit gene
haplotypes detected from
putative Arctic cisco. Circles
are drawn proportional to the
frequency at which haplotypes
were observed. Shading
represents the sample location
from which haplotypes
originated: white (Colville
River) and black (lower
Mackenzie River system). A AMNO15 AMNO009

single mutation separates nodes O O
unless indicated by number.

Lines separating nodes are
drawn to scale unless indicated
by a break
AMNOO7

®)
AMNOO08

shore temperatures or ice conditions) during early ocean
life on these recruitment anomalies were found; thus, the
variation in these anomalies remains unexplained.

Age composition of Arctic cisco in the Colville River,
estimated from aged samples obtained in the fishery
between 1985 and 2004, ranged from 4 to 9 (mean 5.9).
Arctic cisco captured in the Peel River in 1998 and 2002
ranged in age from 5 to 19 (mean 10.7; VanGerwen-Toyne
et al. 2008). Fish captured in the Peel River were, therefore,
older on average than Arctic cisco found in the Colville
River.

Chronology of migration

Movement among different salinity environments for the
nine Arctic cisco examined by otolith analysis in this study
(Fig. 5) followed the life history model of seasonal
movements between nearshore and coastal environments
first presented by Gallaway et al. (1983) and Craig (1989).
During the first year of life, otolith Sr/Ca ratios were low as
juvenile fish presumably hatched and migrated downstream
in their natal river and then increased as they entered
saltwater and migrated west along the coast. Each year
thereafter, otolith Sr/Ca ratios oscillated between lower and
higher values indicating that fish moved between marine
waters of high salinity during summer to areas of fresher or
brackish waters to overwinter. Sr/Ca values associated with
the first and second winter were often as low as Sr/Ca
values associated with young-of-the-year freshwater

@ Springer

AMNO06
AMNO10
®
AMNO17 2
Q
@)
AMNO13
AMNO03
O @)
AMNO14
, AMNO02 O
AMNOO1 AMNO04
O
'e) AMNOO5
o AMNO19

AMNO11

© N
AMNO18

AMNO12 O
AMNO16

residence (e.g., Fig. 5f, h), indicating that some Arctic
cisco overwintered in freshwater in their first years.

Discussion

Based on our reanalysis of genetics and recruitment, we
find no evidence to refute the Mackenzie hypothesis. No
genetic differentiation was detected between sample col-
lections of Arctic cisco from the Colville River and the
Mackenzie River system. Furthermore, no evidence for
structuring was found using genotypic data derived from
sample collections from tributaries of the lower Mackenzie
River system. Recruitment of Arctic cisco to Alaska con-
tinues to be correlated with wind patterns, and year-class
recruitment failures occur in years dominated by westerly
winds, indicating that recent broad-scale changes to
atmospheric circulation patterns have not changed suffi-
ciently to preclude recruitment of Arctic cisco to Alaska.
Further, Arctic cisco sampled from the Colville River
appear to make repeated, annual migrations between low-
and higher-salinity habitats in support of proposed models
of Arctic cisco movement patterns.

Genetic analyses were conducted to assess population
structure among sample collections of Arctic cisco from
the Colville River and tributaries of the Mackenzie River.
No statistically significant genetic differences were found
between sample collections of fish from the two water-
sheds. Global Fig across all sample locations and years was
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Fig. 4 Recruitment anomalies (i.e., residuals from the best-fit model)
after accounting for the effects of wind given by year, Arctic cisco,
Colville River, Alaska, 1981-2005

low (0.007), suggesting minimal levels of inbreeding in
Arctic cisco, adding additional support for a single large
interbreeding population. Furthermore, model-based
structuring methods support a single admixed population
when considering genotypic data from all sample collec-
tions. Collectively, these genetic data do not refute the
Mackenzie hypothesis and instead support the conclusion
of previous investigations that fish spawning in the Mac-
kenzie River are the source of Arctic cisco recruited into
overwintering habitats within the Colville River (Bickham
et al. 1989; Morales et al. 1993).

Genetic analyses of Arctic cisco from the Mackenzie
River drainage did not support population differentiation
among collections of fish made from putative spawning
tributaries using standard population genetic statistics or
model-based clustering methods. Thus, we found no sup-
port for genetic differences among spawning aggregations
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Fig. 5 Transects of otolith Sr/Ca, beginning in the otolith core and
ending at the edge of the otolith for Arctic cisco captured in the
Colville River, Alaska, in 1986, 1995, and 2005. The dashed line
indicates the location of the otolith edge, and the solid gray lines
indicate location of annuli, which corresponds to the transition from
winter to spring

of Arctic cisco in the Mackenzie River system, contrary to
a previous assessment (Bickham et al. 1989). Our results
(i.e., lack of genetic differentiation among tributaries)
suggest weak fidelity of Arctic cisco to natal streams for
spawning within the lower Mackenzie River watershed.
Two highly divergent mtDNA haplotypes (AMNO09
and AMNO15) were found at low frequencies among the
Colville River sample collections. These haplotypes could
be from interspecific hybrids (Bernatchez and Dodson
1991; Bickham et al. 1997; Rogers et al. 2001) or from fish
misidentified to species at the time of collection. Schlei
et al. (2008) examined eight species of North American
coregonids using DNA barcoding, and, of the 49 individ-
uals analyzed, one fish morphometrically identified as a
Bering cisco (Coregonus laurettae) was subsequently
identified as an Arctic cisco using molecular techniques.
Bering cisco are occasionally caught in the Colville River
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but not the Mackenzie River and were once considered to
be conspecific with Arctic cisco (McPhail 1966).

Approximately 70 % of the variation in recruitment of
juvenile Arctic cisco to Alaskan waters was determined by
the strength of easterly winds during summer (July—
August), leading to variations in catch rates in the fishery
5-8 years later. This supports the hypothesis that Arctic
cisco captured in Alaska originate from the east and pre-
sumably from the Mackenzie River. Analysis of age
structure further supports the hypothesis that Arctic cisco
only rear in Alaska rivers and coastal waters until they
reach maturity and return to the Mackenzie River. If local
populations were established in Alaska rivers, we would
have expected to capture fish of older ages as we saw in
Mackenzie River tributaries.

The chronology of migration between freshwater and
saltwater for Arctic cisco generally follows the conceptual
model proposed by Gallaway et al. (1983) and Craig (1989)
based on otolith microchemistry; although, it appears that
Arctic cisco may be overwintering in lower salinity habi-
tats during their first winters at sea. For example, at ages
two and three (Fig. 5b), otolith Sr/Ca ratios decline to
values similar to those observed in presumed freshwater
rearing during the first year of life in the river, suggesting
some fish overwintered in low-salinity habitats. Previous
capture data indicate that Arctic cisco overwinter in areas
of moderate salinity (~5 ppt) (Schmidt et al. 1989).

Otolith Sr/Ca ratios measured in Arctic cisco were greater
than those reported for other Salmonines. For example,
molar ratios of otolith Sr/Ca measured in this study ranged
from 0.0005 to 0.0056, while a range of 0.0009-0.0034 was
reported for several salmonids exposed to salinities ranging
from freshwater (salinity = O psu) to full seawater (salin-
ity = 33 psu; Zimmerman 2005). It is unclear why otolith
Sr/Ca ratios can be so much higher in Arctic cisco, but
variation among species can result from different physio-
logical pathways and filters (Campana 1999) and different
responses to interactions among environmental variables
(Elsdon and Gillanders 2003, 2004). Otolith Sr/Ca ratios
associated with overwinter periods increased with fish age,
indicating that older fish overwinter in higher-salinity hab-
itats. Because otolith growth slows as fish age, however, the
temporal resolution of the 10-um-diameter electron beam
used to measure Sr/Ca ratios also decreases with the age of
the fish. As a result, measurement points taken in the first
years of life discriminate salinity over a range of only a few
days, a time period that is likely to reflect occupation of a
salinity-specific habitat. In contrast, measurements taken
during age-8 cover a mean of 35 days and, thus, are more
likely to integrate movement among different salinity habi-
tats. This variation in temporal resolution among ages makes
it more difficult to establish overwinter salinities at older
ages. Otolith analyses indicated that Arctic cisco reside in

brackish waters throughout the winter leading to additional
questions about their overwintering physiology. It is not
clear if fish experience yearly resmoltification and undergo
physiological changes necessary for freshwater/salt water
adaptation in their fall and spring transitions to and from the
Beaufort Sea (see similar life history traits described in
anadromous Arctic char Salvelinus alpinus by Aas-Hansen
et al. 2005).

Climate conditions in the Arctic have undergone sig-
nificant changes, particularly during the last 20 years
(Walsh 2008; Overland et al. 2008; Overland and Wang
2010). These changes include increased warming (Over-
land et al. 2008) and increased storminess and shifts in
atmospheric circulation patterns (Overland and Wang
2010). In spite of these changes, Arctic cisco recruitment
patterns are still best described by the Mackenzie hypoth-
esis. How Arctic cisco populations respond to future
changes remains a critical question. Murphy et al. (2007)
found weak effects of spring and summer temperature
conditions on overwinter survival of Arctic cisco, sug-
gesting that survival of young-of-the-year and sub-adults
was reduced during summers with above-averaged tem-
peratures. Similarly, von Biela et al. (2011) found that
young-of-the-year growth rates of Arctic cisco were
strongly positively related to temperature and river flow.
Ultimately, Arctic cisco growth, survival, and recruitment
dynamics are closely related to a set of environmental
variables that are likely to change dramatically over the
next 50-100 years. Continued monitoring and assessment
of existing theory is needed to ensure continued conser-
vation of this important subsistence resource.
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