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Abstract Populations with spatially restricted gene flow
are characterized by genetic differentiation that may be
positively correlated with the geographic distance separat-
ing populations, a pattern known as isolation by distance
(IBD). Here we examined the fine-scale genetic structure of
66 chum salmon (Oncorhynchus keta) populations spawn-
ing in Alaska waterways and explored patterns of IBD using
90 nuclear and 3 mitochondrial single nucleotide polymor-
phisms. Estimating population structure of chum salmon in
Alaska is of increasing concern because of fluctuating cen-
sus sizes and the uncertain effects of harvest on specific
populations. We hypothesized that IBD would be present
because chum salmon spawn in coastal rivers that are dis-
tributed along a linear array and gene flow is spatially
restricted due to homing. Evidence of very weak IBD was
found throughout the region (R* = 0.06, p < 0.0001) but
the strength of the IBD relationship varied greatly over
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different spatial scales and geographic regions. Decom-
posed pairwise regression analyses identified nine outlier
populations to regional IBD patterns, suggesting that geo-
graphic distance is not the only factor influencing genetic
differentiation in the region. Instead, population structure
appears to be heavily influenced by glacial history of the
region and the presence of a glacial refugium on Kodiak
Island.
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Introduction

Information on genetic population structure may strengthen
conservation plans because it can help describe the appro-
priate spatial scale for management units (Palsbgll et al.
2007) and identify populations that are small, isolated, and
need protection from overharvest (Allendorf et al. 2008).
However, recent studies have shown that sampling design
can confound interpretations of population structure (Sch-
wartz and McKelvey 2009; Oyler-McCance et al. 2012); for
example, coarse-scale or irregular sampling may lead to
spurious results of genetic differentiation and restricted gene
flow (Schwartz and McKelvey 2009). These findings high-
light the importance of sampling at ecologically appropriate
spatial and temporal scales to correctly infer the evolu-
tionary and demographic history of wild populations.
Mutation, migration, genetic drift, and natural selection
shape the genetic structure of natural populations. The gene
pools of spatially segregated populations are connected
through dispersal and reproduction (hereafter referred to as
migration) events. Populations of some species occupy an
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approximately linear habitat, such as a river or coastline; in
this case, populations can be modeled by a one-dimen-
sional stepping stone model (Kimura and Weiss 1964)
where migration occurs more frequently between adjacent
populations. When migration is spatially limited in this
way, genetic differentiation is positively correlated with
the geographic distance separating populations, a pattern
known as isolation by distance (IBD) (Wright 1943). IBD
is a commonly tested hypothesis in population genetics,
and this pattern has been observed in numerous species
including Gadus macrocephalus (Pacific cod; Cunningham
et al. 2009), Oncorhynchus keta (chum salmon; Olsen et al.
2008), and Carabus solieri (beetle; Garnier et al. 2004).

Patterns of genetic structure and IBD have implications
for the conservation of populations. Taylor and Dizon
(1999) suggested that an important step towards effective
conservation is identifying populations most impacted by
anthropogenic mortality and evaluating whether enough
connectivity exists to sustain those populations over time.
For example, a group of populations that exhibits relatively
high genetic differentiation but no IBD relationship might
indicate small effective population sizes and low migration
rates, suggesting that local demographic characteristics are
most important in maintaining viable populations. In this
case, defining management units on a smaller spatial scale
to account for the demographic independence of popula-
tions could be advantageous. However, care should be
taken when interpreting genetic data from heavily impacted
populations. Pearse et al. (2011) found that steelhead trout
(Oncorhynchus mykiss) populations in California had a
historically strong IBD pattern that was erased in modern
populations because of habitat fragmentation and intro-
gression from non-local individuals. Thus, caution should
be used when inferring the dispersal abilities or evolu-
tionary history of such human-impacted populations.

Chum salmon is a species targeted by both commercial
and subsistence fisheries. It is one of the most abundant
Pacific salmonids and is widely distributed across the
Northern Pacific Rim. Similar to other Pacific salmonids,
chum salmon are anadromous and exhibit homing behavior;
individuals generally return to their natal site for spawning
(Tallman and Healey 1994), a trait which contributes to
genetic population structure over the species range.

Chum salmon are harvested nearshore or in rivers as mixed
aggregations of individuals originating from different
regions, which can lead to the inadvertent overexploitation of
less abundant populations (Utter and Ryman 1993). Popula-
tions from Alaska and other parts of the species range are also
susceptible to interception as bycatch (i.e., the unintentional
harvest of non-target organisms) by the walleye pollock
(Theragra chalcogramma) fishery in the Bering Sea (Haf-
linger and Gruver 2009; Seeb et al. 2011b). In the past,
genetic data have been used to design management actions
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that minimize the negative impacts of this fishery (Haflinger
and Gruver 2009). Estimating the fine-scale population
structure of chum salmon in Alaska is of increasing concern
because of fluctuating census sizes and the uncertain effects
of bycatch on specific populations (Gisclair 2009). Unstable
runs of returning chum salmon not only have a deleterious
effect on the commercial fishery, but also negatively impact
Native Alaskan communities that depend on the species as a
subsistence resource, as chum salmon are both culturally and
economically important to these communities (Wolfe 2004).

Previous research on the population structure of chum
salmon in Alaska has shown that the species is character-
ized by low genetic differentiation over large geographic
areas (Seeb and Crane 1999; Seeb et al. 2011b). For
example, summer-spawning chum salmon in western
Alaska rivers that are thousands of km apart have a
regional Fgr of only 0.004, as estimated using single
nucleotide polymorphisms (SNP) (Seeb et al. 2011b). In
contrast, Seeb and Crane (1999) reported relatively high
genetic divergence in populations sampled from the North
Alaska Peninsula and Kodiak Island, suggesting that these
populations have unique evolutionary histories.

In this study we examined the genetic structure of chum
salmon populations spawning in this unusually divergent
region (the Alaska Peninsula and Kodiak Island) to better
understand the factors influencing and maintaining genetic
diversity in the species. We conducted fine-scale sampling,
collecting specimens from 66 spawning locations distrib-
uted along approximately 1,300 km of coastline, in order to
investigate regional patterns of IBD with very high spatial
resolution. Spawning habitats in the region are for the most
part not impacted by anthropogenic environmental degra-
dation, and metapopulations are relatively intact. Our study
area included diverse spawning habitats, including braided
river systems on the North Alaska Peninsula, and glacially
fed streams on the South Alaska Peninsula and Kodiak
Island. We explored regional patterns of population struc-
ture and IBD using 90 nuclear and 3 mitochondrial SNPs.
We hypothesized that IBD would be present because chum
salmon spawn in coastal rivers that are distributed along a
linear array and gene flow is spatially restricted due to
homing. Evidence of population structure and IBD were
found throughout the region. In addition, analyses identi-
fied outlier populations to regional IBD patterns, suggest-
ing that populations of chum salmon in southwestern
Alaska are likely influenced by the region’s glacial history.

Materials and methods
Samples were collected from 1992 to 2010 by the Alaska

Department of Fish and Game. Approximately 95 individ-
uals (per collection and year) were sampled at each of 66
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Fig. 1 Map of sampling locations. Populations collected from the North Alaska Peninsula (n = 17) are in blue, South Alaska Peninsula
populations (n = 29) are in red, and Kodiak Island populations (n = 20) are in green

locations on the Alaska Peninsula and Kodiak Island that
likely represent distinct breeding populations (Fig. 1).
Temporal replicates of each sampling location were col-
lected when possible, resulting in 105 total collections
(Table 1). From 1992 to 2002, salmon were captured by
beach seine, and heart or liver tissue was collected and frozen
in liquid nitrogen until transferred to long-term storage at
—80 °C. From 2008 onward, individual salmon were cap-
tured by beach seine, held momentarily while the axillary
process on the ventral fin was removed, and subsequently
released. Axillary processes were stored in 95 % ethanol.
DNA was extracted from 8,240 individuals using the
DNeasy 96 Tissue Kit (QIAGEN, Valencia, CA, USA). A
total of 96 SNPs (Online Resource 1) was assayed using 5'-
nuclease reactions (Seeb et al. 2009) on the Fluidigm 96.96
Dynamic Array (Fluidigm, San Francisco, CA, USA). As a
quality control measure, approximately eight individuals
from each population were re-extracted and genotyped at all
loci to ensure that genotypes were accurate and reproducible.
We tested for homogeneous allele frequencies in collections
from a single location that were sampled in different years
using a y° test in the program CHIFISH (Ryman 2006). If no
statistically significant difference (o = 0.01) over all loci was
found between collection years, individuals sampled from the
same geographic location were pooled (Table 1) to achieve a
larger sample size as recommended by Waples (1990).
Allele frequencies and heterozygosity were calculated in
GENALEX 6.4 (Peakall and Smouse 2006). Deviations from

Hardy—Weinberg equilibrium (HWE) in each population
were detected using a 7° test (o = 0.05) in GENALEX 6.4.
Patterns of linkage equilibria within populations were
examined for all locus pairs using exact tests in GENEPOP
4.0 (Raymond and Rousset 1995; Rousset 2008). We com-
pared patterns of linkage disequilibrium in each population
by calculating the statistic R* that describes the overall cor-
relation coefficient averaged across multiple loci and alleles.
The calculations were done with the program LDNE (Wa-
ples and Do 2008), and R* was subsequently used to estimate
the effective population size (N,) of each sample collection.

Pairwise genetic differentiation (Fs7) between all popula-
tions (Weir and Cockerham 1984) was estimated in GENEPOP
4.0. Statistical significance of population differentiation was
evaluated using 1,000 permutations in ARLEQUIN 3.5 (Ex-
coffier and Lischer 2010). Patterns of population differentiation
were further explored with correspondence analysis based on
genotypes using the ADEGENET package (Jombart 2008) inR
(R Core Team 2013). Subsequently, we explored whether
pairwise genetic differentiation was positively correlated with
the geographic distance separating populations. The shortest
waterway distance between sampling locations was estimated
using a least cost path analysis in ARCGIS ver. 10 (ESRI, Inc).
Linearized Fgr estimates (Fs7/(1—Fsr)) were regressed to
waterway distance (Rousset 1997), and statistical significance
was evaluated based on least squares regression in R, as in
Koizumi et al. (2006). Hellberg (1994) has shown that for
pairwise data, p values are almost identical between Mantel
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Table 1 Sampling locations and associated collection information. Population groupings (North Alaska Peninsula, South Alaska Peninsula, and
Kodiak Island) correspond to map colors on Fig. 1. N, was estimated using the program LDNE (Waples and Do 2008)

Pop# Location Collection dates Latitude Longitude n N,

North Alaska Peninsula

1 Wiggly Creek 08/04/1993, 08/13/2009 56.98 —157.66 178 951
2 Plenty Bear Creek 08/02/1993, 08/11/2009 56.71 —158.30 138 2,939
3 Meshik River 08/01/1992, 08/11/2009 56.61 —158.50 172 1,208
4 Ilnik River 07/30/2002 56.55 —159.64 49 486
5 Cape Seniavin 08/28/2001, 08/16/2009, 08/2010 56.43 —160.03 96 717
6 Moller Bay 08/16/2009 55.78 —160.35 94 523
7 Lawrence Valley Creek 08/01/1992, 08/16/2009 55.83 —160.66 190 547
8 Coal Valley 08/27/2008 55.85 —160.76 94 605
9 Deer Valley 08/27/2008 55.72 —160.79 91 2,669
10 Nelson River 08/01/1992, 08/27/2008 55.73 —161.11 143 675
11 Moffet Creek 09/05/1996 55.46 —162.51 95 1,388
12 Joshua Green 08/18/2009 55.37 —162.47 92 2,659
13 Frosty Creek 09/01/1992, 08/20/2009 55.19 —162.86 189 1,226
14 Alligator Hole 09/04/1996, 08/20/2009 55.16 —162.94 183 1,385
15 Trader’s Cove 08/01/1992 54.93 —163.28 75 197
16 St. Catherine Cove 08/19/2009 55.01 —163.53 93 262
17 Peterson Lagoon 08/01/1992, 08/19/2009 54.93 —164.17 180 449
South Alaska Peninsula
18 Little John Lagoon 08/01/1992, 08/19/2009 55.01 —162.91 172 1,213
19 Sandy Cove 08/26/1996, 08/20/2009 55.14 —163.04 188 707
20 Russell Creek 08/30/1993, 08/20/2009 55.19 —162.68 187 2,144
21 Delta Creek 08/29/1996 55.11 —162.35 94 831
22 Belkovski River 08/01/1992 55.15 —162.14 87 203
23 Volcano Bay 08/15/2009 55.24 —162.00 95 653
24 Ruby’s Lagoon 08/31/1996 55.57 —161.68 92 331
25 Canoe Bay 08/01/1992, 08/15/2009 55.53 —161.14 181 4,107
26 Zachary Bay 8/13/1992 55.38 —160.69 77 396
27 Foster Creek 08/20/1992, 08/14/2009 55.57 —160.72 181 464
28 Coleman Creek 09/06/1996 55.61 —160.57 95 7,443
29 Chichagof Bay 08/17/2009 55.69 —160.24 92 211
30 Big River 08/17/2009 55.86 —159.75 94 406
31 Stepovak River 08/18/1992, 08/17/2009 55.93 —159.65 144 192
32 Ivanof River 08/23/1993, 08/14/2009 5591 —159.43 181 907
33 Portage Creek 8/21/1993 56.20 —158.62 95 1,053
34 Kujulik Bay 08/22/1993, 08/12/2009 56.68 —157.76 163 521
35 Aniakchak River 8/3/1993 56.80 —157.66 94 4,566
36 Amber Bay 08/12/2009 56.86 —157.46 85 433
37 Northeast Creek 08/23/2008 56.88 —157.39 94 8,867
38 Ocean Bay 08/13/2009 56.91 —157.02 79 442
39 Nakililok River 08/23/2008 56.99 —156.94 95 756
40 Chiginigak Bay River 08/20/1993, 08/12/2009 57.04 —156.76 160 465
41 Kialagvik River 08/11/1993, 08/25/2009 57.28 —156.80 178 1,088
42 Pass Creek 08/24/2009 57.40 —156.36 94 592
43 Dry Bay River 08/24/2009 57.64 —155.78 71 300
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Table 1 continued

Pop# Location Collection dates Latitude Longitude n N,
44 Bear Bay Creek 08/11/1993, 08/19/2009 57.87 —155.25 188 1,244
45 Alagogshak River 08/12/1993 58.02 —155.04 94 427
46 Big River, Hallo Bay 09/02/2009 58.63 —153.96 95 385

Kodiak Island
47 Karluk Lagoon 08/31/2009 57.57 —154.42 84 54
48 Sturgeon River 07/01/1992, 07/10/2009 57.50 —154.51 158 684
49 Big Sukhoi 08/01/1992, 08/07/2009 56.97 —154.31 190 17,789
50 Deadman River 08/18/2009 57.18 —153.77 95 401
51 Sitkinak Island 08/07/2009 56.58 —154.09 93 148
52 Northeast Portage 08/18/2009 57.00 —153.76 94 1,707
53 Barling Bay Creek 08/06/2009 57.20 —153.40 93 490
54 West Kiliuda Creek 09/12/2009 57.31 —153.20 83 777
55 Dog Bay 08/01/1992 57.31 —153.16 95 612
56 Coxcomb Creek 08/17/2009 57.34 —153.00 90 334
57 Gull Cape Lagoon 09/14/1993, 09/23/2009 57.33 —152.64 186 324
58 Eagle Harbor 08/17/2009 57.42 —152.73 95 165
59 Rough Creek 09/12/2009 57.51 —152.77 76 628
60 American River 09/01/1992 57.65 —152.51 94 2,006
61 Russian River 08/17/2007, 08/17/2009 57.70 —152.59 185 547
62 Kizhuyak River 08/01/1992, 08/19/2009 57.72 —152.88 175 542
63 Uganik River 08/01/1992, 08/20/2009 57.68 —153.42 175 943
64 Spiridon River—Upper 08/18/2009 57.51 —153.42 89 1,307
65 Zachar River 07/21/2009 57.49 —153.64 66 521
66 Kitoi Bay Hatchery 07/23/1993, 07/29/2009 58.19 —152.37 192 373

tests and ordinary least squares regression with degrees of
freedom designated by the number of populations. Ordinary
least squares regression was conducted first with all popula-
tions considered together. Subsequently, each geographic
region (North Alaska Peninsula, South Alaska Peninsula, and
Kodiak Island) was analyzed separately so that regional IBD
patterns could be further examined.

Putative outlier populations from regional (North Alaska
Peninsula, South Alaska Peninsula, and Kodiak Island)
IBD patterns were identified by examining the mean
regression residual for each population. If a population was
divergent from regional IBD patterns, then its regression
residuals were more biased towards values different from
zero than populations following regional IBD patterns.
Following the decomposed pairwise regression analysis
(DPRA) method of Koizumi et al. (2006), we sequentially
removed populations from the analysis when 95 % confi-
dence intervals of the mean residual did not include zero.
The fit of IBD models considering different putative outlier
populations was evaluated using Akaike’s information
criteria (AIC, Burnham and Anderson 2002). AIC was
calculated as AIC = 2 K + nIn(RSS/n), where K is the
number of parameters (in this case the only parameter is

waterway distance), n is the number of populations, and
RSS is the residual sum of squares (Koizumi et al. 2000).
Corrected AIC (AICc) was used because of small sample
sizes (n/K < 40). Models were considered equally likely if
the difference in AIC. values (4AIC) was less than two.

Finally, the effect of N, on within-region genetic differ-
entiation was investigated. We expected that populations with
small N, would show relatively high levels of differentiation
due to genetic drift. The correlation between genetic differ-
entiation and effective population size was evaluated by
regressing 1/N, against mean population Fg7 for all within-
region comparisons (North Alaska Peninsula, South Alaska
Peninsula, and Kodiak Island), and statistical significance was
evaluated using least squares regression in R.

Results
SNP genotyping and population statistics
A few individuals were missing more than 15 % of geno-

types (suggesting poor quality DNA) and were removed
from the data set, leaving 8,103 individuals for the remaining
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analyses. Quality control analysis showed that only 0.05 %
of the genotypes contained discrepancies between the ori-
ginal genotypes and the re-extracted samples, indicating that
our genotypes were reproducible and accurate.

No significant differentiation across all loci was found
for samples collected from the same geographic location in
different years, so temporal replicates were pooled as
indicated in Table 1. Two populations, St. Catherine’s
Cove (p = 0.02) and Sturgeon River (p = 0.002) exhibited
significantly more deviations from HWE than would be
expected by chance alone. These deviations from HWE
were not localized in any one SNP, so we did not remove
any locus from our analysis.

We tested for linkage disequilibrium by conducting tests
between all possible pairs of nuclear SNPs and found 14,246
(5 %) to be statistically significant at oo = 0.05. Three SNP

19

Second axis: 18% variation

First axis: 22% variation

North Alaska Peninsula
South Alaska Peninsula

Kodiak Island

Fig. 2 Correspondence analysis using population data. Each dot
represents a population and color indicates the population number as
in Table 1. A Analysis using 93 nuclear SNPs and the composite
mtDNA haplotype. The arrow is a schematic representation of
differentiation driven by the mtDNA composite haplotype. Three
populations, Little John Lagoon (18), Sandy Cove (19), and Delta
Creek (21), contain an alternative mtDNA haplotype. B Little John
Lagoon, Sandy Cove, and Delta Creek populations appear similar to
adjacent populations when only nuclear SNPs are considered. Highly
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pairs (Oke_gdh-162 and Oke_gdh-191; Oke_pgap-92 and
Oke_pgap-111; Oke_U1021-102 and Oke_1022-139) were
found to be in linkage disequilibrium in almost all of the
populations. We retained only one locus from each pair
based on highest global Fgy (Online Resource 1) for the
remainder of the analyses to avoid redundant data. Patterns
of linkage disequilibrium within populations varied. The
Karluk Lagoon population (47) exhibited many more devi-
ations from linkage equilibrium than expected by chance
alone (p < 0.0001). Consequently, Karluk Lagoon had an
estimated N, = 54, the smallest of any population.

We estimated a global Fgr of 0.04. In comparisons
between populations, pairwise Fgr values ranged from 0.00
to 0.19. Correspondence analysis of genotypic data allowed
us to visualize population differentiation (Fig. 2a, b). Five
populations appeared to be highly divergent (18-Little John
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differentiated North Alaska Peninsula populations are depicted in
dark blue, while the Sturgeon River (48) and Kitoi Bay Hatchery (66)
populations are found at the far right of the plot. C Populations from
the South Alaska Peninsula and Kodiak Island are modestly
differentiated from each other along the first and third axes when
analyzed with 93 nuclear SNPs. The Sturgeon River and Kitoi Bay
Hatchery populations were excluded from this plot because of their
unique and high differentiation from all other populations
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Lagoon, 19-Sandy Cove, 21-Delta Creek, 48-Sturgeon
River, and 66-Kitoi Bay Hatchery) from all others. In
addition, populations from the North Alaska Peninsula
were differentiated from each other, while populations
from the South Alaska Peninsula and Kodiak Island clus-
tered together.

When SNPs from both nuclear DNA and mtDNA were
considered, 22 % of the variation in the data set was
explained by the first axis and was driven by differences in
mtDNA haplotypes (Fig. 2a). MtDNA frequencies had a
divergent pattern; all but three populations (18-Little John
Lagoon, 19-Sandy Cove, and 21-Delta Creek) were
monomorphic at the composite mtDNA SNP. These three
populations, originating from the South Alaska Peninsula,
had an alternative haplotype at a frequency greater than
0.25 but were not differentiated when only nuclear SNP
loci were considered (Fig. 2b).

Isolation by distance and decomposed pairwise
regression analysis

A search for metapopulation structure involved the com-
mon consideration of all populations followed by analyses
within the three regions—North Alaska Peninsula, South
Alaska Peninsula, and Kodiak Island. The partitioning of
populations by geographic region was supported by cor-
respondence analyses (Fig. 2b, c). Initial IBD estimates
were refined by sequential removal of outlier populations
indicated by decomposed pairwise regression analyses.
IBD was first examined for all populations, and very weak
correlation between genetic and waterway distance was
found (Fig. 3, R> = 0.06, p < 0.0001). Poor fit of the IBD
model to the data was driven by two populations with
very high genetic differentiation: the Sturgeon River (48)
and Kitoi Bay Hatchery (66) populations. When these

populations were removed, we observed higher correlation
between genetic and waterway distance (Fig. 3, R = 0.17,
p < 0.0001).

Decomposed pairwise regression analysis identified nine
populations that were outliers from their respective regional
(South Alaska Peninsula and Kodiak Island) IBD patterns:
Sandy Cove (19), Ruby’s Lagoon (24), Zachary Bay (26),
Karluk Lagoon (47), Sturgeon River (48), Big Sukhoi (49),
Sitkinak Island (51), Gull Cape Lagoon (57), and Kitoi Bay
Hatchery (66). In all cases, fit of the IBD model to data
improved when outlier populations were removed from each
region, as indicated by R* and AAIC values (Table 2).

Populations partitioned by geographic region (North
Alaska Peninsula, South Alaska Peninsula, and Kodiak
Island) had very different patterns of regional IBD (Fig. 4).
The North Alaska Peninsula contained highly differentiated
populations that conformed to IBD (slope = 1 x 107%,
R> =0.52, p < 0.0001). However, variance in Fgy values
was high and variance suddenly increased at pairwise pop-
ulation distances greater than 100 km (Fig. 5a). This indi-
cates that populations on the North Alaska Peninsula show a
strong but non-linear pattern of increasing genetic differ-
entiation with distance.

Populations from the South Alaska Peninsula were less
differentiated than populations from the North Alaska Pen-
insula (Fig. 4). Decomposed pairwise regression analysis
identified three outlier populations on the South Alaska
Peninsula (Table 2). When these populations were removed
from the data set, there was a stronger correlation between
genetic and waterway distance (slope = 8 x 107°%, R* =
0.08, p < 0.0001). IBD slope on the South Alaska Peninsula
was an order of magnitude smaller than on the North Alaska
Peninsula, and we observed relatively large variance in Fgr
over both small and large pairwise geographic distances
(Fig. 5b).
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Table 2 Fit of alternative IBD models in each geographic region with different outlier populations excluded from the analysis

Population excluded n K R? Intercept x 107 Slope x 107 p value AlCc AAICc
North Alaska Peninsula
10 16 1 0.517 0.926 0.012 <0.0001 —101 1
None 17 1 0.394 1.350 0.011 <0.0001 —100
South Alaska Peninsula
24, 26, 19 26 1 0.084 0.892 0.001 <0.0001 —211 10
24, 26 27 1 0.086 0.926 0.001 <0.0001 —200 7
24 28 1 0.034 1.141 0.001 0.0003 —194
None 29 1 0.015 1.361 0.001 0.0132 —185
Kodiak Island
66, 48, 47, 51, 49, 57 14 1 0.485 0.274 0.004 <0.0001 —131 14
66, 48, 47, 51, 49 15 1 0.095 0.709 0.003 0.0013 —117
66, 48, 47, 51 16 1 0.046 0.987 0.003 0.0187 —109
66, 48, 47 17 1 0.024 1.347 0.003 0.0746 —108 0
66, 48 18 1 0.024 1.555 0.003 0.0542 —108 32
66 19 1 0.007 2.672 0.005 0.2605 —76 7
None 20 1 0.009 3.490 0.007 0.1847 —69

The number of populations in the analysis is indicated by n, K is the number of parameters, R* is from the linear regression of linear Fgy to
waterway distance, p values are from a least squares regression, and AIC is calculated as in Koizumi et al. (2006)

Fig. 4 Regression of waterway
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Kodiak Island contained genetically diverse populations,
despite the small geographic extent of the region. We
found evidence of two highly differentiated populations in
this area, the Sturgeon River (48) and Kitoi Bay Hatchery
(66) (Fig. 2b). Mean pairwise population Fgr for these
populations was 0.13 and 0.14, respectively. Decomposed
pairwise regression analysis identified six outlier popula-
tions on Kodiak Island in total (Table 2). Correlation
between genetic and waterway distance increased when
outlier populations were removed from the dataset, and
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Waterway distance (km)

relatively strong IBD was observed (Fig. 4; slope = 4 x
1075, R? = 0.48, p < 0.0001).

Estimated effective population sizes (N,) ranged from
54 to 17,789, and the median value of N, over all popu-
lations was 609 (Table 1). We tested the hypothesis that
populations with small N, are outliers from regional IBD
patterns by regressing the inverse of effective population
size (1/N,) to mean population Fgr in each region. On the
North Alaska Peninsula there was no correlation between
these two quantities (R2 =6x 1073, p = 0.98); similarly,
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Fig. 5 Mean Fgr with 95 % confidence intervals at increasing spatial scales for populations from the A North Alaska Peninsula, B South Alaska

Peninsula, and C Kodiak Island

no correlation was found on the South Alaska Peninsula
(R* = 0.05, p = 0.24) and Kodiak Island (R* = 0.001,
p = 0.83).

Discussion

The purpose of this study was to investigate the fine-scale
population structure of chum salmon and better understand
the factors influencing and maintaining genetic diversity in
the species. We found very different patterns of differen-
tiation and IBD depending on the region examined, sug-
gesting that chum salmon in southwestern Alaska are
influenced by diverse evolutionary and/or demographic
histories.

Theoretical models describing IBD are well established
(Wright 1943; Rousset 1997; Slatkin 1993), and the sim-
plest models assume a linear array of populations of finite
size that do not experience selection; migration occurs
between adjacent populations and is described by the
number of reproductively successful migrants exchanged
between populations in each generation. This value is the
product of the effective population size (N,) and the pro-
portion of each population that are reproducing migrants
(m). Over time, these idealized populations are expected to
reach equilibrium between migration and genetic drift. In
this case, there is a linear relationship between pairwise
genetic and geographic distances.

Patterns of IBD depend on the spatial arrangement of
populations, the magnitude of gene flow between populations,

and the time since gene flow began. In a one-dimensional array
of ideal populations (equal size, equal migration rates, no
selection), the area over which IBD is present depends on the
equation v/ 2Nmt, where T = time, m = migration rate, and
N = effective population size (Slatkin 1993). In this case,
patterns of IBD form first between adjacent populations
(Kimura and Weiss 1964), and extend over larger spatial
scales with the passage of time. Unequal gene flow between
populations, natural selection, and historical events (e.g. bot-
tlenecks, sudden range expansions) are examples of processes
that may inhibit populations from establishing IBD.

IBD was initially explored using all populations, and
very weak correlation (Fig. 3) between genetic and
waterway distance was found due to the presence of
highly differentiated Sturgeon River (48) and Kitoi Bay
Hatchery (66) populations (mean pairwise Fgr = 0.13
and 0.14, respectively). The Kitoi Bay Hatchery chum
salmon population was founded in 1980 with gametes
originating from Sturgeon River individuals (Mussle-
white 2011), and today the two populations are not sig-
nificantly different at the genetic markers used in this
study (Fs7 = 0.001, p = 0.99). However, Karluk Lagoon
salmon (collected only 15 waterway km from the Stur-
geon River) were highly differentiated from the Sturgeon
River population (Fgr = 0.18). The Karluk Lagoon pop-
ulation more closely resembles other Kodiak Island
populations, suggesting that these populations originated
from the same genetic lineage. The high genetic differ-
entiation between Sturgeon River salmon and other spa-
tially proximate populations of chum salmon on Kodiak
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Island is extremely unusual for the species (Seeb et al.
2011b).

A previous study (Seeb and Crane 1999) using allo-
zymes reported similar high genetic divergence between
the Sturgeon River and other populations, and this pattern
was attributed to the glacial history of southwestern
Alaska. During the Last Glacial Maximum, circa
25,000 years ago, the majority of the southwestern Alaska
coast was covered by the Cordilleran Ice Sheet (Clark et al.
2009), making the region inhospitable to anadromous fish.
However, geological evidence suggests that the southwest
portion of Kodiak Island remained ice-free (Karlstrom and
Ball 1969; Mann and Peteet 1994; Mann and Hamilton
1995), possibly providing a refugium for aquatic species in
proglacial lakes (Karlstrom and Ball 1969). The Sturgeon
River drainage is found in the part of southwest Kodiak
Island that remained unglaciated during the Last Glacial
Maximum (Fig. 6).

The Sturgeon River population has likely coexisted on
Kodiak Island with other populations for hundreds of
generations. If straying and gene flow between proximate
spawning sites has occurred, why do we detect such
unusually high genetic differentiation today? One possi-
bility is that not enough generations have passed since gene
flow to adjacent populations began, and differences will
continue to erode over time. A second possibility is that an
environmental barrier to gene flow exists between the
Sturgeon River (and Kitoi Bay Hatchery) and other popu-
lations. However, we are not aware of any significant
geographic features (such as a waterfall or dam) that could
bar migration to and from the Sturgeon River.

Previous research has shown that temporal differences in
reproductive date can be a barrier to gene flow, a phenom-
enon known as “isolation by time” (Hendry and Day 2005).
Multiple studies on salmonids indicate that populations with

47
. 59
48 65 6 3
!Q,’ v
56 57

5455 "o °
[_J
50 93
°
49 7
5 O
0 510 20 Kilometers

Fig. 6 Sampling locations on Kodiak Island; numbers correspond to
locations from Table 1. Transparent white overlay represents the
Cordilleran Ice Sheet circa 25,000 years ago. The ice free refugium in
southwest Kodiak Island is discernible in green, and the present-day
hydrography of the Sturgeon River is indicated in red
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different spawning dates are genetically differentiated, even
when individuals spawn in proximate locations (reviewed in
Hendry and Day 2005). Sturgeon River (and Kitoi Bay
Hatchery) chum salmon are characterized by different
migration timing and begin to arrive in freshwater in mid-
June; in contrast, other Kodiak Island spawning populations
enter rivers in mid-to-late July (Faustini 1999). Thus, it is
possible that contemporary gene flow between the Sturgeon
River and other populations is restricted by differences in
spawning date similar to that observed for summer chum
from Puget Sound and the Strait of Juan de Fuca, in the
Pacific Northwest of North America (Phelps et al. 1994).
However, it is unlikely that these differences in spawning
date are the sole cause of the observed genetic differentia-
tion, as the magnitude of divergence between the Sturgeon
River (and Kitoi Bay Hatchery) and other populations is
much greater than other spatially proximate but temporally
isolated populations of chum salmon (Seeb and Crane
1999). Instead, this pattern is similar to the strongly
diverged, sympatric populations of Chinook salmon (O.
tshawytscha) in the upper Columbia River that migrate to
freshwater either in the fall or spring; it was suggested that
the large genetic differences between Chinook salmon
populations in this region are the result of secondary contact
rather than sympatric evolutionary divergence (Waples et al.
2004).

Previous research has shown that population-level
diversity of life history characteristics (such as spawn
timing) within commercially exploited sockeye salmon
contributes to productive and relatively stable fisheries
(Hilborn et al. 2003). In addition, diversity in spawn timing
provides salmon-derived nutrients to aquatic food webs
over long periods of time (Schindler et al. 2010). The
Sturgeon River population is unique in our study region
because of its early spawning date, and it is known to
provide an important source of protein to Kodiak bears and
other predators early in the summer (Barnes 1990). Our
research has confirmed that it is also highly genetically
differentiated from other populations in the region and can
be considered a potentially important reservoir of genetic
and life history diversity for Alaska chum salmon.

Identifying outlier populations with decomposed
pairwise regression analysis

Previous studies (Koizumi et al. 2006; Taylor et al. 2003)
have shown that the inclusion of a few highly divergent
populations (“outliers”) can obscure regional IBD patterns
because this relationship is evaluated using pairwise pop-
ulation data. Fit of the IBD model to the data improved
when the Sturgeon River and Kitoi Bay Hatchery popula-
tions were removed from the analysis. However, we also
found that the magnitude of genetic differentiation varied
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by region; when the IBD slope was calculated with popu-
lations from the North Alaska Peninsula, it was an order of
magnitude larger than the IBD slope estimated from South
Alaska Peninsula populations, an unanticipated pattern
since the geographic extent of the sampling area was
similar. Therefore, we partitioned the populations by geo-
graphic region of origin (North Alaska Peninsula, South
Alaska Peninsula, and Kodiak Island), used decomposed
pairwise regression analysis to identify outlier populations,
and examined IBD within each region. Decomposed pair-
wise regression analysis of genetic and waterway distances
revealed nine outlier populations that did not conform to
regional IBD patterns (South Alaska Peninsula: Sandy
Cove-19, Ruby’s Lagoon-24, Zachary Bay-26; Kodiak
Island: Karluk Lagoon-47, Sturgeon River-48, Big Sukhoi-
49, Sitkinak Island-51, Gull Cape Lagoon-57, Kitoi Bay
Hatchery-66); fit of regional IBD models to the data
improved when outlier populations were removed based on
R? and AAIC scores (Table 2).

Theoretical population genetics indicates that populations
with small effective population size experience more genetic
drift than large populations (Wright 1931). In a one-dimen-
sional system, a small population might be an outlier from
regional IBD if genetic drift has a much greater effect than
gene flow on allele frequencies (case III in Hutchison and
Templeton 1999). We tested the hypothesis that populations
with small effective population size are outliers to regional
IBD patterns and did not find a statistically significant cor-
relation between small N, and high mean Fs7. These results
suggest that small effective population sizes may not be the
major cause of higher than expected genetic differentiation
and lack of IBD between proximate populations; instead,
other factors likely affect gene flow and population diver-
gence in each region.

Previous studies have indicated that landscape heteroge-
neity can influence migration and IBD patterns (Coulon et al.
2004). Gene flow in the American marten (Martes ameri-
cana), for example, is constrained by the quality of the
habitat matrix that the marten occupies (logged vs. unlogged
forest); IBD was present in the continuous forest and absent
in harvested forest fragments (Broquet et al. 2006). In this
study we did not evaluate if spawning habitat characteristics
were possible barriers to gene flow. However, previous
research on sockeye salmon (O. nerka) observed high
genetic differentiation between proximate populations that
spawn in different habitats (i.e. lake, river, and stream hab-
itats; Lin et al. 2008; McGlauflin et al. 2011). McGlauflin
et al. (2011) found little evidence of IBD in sockeye salmon
populations sampled from the same river drainage but they
observed that genetic divergence among populations was
correlated to differences in spawning habitat.

Water temperature is an important factor in embryo
development (Murray and McPhail 1988) that can vary

between spawning habitats. Genetically distinct summer
and fall spawning chum salmon populations in the Yukon
River drainage experience different thermal regimes at
spawning sites (Zimmerman and Finn 2012), suggesting
localized adaptation to spawning environment. Five out of
nine populations identified as outliers by decomposed
pairwise regression analysis (Ruby’s Lagoon-24, Karluk
Lagoon-47, Big Sukhoi-49, Sitkinak Island-51, and Gull
Cape Lagoon-57) were sampled in spawning grounds near
or adjacent to lagoons. It is possible that these lagoon
habitats might be characterized by warmer water temper-
atures, and that spawning habitat selectivity restricts gene
flow between adjacent populations. We did not collect
environmental data to test this hypothesis but future
research could use a landscape genomics approach to
explore these interesting patterns of genetic differentiation
(Allendorf et al. 2010) and uncover possible environmental
factors influencing gene flow. If ecological data (water
temperature, dissolved oxygen, sediment loads, etc.) on
spawning grounds were obtained, then it would be possible
to test for correlations between differences in environ-
mental variables and genetic differentiation (Manel et al.
2003).

Regional differences in IBD slope when outlier
populations are omitted

Multiple studies have observed variable IBD patterns
across a single species range (Hutchison and Templeton
1999; Castric and Bernatchez 2003; Garnier et al. 2004). A
metanalysis of IBD in fish species (Bradbury and Bentzen
2007) has shown that IBD relationships can vary depending
on the spatial scale examined, due to localized differences
in migration and time since populations have been present
in a region. Theoretical models (Le Corre and Kremer
1998) indicate that areas recently colonized by a stepping
stone model of migration exhibit less genetic differentia-
tion than areas colonized for a longer period of time. These
findings suggest that IBD is influenced by the genetic
diversity of colonizing populations, time since coloniza-
tion, and the spatial path of migration.

When IBD in non-outlier populations was explored on a
regional basis (North Alaska Peninsula, South Alaska
Peninsula, and Kodiak Island), different patterns emerged
(Fig. 4). On the North Alaska Peninsula, populations were
highly differentiated and there was a large variance in
mean Fgr values (Fig. 5). This finding can be explained in
two different ways that invoke either contemporary or
historical restrictions to gene flow. One possibility is that
the magnitude of contemporary migration is not equal
between all populations; instead, certain populations might
be connected by high gene flow while others exchange very
few migrants. A second hypothesis is that the relatively
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high genetic differentiation on the North Alaska Peninsula
is caused by historically isolated founder populations. Seeb
and Crane (1999) postulated that the North Alaska Penin-
sula is a secondary contact zone between lineages origi-
nating from the northern and southern parts of the species
range. These allopatric founding populations colonized the
Alaska Peninsula sometime after the Cordilleran Ice Sheet
receded approximately 14,000 years ago. The secondary
contact hypothesis is supported by multivariate analyses of
allozyme genotypes (Seeb and Crane 1999) demonstrating
that populations from the northeastern Alaska Peninsula
are similar to populations from the northern range of the
species (western Alaska and Russia) while populations
from the northwestern Alaska Peninsula are similar to
populations from the southern part of the range (British
Columbia and Washington State). In addition, research
(Petrou et al. in press) has suggested that secondary contact
might have occurred recently due to the destruction of
coastal spawning habitats by tectonic activity and abrupt
changes in regional sea level (Jordan 2001).

Populations from the South Alaska Peninsula were
characterized by much smaller pairwise Fg; and an IBD
slope that was an order of magnitude smaller than that
found on the North Alaska Peninsula (Figs. 4, 5). Genetic
differentiation and geographic distance separating popula-
tions were weakly correlated (Fig. 4), and Fgr variance was
relatively high at small spatial scales (Fig. 5). This pattern
is consistent with a scenario of recent colonization of the
South Alaska Peninsula by genetically homogeneous
founder populations, in which insufficient time has passed
for genetic drift to result in IBD among populations.
Hutchison and Templeton (1999) found a similar pattern in
populations of eastern collared lizards (Crotaphytus col-
laris collaris) in Kansas and concluded that the species had
not occupied the region long enough for populations to
approach IBD.

On Kodiak Island, there was a relatively strong correla-
tion between genetic and geographic distance (R* = 0.48).
In addition, Fg7 variance was low at small geographic dis-
tances, and increased over larger spatial scales (Fig. 5). A
study on anadromous brook char (Salvelinus fontinalis)
observed similar fading of IBD relationship at larger geo-
graphic distances (Castric and Bernatchez 2003), presum-
ably because long distance migration events are rare. Thus,
we conclude that the genetic divergence of non-outlier
populations on Kodiak Island is strongly influenced by the
waterway distance separating populations.

Comparison of nuclear and mitochondrial variation
By incorporating loci from both nuclear and mitochondrial

genomes we were able to gain unexpected insights into
the genetic diversity of chum salmon. The majority of
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populations surveyed in the region were fixed for a single
haplotype at two mtDNA SNPs (Oke_Cr30 and
Oke_Cr386). However, in three westernmost populations
(18-Little John Lagoon, 19-Sandy Cove, and 21-Delta
Creek) we found a high proportion of individuals with a
haplotype that is characteristic of Asian population (Sato
et al. 2004). Interestingly, these Alaska populations showed
little differentiation at nuclear DNA loci (Fig. 2b). Dis-
cordance between nuclear and mitochondrial genomes has
been documented in a diversity of animal taxa (Humphries
and Winker 2011; Hoffman et al. 2009; Toews and
Brelsford 2012). There are multiple factors that can
uncouple the evolutionary history of nuclear and mtDNA,
including selection, genetic drift, sex-biased gene flow, and
mtDNA introgression. At present, it is unclear which of
these factors are responsible for the observed genetic pat-
terns but these mtDNA loci will provide increased reso-
lution for population structure or mixture analyses.

Conclusion

We have shown that chum salmon populations on the
Alaska Peninsula and Kodiak Island contain considerable
genetic diversity for the species. Genetic population
structure appeared to be influenced by the geographic
distance separating populations and the glacial history of
Alaska. In addition, fine-scale geographic sampling
revealed that the statistical significance and slope of IBD
were very different depending on the geographic region
examined (North Alaska Peninsula, South Alaska Penin-
sula, and Kodiak Island); this is likely caused by the pre-
sence of refugial populations on Kodiak Island and
secondary contact on the North Alaska Peninsula. The fine-
scale genetic dataset that we have assembled will help
inform conservation strategies as fisheries managers con-
tinue to evaluate the impacts of bycatch and monitor the
long-term productivity of chum salmon populations.
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