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1  |  INTRODUC TION

The spatial extent, composition and evolutionary outcomes of hy-
brid zones are dynamic and often unpredictable. The fate of hybrid 

zones is influenced by the evolutionary history of the parental 
populations, intrinsic factors, such as barrier loci contributing to 
reproductive isolation, and extrinsic factors, such as natural or 
sexual selection acting on hybrids (Moran et al., 2021). The fate 
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Abstract
Hybridization between divergent lineages can result in losses of distinct evolutionary 
taxa. Alternatively, hybridization can lead to increased genetic variability that may 
fuel local adaptation and the generation of novel traits and/or taxa. Here, we exam-
ined single-nucleotide polymorphisms generated using genotyping-by-sequencing in 
a population of Dolly Varden char (Pisces: Salmonidae) that is highly admixed within 
a contact zone between two subspecies (Salvelinus malma malma, Northern Dolly 
Varden [NDV] and S. m. lordi, Southern Dolly Varden [SDV]) in southwestern Alaska 
to assess the spatial distribution of hybrids and to test hypotheses on the origin of 
the admixed population. Ancestry analysis revealed that this admixed population is 
composed of advanced generation hybrids between NDV and SDV or advanced back-
crosses to SDV; no F1 hybrids were detected. Coalescent-based demographic mod-
elling supported the origin of this population about 55,000 years ago by secondary 
contact between NDV and SDV with low levels of contemporary gene flow. Ancestry 
in NDV and SDV varies within the watershed and ancestry in NDV was positively as-
sociated with distance upstream from the sea, contingent on habitat-type sampled, 
and negatively associated with the number of migrations that individual fish made 
to the sea. Our results suggest that divergence between subspecies over hundreds 
of thousands of years may not be associated with significant reproductive isolation, 
but that elevated diversity owing to hybridization may have contributed to adaptive 
divergence in habitat use and life history.
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of hybrid zones often falls along a continuum from species col-
lapse (the formation of hybrid swarms) to species persistence de-
spite some gene flow (bimodal hybrid zones) (Abbott et al., 2013; 
Haines et  al.,  2019; Jiggins & Mallet,  2000; Taylor et  al.,  2006). 
Identification of the structure and genotypic composition of hybrid 
zones is a crucial step in understanding the evolutionary history 
and outcomes of contact between divergent populations, yet such 
outcomes and the evolutionary processes shaping them are rela-
tively rarely addressed (Schumer et al., 2018). Hybridization may 
be associated with: ‘genetic conflicts’ between divergent lineages 
with negative consequences for either or both lineages; creative 
forces that promote adaptation by hybrids to novel environments 
and perhaps the evolution of new species via hybrid speciation 
or some combination of these outcomes (Arnold,  1997; Meier 
et  al.,  2017, 2023; Muhlfeld et  al.,  2009; Rieseberg et  al.,  1995; 
Schumer et al., 2018). Genome-level investigations provide pow-
erful approaches to unravel hybrid zone structure and history, 
the extent and basis of reproductive isolation and/or introgres-
sion, and the identity of genomic regions associated with adapta-
tion, reproductive isolation and hybrid speciation (e.g. Seehausen 
et al., 2014; Schumer et al., 2018).

The western North American char species complex (Pisces: 
Salmonidae, Salvelinus spp.) provides opportunities to test hy-
potheses about the history and consequences of secondary 
contact and hybridization. Many of these fishes inhabit a wide 
variety of aquatic habitats across the North Pacific, exhibit dif-
ferent life histories and engage in various degrees of hybridiza-
tion (Taylor, 2016). This system consists of phenotypically variable 
species, subspecies and populations that occur in allopatry and 
sympatry (Taylor,  2016). For example, F1 or later generation hy-
brids between sympatric Arctic char (Salvelinus alpinus, AC) and 
Dolly Varden (Salvelinus malma, DV) are rarely found, as gene 
flow appears to be highly restricted (Gharrett et al., 1991; May-
McNally et al., 2015; Taylor et al., 2008). This result contrasts with 
other contact zones, such as those between DV and bull trout 
(Salvelinus confluentus, BT), that contain parental genotypes and a 
broad range of hybrid genotypes, including presumptive F1 hybrids 
(Redenbach & Taylor,  2003; Taylor et  al.,  2001). These different 
outcomes of hybridization are thought to result from sympatric 
AC/DV adopting different life histories and spawning areas (lake 
resident, stream resident and/or and sea run respectively; May-
McNally et  al.,  2015; Taylor et  al.,  2008), whereas an overlap in 
spawning location likely facilitates a more permeable contact zone 
between BT/DV (Redenbach & Taylor, 2003; Taylor, 2016).

Taylor and May-McNally (2015) documented a range of hybrid 
genotypes in a putative contact zone between subspecies of DV in 
southwestern Alaska and parts of the Gulf of Alaska: northern DV 
(Salvelinus malma malma, NDV), found north of the Alaska Peninsula 
and the Aleutian Islands, west to Russia and east to the Mackenzie 
River and southern DV (S. malma lordi, SDV), found in western 
Washington north to the southern margin of the Alaska Peninsula 
and the Aleutian Islands. A similar result has been observed using 
thousands of genomic markers (E.B. Taylor, A. Geraldes, & J. Shen, 

unpubl. data). There is, however, little known of the fine-scale geo-
graphic patterns of introgression between NDV/SDV, or if certain 
regions of the genome are more, or less, susceptible to introgres-
sion between the two subspecies in the contact zone. In the most 
intensively sampled area of the contact zone, the Chignik Lake 
watershed, admixed SDV/NDV occur in lake, river and estuarine 
habitats (Taylor & May-McNally, 2015). Bond, et al.  (2014) found 
ecological and genetic differences between juvenile Chignik Lake 
watershed DV (CDV) populations collected from upstream tribu-
taries of freshwater habitats and downstream tributaries draining 
directly to the sea. The authors argued that these differences were 
likely driven by life-history distinctions in migration timing and 
habitat use, but did not frame their work in the context of admix-
ture between subspecies.

Here, we take advantage of this unique CDV population to gener-
ate genome-wide polymorphism data using genotyping by sequenc-
ing (GBS, Elshire et  al.,  2011) of fish sampled across the watershed 
to investigate the spatial distribution of admixed individuals and the 
potential role of selection in influencing the composition and distribu-
tion of hybrids. This contact zone also provides a basis for comparative 
analysis of the extent, timing, and factors involved in the evolution of 
reproductive isolation within a genus of closely related taxa. First, the 
genetic structure of admixed CDV was characterized in terms of the 
extent of NDV and SDV ancestry. Further, we characterized the gener-
ational classes of admixed CDV to understand whether the complex is 
the result of contemporary hybridization (e.g. presence of recent gen-
eration hybrids and parental NDV and SDV) or historical hybridization 
(e.g. absence of recent generation hybrids and parental NDV and SDV). 
We also modelled different historical scenarios for the origin of the 
admixed population and to explicitly test if it originated by secondary 
contact and subsequent gene flow. Next, we tested for an association 
between habitats sampled (estuarine, lake, river) and distance from 
the estuary, and genetic composition (i.e. proportion of NDV vs. SDV 
ancestry). The two subspecies have morphological, genetic and histor-
ical biogeographic differences between them (Kowalchuk et al., 2010; 
Phillips et al., 1999; Taylor & May-McNally, 2015), so it is plausible that 
the contact zone may, in part, be structured by different habitat pref-
erences. Alternatively, any spatial patterns of introgression may simply 
be a function of geographic distance from the estuary. Then, given evi-
dence of a link between life-history traits and genetic differentiation in 
salmonids (Barson et al., 2015; Pearse et al., 2019; Strait et al., 2021), we 
tested for an association between NDV/SDV ancestry and several life-
history traits previously quantified in the CDV (see Bond, 2013; Bond, 
et al., 2014). We then used Bayesian genomic cline analysis (Gompert 
& Buerkle, 2011) of admixed DV to test for departures from neutral 
expectations for introgression across the genome and thus identify 
outlier genomic regions that may contribute to reproductive isolation 
or adaptive introgression. Finally, we used gene ontology (GO) analysis 
(Young et al., 2010) to see if outlier genomic regions detected from 
the genomic cline analysis were associated with biological processes 
that might be linked to life-history variation in Chignik DV. Overall, our 
work investigates the potential evolutionary processes influencing the 
genomic structure of a recently described contact zone.
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2 | MATERIALS AND METHODS

2.1  |  Sample collection

The Chignik Lake watershed in Alaska has a surface area of 1535 km2 
(Narver, 1966) and consists of habitats from headwaters to the es-
tuary including Black Lake, Alec River, Black River, Chignik Lake, 
Chignik River and Chignik Lagoon (Figure  1). Chignik Lagoon is a 
semi-enclosed estuarine environment covering ~21 km2 at high tide. 
The 2-km long Chignik River drains Chignik Lake and flows into the 
brackish water of Chignik Lagoon (Westley et  al.,  2010). Chignik 
Lake is a small (surface area = 22 km2) and deep (mean depth = 64 m) 
lake, while Black Lake is shallower (mean depth = 1.5 m, maximum 
depth, 3 m), but larger (surface area = 41 km2). Black Lake is joined 
to Chignik Lake by the 12 km long Black River which has two major 
tributaries, including the West Fork Chignik River to the west and 
Chiaktuak Creek to the east (Conrad, 1984; Westley et  al.,  2010). 
The Alec River drains into Black Lake from the northeast.

Whole DV fin clip samples were collected by the University of 
Washington Alaska Salmon Program from different habitats and lo-
cations throughout the Chignik Lake watershed across 20 sample 
sites in June, July and August between 2007 and 2010 (Figure  1, 
Table 1, Table S1; N = 185; see Bond, 2013). These sites were grouped 
into nine major localities (e.g. Chignik Lake, Black Lake) and five 
major regions within the watershed from low in the watershed (e.g. 
Chignik Bay, Chignik Lagoon) to its upper reaches (lower freshwater 
and upper freshwater). Samples spanned a range of body sizes (fork 
length; 81–461 mm) as a proxy for age and maturity and included a 
mix of juvenile, maturing and mature fish (Figure S1; Bond, 2013).

2.2  |  DNA extractions and 
genotyping-by-sequencing library construction

Genomic DNA was extracted using Qiagen's DNeasy Blood & 
Tissue kit (Qiagen, Inc., Valencia, CA, USA). Concentration and 

F I G U R E  1 Samples of Dolly Varden (Salvelinus malma) collected from throughout the Chignik Lake watershed, southwestern Alaska. 
Numbers correspond to sample sites of fish, shapes correspond to location groups and letters correspond to the major regions (Table 1). 
Dark grey shading indicates brackish water (Chignik Lagoon) and saltwater (Chignik Bay). Medium grey shading indicates fresh water. Light 
grey shading indicates land. In the bottom left inset map, the white square shows the position of the Chignik Lake watershed on the Alaska 
Peninsula. Sample site names are: 1 = Indian Creek, 2 = Lagoon Spit, 3 = Lagoon Hume Point, 4 = Lagoon Alpha, 5 = Lagoon Pillar Rock, 
6 = Chignik River Peahi, 7 = Chignik River Fish and Game Weir, 8 = Chignik River Braids, 9 = Chignik River FRI Camp, 10 = Clark River Bay, 
11 = Chignik Lake Outlet, 12 = Chignik Lake Clark Bay, 13 = Chignik Lake North Hatchery, 14 = Chignik Lake Cucumber, 15 = Chignik Lake 
Delta, 16 = Black Lake Cabin Point, 17 = Black Lake Spit, 18 = Black Lake Alec Bay, 19 = Black Lake, 20 = Alec River.
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quality (260/280 and 260/230 ratios) of DNA were measured 
using the Qubit dsDNA broad range kit (Thermo Fisher Scientific, 
Waltham, MA, USA), a Nanodrop 8000 spectrophotometer 
(Thermo Fisher Scientific) and by visualization using gel elec-
trophoresis in 2% agarose gel and 1% SYBR safe DNA gel stain 
(Thermo Fisher Scientific).

Genotyping-by-sequencing libraries were created consisting of 
185 CDV DNAs placed in microtiter plates along with negative con-
trols (i.e. plate wells that contained all reagents but no DNA or no 
barcode). The GBS libraries were prepared using a modified protocol 
(Alcaide et al., 2014; Geraldes et al., 2019; Irwin et al., 2016; Toews 
et  al.,  2016). Briefly, the GBS protocol included: (i) DNA digestion 
using the restriction endonuclease (PstI), (ii) ligation of adapters (bar-
code and common adapters) to samples, (iii) PCR amplification of 
samples, (iv) pooling of samples into two libraries, (v) size selection 
of DNA fragments by excision of the 400–700 base pair (bp) section 
from a 2% agarose gel, (vi) extraction and purification of the DNA 
from the agarose and (vii) analysis of the concentration and size of 
the isolated DNA using a Bioanalyzer 2100 (Agilent Technologies, 
Santa Clara, CA, USA). The two libraries (mean fragment sizes of 
411–449 bp) were sequenced by Genome Québec using two lanes of 
Illumina NovaSeq 6000 SP 150 bp.

2.3  |  Bioinformatics and sequence filtering

The filtering pipeline was adapted from Irwin et  al.  (2016). The 
command process_radtags from the program Stacks (Catchen 
et  al.,  2013) was used to sort and remove barcode sequences 
from their respective samples. The program Trimmomatic (Bolger 
et al., 2014) was used to trim reads for quality by removing bases 
from the end of a read if their sequence quality fell below a phred 
score of 3 (TRAILING 3) and when the average quality threshold 
across a sliding window size of four bases dropped below a phred 
score of 10 (SLIDINGWINDOW 4:10). Whole reads were removed 

if below a minimum length of 30 bases (MINLEN 30). The trimmed 
reads were mapped to the reference genome representing Salvelinus 
sp., accession: GCA_002910315.2 (Christensen et al., 2018, 2021; 
a S. malma malma sequence with about 6% admixture with AC – 
Shedko, 2019; E.B. Taylor, A. Geraldes, & J. Shen, unpubl. data), using 
the Burrows–Wheeler Aligner (BWA) software and algorithm BWA–
MEM (Li & Durbin, 2009). Aligned sequences in Sequence Alignment 
Map (SAM) files were converted into Binary Alignment Map (BAM) 
files using the function AddOrReplaceReadGroups.jar of Picard 
(Picard Toolkit. 2019. Broad Institute, GitHub Repository. https://​
broad​insti​tute.​github.​io/​picard/​). The SAMtools (Li et  al.,  2009) 
depth command was used to calculate average sequencing depth at 
each site. The program BEDtools 2.3 (Quinlan & Hall, 2010) and the 
command -genomecov was used to determine the percentage of the 
genome sequenced for reads of a given depth.

We used the command HaplotypeCaller from the program 
Genome Analysis ToolKit (GATK4, Van der Auwera & O'Connor, 2020) 
to identify variable sites from each sample's alignment BAM file and 
thus create genome variant calling files (GVCF) for each sample. We 
used GenomicDBImport to import each single-sample GVCF into 
a GenomicsDB workspace before jointly genotyping all samples to 
create a single master variant calling file (VCF) with the genotypes 
(and associated quality metrics) for all samples at all identified poly-
morphic sites. The function ‘-hets’ was changed from the default set-
ting of 0.001 based on human populations to 0.01 to account for the 
potential for hybrid individuals to occur in our dataset.

To place the fish sampled within the Chignik Lake watershed into 
the broader context of NDV and SDV, 21 allopatric NDV and 23 al-
lopatric SDV from across the North Pacific basin were used as sub-
species reference samples (see Taylor & May-McNally,  2015; E.B. 
Taylor, A. Geraldes, & J. Shen, unpubl. data, Table S1 and Figure S2). 
These samples comprised at least 99.99% NDV or SDV ancestry de-
termined from admixture analysis (Alexander et al., 2009; E.B. Taylor, 
A. Geraldes, & J. Shen, unpubl. data). The GBS data from E.B. Taylor, 
A. Geraldes, & J. Shen (unpubl. data) were merged with the current 

TA B L E  1 Chignik Lake watershed Dolly Varden (Salvelinus malma) sampled.

Major regions (N) Location group Habitat type Latitude and longitude

Mean fork length for 
location group in mm (SD, 
range)

A. Chignik Bay (14) Chignik Bay (14/1/1) Stream 56.3006, −158.4152 22.5 (4.8, 15–35)

B. Chignik Lagoon 
(58)

Lagoon Spit (14/1/2) Estuary 56.3402, −158.4916 280.4 (73.1, 116–425)

Lagoon Hume Point (15/1/3) Estuary 56.2949, −158.6188 265.0 (65.7, 169–404)

Lagoon Alpha-Pillar Rock (29/2/4-5) Estuary 56.2790, −158.6496 268.5 (66.6, 150–401)

C. Chignik River 
(37)

Chignik River (37/4/6-9) River 56.2668, −158.6747 249.3 (79.5, 133–461)

D. Lower 
freshwater (37)

Clark River (12/1/10) River 56.1967, −158.8133 263.8 (90.5, 152–384)

Chignik Lake (25/5/11-15) Lake 56.2609, −158.7714 237.2 (78.5, 133–377)

E. Upper 
freshwater (39)

Black Lake (15/4/16-19) Lake 56.4331, −158.9745 214.3 (108.6, 130–432)

Alec River (24/1/20) River 56.4387, −158.7246 381.9 (43.2, 305–449)

Note: Under location group numbers in parentheses are: sample size/number of sample sites within each location group/number for location in 
Figure 1.
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data using the functions GenomicDBImport and GenotypeGVCFs 
within GATK4 to create one VCF file containing samples from both 
datasets: 185 newly sequenced DV from the Chignik Lake watershed, 
21 reference NDV and 23 reference SDV sequences and 5 CDV se-
quences from E.B. Taylor, A. Geraldes, & J. Shen (unpubl. data). The 
five sequences of CDV from E.B. Taylor, A. Geraldes, & J. Shen (un-
publ. data) were included to verify that the newly generated Chignik 
Lake sequences merged correctly with the data from the E.B. Taylor, 
A. Geraldes, & J. Shen library but they were not used in any subse-
quent analyses. Six of the newly-sequenced Chignik DV samples with 
more than 65% of missing loci (F_Miss > 0.65) and four other Chignik 
DV samples with a second degree or higher relationship (indicating at 
least 25% shared alleles) with another sample as estimated with the 
R program SNPrelate and the function snpgdsIBDKING with default 
parameters (Zheng et al., 2012) were removed from the dataset (Tian 
et al., 2008). The final dataset consisted of 175 CDV plus the 21 and 
23 references NDV and SDV (N = 219 total; Table S1; Liu et al., 2023).

Next, the VCF file with the above 219 samples was filtered using 
the program VCFtools (Danecek et al., 2011). First, insertion and de-
letion sites (indels) were removed and only bi-allelic SNPs were kept 
(--remove-indels, --min-alleles 2, --max-alleles 2). Second, sites with 
high heterozygosity (>0.6), which may indicate paralogous variation 
that complicates read mapping (McKinney et al., 2017; Torkamaneh 
et  al.,  2016) were removed using a custom perl script (Owens 
et al., 2016). This master VCF file had 4,908,039 candidate SNPs and 
was the basis for all subsequent filtering steps to obtain SNP files 
tailored to different analysis. For analyses of population structure, 
we filtered the master file to obtain a POPSTRUCT VCF where sites 
with more than 30% missing genotypes (--max-missing 0.7), a geno-
type quality below 10 (--minGQ 10), minor allele frequency of less 
than 5% (--maf 0.05) were removed (resulting in a total of 135,205 
SNPs). Plink v1.9 (Chang et  al.,  2015) was used to filter out SNPs 
in close linkage with other SNPs by removing one of any two SNPs 
with a value of r2 equal to or greater than 0.2 within a sliding window 
of 50 SNPs, moving 10 base pairs at a time. This resulted in an ‘LD-
trimmed’ POPSTRUCT VCF dataset of 44,548 SNPs across 219 fish. 
For demographic and diversity analyses filtering the dataset in ways 
that truncate the allele frequency spectrum is not advisable (Linck & 
Battey, 2019). Instead, we filtered our master VCF file to eliminate 
genotypes with GQ below 30 (--minGQ 30), depth below 15 (--minDP 
15), more than 30% missing genotypes (--max-missing 0.7) and that 
were not variable after this filtering (--mac 1) resulting in a DEMODIV 
dataset with 431,502 SNPs. To eliminate SNPs in strong pairwise LD 
without truncating the site frequency spectrum we required that 
SNPs were at least 1 kb distant from one another (--thin 1000) result-
ing in an ‘LD-trimmed’ DEMODIV dataset with 54,590 SNPs.

2.4  |  Dolly Varden hybrid composition and genetic 
structure within the Chignik Lake watershed

We produced estimates of genetic variation within the refer-
ence groups of NDV and SDV and within CDV using the program 

populations found in the Stacks pipeline (Catchen et al., 2013). The 
DEMODIV dataset with 431,502 SNPs was used for this analysis. To 
account for the larger sample size of newly-sequenced CDV (175) 
relative to NDV and SDV (21 and 23 respectively), we created eight 
files each with randomly-selected subsets of CDV individuals (N of 
each ranged from 21 to 23) while ensuring that each SNP was pre-
sent in all groups (NDV, SDV and the eight subgroups of CDV). We 
then used the resultant 55,744 SNPs to calculate the diversity values 
within each group.

We used several complementary approaches to examine the ge-
netic structure of Dolly Varden within the Chignik Lake watershed. 
First, we calculated Weir and Cockerham's (1984) weighted FST be-
tween NDV, SDV and CDV using Stacks and the same dataset used 
for estimates of genetic diversity described above. Second, we per-
formed a principal component analysis (PCA) with the LD-trimmed 
POPSTRUCT dataset using SNPrelate (Zheng et al., 2012). Third, the 
number of genetic groups (K) within the Chignik Lake watershed and 
the proportion of ancestry (Q) within each of the K groups was as-
sessed using Admixture v1.3.0 using the LD-trimmed POPSTRUCT 
dataset (Alexander et al., 2009). Each K = 1–10 group model was run 
five times and was terminated after the difference in log-likelihood 
between successive runs fell below 1 × 10−9 (Geraldes et al., 2019) 
using the unsupervised mode (i.e. ancestry of each individual was 
not fixed to any K group, Alexander et al., 2009). The K values were 
evaluated with respect to their associated cross-validation errors 
(CVE) across runs. A model of K = 2 (see Results) was then run with 
1000 bootstrap replications to determine standard errors and 95% 
confidence intervals of estimated admixture proportions (i.e. NDV, 
SDV) of each CDV sample under an unsupervised model (using a 
supervised, with reference NDV and SDV, model did not improve 
estimates).

Finally, to assess whether there is evidence of current gene 
flow between NDV and SDV as indicated by the presence of pa-
rental and F1 hybrids, hybrid triangle plots were used to plot esti-
mated inter-specific heterozygosity (Ho) relative to the estimated 
hybrid index (Hi), as measured by NDV or SDV ancestry, using the 
R package HIest (Fitzpatrick, 2012). Values of Ho and Hi were es-
timated using maximum likelihood functions using the function 
HIest and maximum likelihood values for the most likely classifi-
cation to hybrid class were estimated using the function HIclass 
(Fitzpatrick,  2012). To calculate Ho and Hi, we identified SNPs 
that were putatively diagnostic between the reference NDV and 
SDV using the VCFtools command --weir-fst-pop (i.e. markers with 
FST = 1) allowing up to 2% missing data (--max missing 0.98) resulting 
in 265 SNPs. Reference allele frequencies of 0.95 for one parent 
and 0.05 for the other – instead of the default of 0 and 1 – were 
assumed for the diagnostic SNPs in the HIest calculations to ac-
count for the limited sample size of our references NDV and SDV 
(Fitzpatrick, 2012). The direct correspondence between hybrid al-
lele frequencies and hybrid generational class (e.g. F2) applies only 
to the first two generations of interbreeding; consequently, later 
generational classes are more realistically considered as ‘F2-like’ or 
‘backcross-like’ (Fitzpatrick, 2012).
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2.5  |  Historical demographic analyses

We tested various models for the origin of the CDV using the LD-
trimmed DEMODIV dataset with 54,590 SNPs, e.g. whether the 
population originated via divergence from either NDV or SDV in 
a sequential isolation-by-distance manner or if its origin was due 
to secondary contact and admixture between NDV and SDV. We 
also evaluated these scenarios under potential pre- and/or post-
divergence/admixture gene flow as well a model of a trifurcation 
with and without any gene flow (26 models overall; Figure S3).

Demographic scenarios were evaluated by estimating the like-
lihoods of the observed site frequency spectrum (SFS) under each 
scenario via simulation using fastsimcoal2 (version 2.7.0.9.3, Excoffier 
et al., 2013). The folded SFS was generated using easySFS.py script 
(I. Overcast, https://​github.​com/​isaac​overc​ast/​easySFS, see also 
Gutenkunst et al., 2009). Because the SFS cannot be built with miss-
ing data, we projected our data down to 127 CDV samples (52,376 
loci), 6 NDV samples (36,888 loci) and 6 SDV samples (34,856 loci). 
The resulting 3DSFS was used as the input for the fastsimcoal2 anal-
yses. Using only polymorphic SNPs necessitated the fixing of the 
effective population size for one of either NDV, SDV or CDV in the 
fastsimcoal2 analyses. We used an estimate of Ne for NDV (33,000) 
derived from the relationship Ne = (π/4 μ) with π set to 0.00079 as 
obtained from a sample of six NDV and μ = 5.97 × 10−9 (Bergeron 
et al., 2023; E.B. Taylor, A. Geraldes, & J. Shen, unpubl. data).

Each scenario was tested with 100 independent runs of fast-
simcoal2 across 100,000 simulations and 40 expectation con-
ditional maximization cycles (Excoffier et  al.,  2013). The Akaike 
information criterion (AIC) was calculated for the run with the 
highest likelihood within each scenario's set of 100 replicates. 
Subsequently, the ΔAIC between the model with the highest like-
lihood and each alternative each model was calculated. Relative 
likelihoods of each model (RL) were then calculated using the 
expression, RL = e(−0.5ΔAIC) (Burnham & Anderson,  2002). Akaike 
weights, w, were calculated for each model as the RL of each 
model divided by the sum of RLs across all models (Burnham & 
Anderson, 2002; Excoffier et al., 2013).

Finally, we calculated confidence intervals for parameter esti-
mates under the most likely model by generating 100 parametric 
bootstrap replicates of the SFS and re-estimating parameters 100 
times for each replicate SFS using the parameter values from the 
best run of the best model as the initial values of each bootstrapping 
run (cf. Excoffier et al., 2023; James et al., 2021). To convert fast-
simcoal2 parameter estimates into absolute values, we employed a 
DV generation time of 5 years and divided Ne estimates by two to 
account for diploidy of DV.

2.6  |  Associations between admixture levels and 
habitat, geographic distance and life-history traits

To assess if DV ancestry was associated with habitat, a contingency 
table analysis was used to test for non-random association between 

QNDV (four bins of values) and habitat-type sampled (Table 1; river/
stream, lake and estuary) with a Fisher's exact test (fisher. test 
function in R, 2000 replicates; R Core Team, 2021) because some 
cells contained fewer than 10 expected values (McHugh, 2013). We 
also tested for an association between QNDV (K = 2 model) and dis-
tance upstream from Chignik Bay using piecewise linear regression 
(package segmented in R) after visual inspection of the data sug-
gested that more than one linear model might be appropriate. The 
QNDV values were averaged within the nine location groups (Table 1) 
to account for spatial correlation among sample sites within location 
groups. To test if differences in life history were associated with 
ancestry, non-piecewise linear models were fit between the mean 
QNDV values and the means of values of several life-history traits 
for fish sampled from each locality. Size (fork length and mass), re-
cent somatic growth measured as plasma insulin-like growth factor 
1 concentration (IGF1) by age, gonad mass (calculated as a ratio 
to body size in mass), the number of times a fish had migrated to 
sea by age and whether the female parent of each fish sampled 
had migrated to sea during the summer prior to spawning (‘mater-
nal anadromy’) were obtained from Bond  (2013; Supplementary 
Methods).

2.7  |  Bayesian genomic clines analysis

To test for candidate genomic regions that might contain loci con-
tributing to reproductive isolation between NDV and SDV or loci 
that might be adaptive and introgress preferentially, we conducted 
a Bayesian genomic cline analysis using bgc v.1.03 (Gompert & 
Buerkle, 2012). The key parameters estimated in Bayesian genomic 
cline analysis for each locus are α and β. The parameter α denotes 
the position of the cline centre and infers the direction of introgres-
sion as excess ancestry from one reference population (positive α) or 
the other reference population (negative α). Loci that are identified 
as outliers for the α parameter may be involved in directional se-
lection of homozygous genotypes from one reference population or 
selection against heterozygotes (Gompert & Buerkle, 2011; Oswald 
et al., 2019). The parameter β denotes the slope/shape of the cline 
and estimates the rate of transition from one reference population 
to the other as either faster than expected (positive β indicates a 
narrow cline) or slower than expected (negative β indicates a wide 
cline) (Gompert & Buerkle, 2012; Janoušek et al., 2015; McFarlane 
et al., 2021). Loci that are identified as outliers for the β parameter 
may be involved in reproductive isolation (positive β) or adaptive in-
trogression (negative β).

The input files for bgc comprised the dataset of 21 reference 
NDV, 23 reference SDV and 175 admixed Chignik Dolly Varden (‘LD-
trimmed’ POPSTRUCT dataset of 44,548 SNPs). Five independent 
runs of bgc using the genotype certainty model were conducted. 
Each run had 75,000 MCMC steps, discarding the first 50,000 
samples as burn-in and sampling every 25th iteration for a total of 
1000 MCMC samples. Convergence for each run was assessed by 
visual inspection of the distribution of log-likelihood values from 
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each MCMC as approximately randomly distributed (Gompert & 
Buerkle, 2012; McFarlane & Pemberton, 2019). The five runs were 
merged and the widest confidence intervals from the five runs were 
used to conservatively determine loci with significant α and β values 
(Janoušek et al., 2015; McFarlane & Pemberton, 2019).

The detection of outlier loci was performed in two steps. First, 
SNPs with α or β values that were significantly different from zero 
(i.e. expected for neutral loci) were identified as those with confi-
dence intervals that did not overlap zero. Second, from those non-
zero α or β SNPs, putative outlier SNPs were identified as those that 
were statistically ‘unlikely’, given the distribution of values across 
all loci; i.e. those with mean non-zero α or β values within the top 
and bottom 2.5% quantiles of a normal distribution of all SNPs as-
suming the same mean and standard deviation (Martin et al., 2021; 
McFarlane & Pemberton, 2019).

2.8  |  Gene ontology: Putative biological processes 
for genomic regions of interest

A GO enrichment analysis was used to identify potential biological 
processes associated with sequences within outlier genomic regions 
of CDV using GOrilla (Eden et al., 2009). Windows of 100,000 bp en-
compassing each outlier region were used to query the S. m. malma 
genome for overrepresented gene and protein classes. The program 
BEDtools 2.3 (Quinlan & Hall, 2010) and the function -intersect were 
used to extract all target gene and protein IDs and annotations. 
The background set of all S. m. malma genes was downloaded from 
NCBI's Entrez Gene database (Maglott et al., 2011).

The GO database is species neutral, meaning that gene anno-
tation information can be transferred across species and their se-
quences (Primmer et al., 2013). Many S. m. malma gene IDs do not 
have assigned Entrez gene IDs. Consequently, S. m. malma annota-
tion descriptions were used to search against the same descriptions 
from three other species (Homo sapiens, Mus musculus, and a sal-
monid fish, Oncorhynchus mykiss; Grummer et al. 2021) to obtain as 
many matches as possible to Entrez gene IDs.

Two different background gene lists were used to run the en-
richment analysis for biological processes with the target set of 
genes IDs: one independent run contained a background set that 
included target gene IDs and the other contained a background 
set that excluded the target set of gene IDs. Enrichment scores are 
calculated for each gene ID and corresponding GO term using a 
minimum hypergeometric test (mHG) statistical framework (Eden 
et al., 2007). To obtain a p value for the scores for each GO term 
occurrence, the scores are then compared to another mHG score 
under the null hypothesis that all given background genes have the 
same probability of occurring. A maximum threshold of p < 0.001 
was used to declare significance (Eden et al., 2009). To summarize 
GO terms by grouping functionally similar categories using a rep-
resentative GO term guided by p values, the output from GOrilla 
was visualized using ‘treemaps’ with the program REVIGO (Supek 
et al., 2011).

3  |  RESULTS

3.1  |  Genetic composition and structure within 
Chignik Lake Dolly Varden

The mean sequence quality across 2,160,982,102 raw reads was 36 (Q; 
inferred base call accuracy of 99.9%). The mean depth per sequenced 
and mapped locus was 23.7×. An average 1.12% of the genome was 
mapped with a coverage of at least 10× sequencing depth per locus.

The five Chignik Lake DV previously sequenced by E.B. Taylor, 
A. Geraldes, & J. Shen (unpubl. data) fell well within the PC1 and 
PC2 space of the newly sequenced Chignik verifying that the newly-
sequenced Chignik Lake population dataset merged correctly with 
sequences of SDV and NDV generated by E.B. Taylor, A. Geraldes, & 
J. Shen (unpubl. data) (Figure S4).

After sub-sampling the CDV to create samples with similar sizes 
to those in the reference NDV and SDV, genetic variation was con-
sistently higher in CDV (Table S2). Pairwise weighted FST was slightly 
higher between CDV and SDV (0.058) than between CDV and NDV 
(0.055) and was highest between NDV and SDV (0.152).

Across all the newly sequenced samples and the reference NDV 
and SDV, the first principal component axis (8.1% total variance) 
separated NDV and SDV; CDV were intermediate in position along 
PC1 with a slight bias towards SDV (Figure 2). The second and third 
PCs (2.3% and 1.3% of total variance, respectively) separated fish 
from upper and lower freshwater regions and a few from Chignik 
Lagoon and Chignik River from fish sampled from Chignik Lagoon 
and Chignik Bay (Figure  2; Figure  S5). The fourth PC (0.92% of 
total variance) showed the strongest degree of segregation among 
samples from within the Chignik Lake watershed; fish from Chignik 
Bay, Chignik Lagoon and upper freshwater regions were diverged 
from fish from the lower freshwater and Chignik River regions 
(Figure S5).

Unsupervised admixture models for 175 CDV and 21 reference 
NDV and 23 reference SDV indicated that models of K from 2 to 5 
produced a ‘trough’ of low CVE values (Figure S6). A model of K = 2 
was associated with a major difference between NDV and SDV 
(Figure 3). The Chignik Lake watershed samples fell within a range of 
QNDV = 0.25 and 0.67, with a mean of 0.51 (SD = 0.38, median = 0.58), 
consistent with their intermediate position relative to NDV and SDV 
along the PC1 axis (Figure 2). Models of K = 3–4 produced the lowest 
CVEs (about 1.7% lower; Figure S6) and revealed further structure 
within CDV. For instance, the K = 3 model identified a third group ex-
clusive to the Chignik Lake watershed (labelled as ‘CDV’ in Figure S7), 
with little NDV ancestry and decreasing contribution of SDV from 
Chignik Bay to the upper freshwater region. Finally, the K = 4 admix-
ture model resolved four different groups: NDV, SDV and two groups 
of CDV, one predominating in upstream freshwater portions of the 
watershed and one in the estuary portions, with some admixture 
between the latter two groups (Figure S7). In subsequent analyses, 
we used the QNDV values for each fish calculated from the admixture 
analyses under a model of K = 2 representing the major subdivision 
between NDV and SDV.
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8 of 18  |     LIU et al.

F I G U R E  2 Principal components analysis with the LD-trimmed POPSTRUCT dataset with 44,548 SNPs including 175 Chignik Lake 
watershed Dolly Varden (Salvelinus malma), 21 reference northern Dolly Varden (NDV, S. m. malma) and 23 reference southern Dolly Varden 
SDV, (S. m. lordi) for (a) principal component (PC) axes one and two with amount of variation in the dataset explained along each axis shown 
in parentheses and (b) histogram of PC1 values plotted against number of fish showing the sample clusters along PC1. Values along PC1 
between −0.15 and −0.10 represent those of reference NDV and between 0.09 and 0.15 those of reference SDV.

F I G U R E  3 Unsupervised admixture model of 175 Chignik Lake (Salvelinus malma), 21 reference northern Dolly Varden (NDV, S. m. 
malma) and 23 reference southern Dolly Varden (SDV, S. m. lordi) by percentage of ancestry (y-axis) explained with K = 2 genetic groups 
corresponding to NDV (light grey) and SDV (dark grey). Chignik Lake Dolly Varden sample location groups are indicated below the plot, major 
location groups (see Table 1) are indicated above the plot and both are arranged from freshwater headwaters (left) to the ocean (right).
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    |  9 of 18LIU et al.

The triangle plot using the 265 unlinked SNPs diagnostic of ref-
erence NDV and SDV (up to 2% missing data) suggested that the 
175 samples from the Chignik Lake watershed were probably F2-like 
or later generation hybrids (N = 150), or had genotypes expected 
for SDV backcross-like samples (N = 25); all had moderate inter-
specific heterozygosity over a limited range (0.38–0.59, Figure 4). 
By contrast, no parental NDV, SDV or F1 generation hybrids were 
detected in the Chignik Lake watershed from the triangle plots or 
using maximum likelihood classifications (Figure 4). Analyses with 
allele frequencies set at the estimated values (1 and 0) or assum-
ing much lower allele frequency differences (0.85 and 0.15) also 
resulted in the absence of NDV, SDV or F1 genotypes in the CDV 
samples. Across different regions in the watershed (Chignik Bay, 
Chignik Lagoon, Chignik River, middle freshwater and upper fresh-
water), NDV ancestry increased with distance from Chignik Bay to 
upper freshwater (Figure 4).

3.2  |  Historical demographic analyses

Tests of different demographic hypotheses for the origin of the CDV 
indicted that a model of secondary contact followed by admixture 
between NDV and SDV with contemporary gene flow among NDV, 
SDV and CDV provided the best fit to our data (Table  S3; model 
Akaike weight, w = 0.949). All other models, except for one that in-
volved NDV–SDV admixture and both historical and contemporary 
gene flow (w = 0.051) received no support (all w = 0).

Demographic parameters estimated under the favoured model 
ranged from current effective population sizes (Ne) of about 27,000 
(SDV) to 2,700,000 (CDV) and population size changes from the 
common ancestor estimate of about 38,000 (Table  2). Secondary 
contact and admixture between NDV and SDV to generate CDV 
was estimated to have occurred about 55,000 years ago (ya; range 
50,170–60,780 ya) and divergence time between NDV and SDV 

F I G U R E  4 Triangle plots of inter-specific heterozygosity (Ho) by proportion of northern Dolly Varden (Salvelinus malma malma) ancestry 
(Hi) estimated using 265 unlinked loci with fixed differences and maximum 2% missing data between southern and northern Dolly Varden. 
All plots include 21 reference northern Dolly Varden (NDV) and 23 reference southern Dolly Varden (SDV, S. m. lordi). The plot labelled ‘All’ 
includes all 175 Chignik Lake watershed DV (Salvelinus malma) samples and smaller plots show only subsets of samples from the different 
major regions of the Chignik Lake watershed (See Table 1 for details). Shapes represent best hybrid generational class identified by maximum 
likelihood analysis: Backcross to SDV in grey triangles and F2 or later generation hybrids in open circles.
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ancestral lineages was estimated to have occurred more than 10 
times earlier at about 600,000 ya (range 523,330–731,140 ya). 
Estimates of contemporary migration probabilities per generation 
were very low; the highest occurred from SDV to CDV (~1.0 × 10−5) – 
almost three times the estimated level of migration from NDV to 
CDV (Table  2). The lowest migration probabilities occurred from 
CDV both into SDV and NDV.

3.3 | Associations between ancestry proportion and 
habitat, geographic distance and life-history traits

The numbers of fish within different QNDV bins was significantly as-
sociated with habitat sampled (Fisher's exact test, p < .001); CDV with 
more NDV ancestry were found in upper freshwater areas, whereas 
those with more SDV ancestry were found closer to Chignik Lagoon 
and Chignik Bay. Distance (km) of sample sites upstream from Chignik 
Bay was positively correlated with QNDV and suggested a break in the 
relationship at about 33 km upstream (piecewise regression, p < .01, 
adjusted r2 = .89, df = 5; Figure S8). Changes in QNDV were the great-
est within the first 30 km upstream from the sea corresponding to the 
transition between the Chignik Bay/Lagoon samples and the Chignik 
River. Values of QNDV showed smaller changes both between bay and 
lagoon areas and between the Chignik River and upstream.

The number of seaward migrations at age of sampling was neg-
atively associated with QNDV (p < .015, adjusted r2 = .59, df = 6); fish 
sampled from locations with lower QNDV had a higher and more vari-
able number of seaward migrations (0–5), whereas a higher QNDV 
was associated with a lower number of migrations (0–2) (Figure S9).

Whether the female parent migrated to the sea the summer 
prior to spawning, recent somatic growth (concentration of IGF1), 
fish mass, fork length and gonad mass as a ratio to body mass were 
non-significantly associated with QNDV (p = .08–.96, df = 6; e.g. 
Figure S10; Liu, 2021).

3.4  |  Bayesian genomic cline analysis

Across the 44,548 LD-trimmed SNPs analysed with five independ-
ent runs of bgc, there were 7488 SNPs with significantly positive α 
values (representing excess ancestry in NDV), of which 3869 also fell 
within the top 2.5% distribution of all loci and thus were classified 
as outliers (Table 3; e.g. Figure 5). Moreover, 1952 SNPs had signifi-
cantly negative α values (representing excess ancestry in SDV), but 
only one SNP was found within the bottom 2.5% of the distribution 
of all SNPs and thus considered an outlier. In contrast, only one SNP 
was found to have a significantly negative β value within the bottom 
2.5% of the distribution of all SNPs, thus indicating a relatively wide 
cline (Table 3). No SNPs were associated with significantly positive 
β values.

TA B L E  2 Demographic parameter estimates under the 
admixture between northern and southern Dolly Varden (NDV, 
Salvelinus malma malma and SDV, S. m. lordi respectively) with 
contemporary gene flow (among NDV, SDV and Chignik Lake DV, 
CDV) model for the origin of Chignik Lake watershed admixed DV 
from fastsimcoal2 analyses.

Parameter
Lower 
bound

Mean point estimate 
(range)

Upper  
bound

NeANC 37,469 38,651 (19,193–57,013) 39,834

NeNDV NA NA NA

NeCDV 2,652,478 2,688,252 
(2,305,185–3,232,212)

2,724,027

NeSDV 27,043 27,313 (23,364–31,233) 27,582

TAdmix 55,050 55,488 (50,170–60,780) 55,927

TDiverge_NDV_SDV 590,035 597,171 (523,330–731,140) 604,308

cmNDV-SDV 9.3 × 10−7 9.7 × 10−7 (2.7 × 10−8–1.5 
× 10−6)

1.1 × 10−6

cmSDV_NDV 4.3 × 10−7 4.6 × 10−7 (8.0 × 10−10–8.5 
× 10−7)

4.9 × 10−7

cmCDV-SDV 1.0 × 10−5 1.1 × 10−5 (6.5 × 10−6–2.0 
× 10−5)

1.2 × 10−5

cmSDV-CDV 7.7 × 10−8 1.1 × 10−7 (3.8 × 10−10–9.2 
× 10−7)

1.4 × 10−7

cmNDV-CDV 4.4 × 10−8 1.0 × 10−7 (1.8 × 10−10–2.7 
× 10−6)

1.6 × 10−7

cmCDV-NDV 4.67 × 10−6 4.8 × 10−6 (2.5 × 10−6–7.2 
× 10−6)

5.0 × 10−6

Note: No estimate is provided for contemporary effective population 
(Ne) size in NDV as it was fixed at 33,000 to facilitate the estimation 
of all other parameters. All times (T) are in years before present, 
c = contemporary probability of migration per generation (m), 
ANC = common ancestor of all DV. The 95% confidence intervals were 
calculated by estimating parameters from 100 parametric bootstrapped 
site frequency spectrum matrices using fastsimcoal2 under the 
admixture with contemporary gene flow model.

TA B L E  3 Bayesian genomic cline analysis in Chignik Lake watershed admixed northern and southern Dolly Varden (NDV, Salvelinus malma 
malma and SDV, S. m. lordi, respectively) showing the number of single-nucleotide polymorphisms (SNPs) that were identified as having α or β 
estimates with 95% confidence intervals (CI) that did not include 0 and that were also within the top or bottom 2.5% quantiles (out of a total 
44,548 SNPs).

Category
Number of SNPs (CI not 
including 0)

Number of SNPs (top/bottom 
2.5% quantiles) Interpretation

Positive α 7488 3869 Excess NDV ancestry

Negative α 1952 1 Excess SDV ancestry

Positive β 0 0 Associated with reproductive isolation (steep cline)

Negative β 1 1 Associated with adaptive introgression (broad cline)
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3.5  |  Gene ontology: Putative biological processes 
for genomic regions of interest

The 3869 loci classified as positive α outliers (excess NDV ances-
try) were identified as 2745 unique S. m. malma gene IDs within a 
100,000 bp sliding window. Of these, 2155 were used as the target 
set of unique Entrez gene IDs for the GO enrichment analysis after 
querying uncharacterized gene IDs against the gene descriptions of 
H. sapiens, M. musculus and O. mykiss. The S. m. malma genome con-
tains 46,253 genes IDs and annotations with most (36,445) being 
uncharacterized genes. Of those, 34,250 were matched to an Entrez 
ID after gene description query and a final 19,296 unique Entrez 
gene IDs were used as the background set (subsequent results 
were identical regardless of whether the background set included 
or excluded the target genes). The top 50 GO terms for biological 
processes/gene functions organized by functional groups suggested 
that outlier SNPs were associated with: intracellular signal trans-
duction (p = 7.28 e−08), neuron projection morphogenesis (p = 5.29 
e−07), vesicle-mediated transport (p = 1.83 e−05) and cyclic guano-
sine monophosphate (cGMP) biosynthetic process (p = 6.78 e−05; 
Table S4, Figure S11).

4  |  DISCUSSION

Contact zones between recently diverged populations that hybridize 
provide the chance to assess the extent and causes of reproduc-
tive isolation and the factors that might impact whether distinct 
lineages persist over time and space. For subspecies, defined as di-
agnosable populations of species that inhabit different geographic 
areas, but that can successfully interbreed when in contact, the 
outcomes of such interbreeding range from the formation of hybrid 
swarms (Forbes & Allendorf,  1991) to production of few hybrids 
and the potential elevation of such subspecies to species (e.g. Lovell 
et al., 2021). Even in cases of hybrid swarm formation, the produc-
tion of recombinant genotypes provides opportunities to study the 
evolutionary fate of admixed individuals as well as that of single and 
multiple loci (Kagawa & Seehausen, 2020; Malek et al., 2012; Matute 
et  al.,  2020). Such fates may include adaptation to novel environ-
ments (e.g. Arnold, 1997; Meier et  al.,  2023) and/or the evolution 
of reproductive isolation from parental lineages, e.g. hybrid specia-
tion (Rieseberg et al., 1995; Schumer et al., 2018). Here, we studied 
a population complex of Dolly Varden char within a contact zone 
between two well-differentiated subspecies with implications for 

F I G U R E  5 Representation of Bayesian genomic cline analysis for 50 randomly selected outlier loci that had significantly positive α values 
(representing excess ancestry in northern Dolly Varden, S. m. malma, black lines) against 100 randomly selected non-significant loci (grey 
lines) out of a total 44,548 SNPs. Dotted line represents a model of α = 0 and β = 0.
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inferring the processes generating and structuring hybrid zones and 
for the timing and extent of the evolution of reproductive isolation.

4.1  |  Genetic composition, structure and origin of 
DV of the Chignik Lake watershed

The Chignik Lake watershed, a relatively large watershed on the 
Alaska Peninsula, is part of a known contact zone between NDV 
and SDV in North America (Taylor & May-McNally,  2015). Our 
PCA and admixture analysis found no fish in the Chignik Lake wa-
tershed that were characteristic of reference NDV or SDV (e.g. 
Q values > 95% NDV or SDV). Instead, our results showed that 
the CDV were genetically intermediate between NDV and SDV. 
Indeed, the variation in CDV PC1 scores was substantial relative 
to the variation in NDV and SDV sampled across a much greater 
range of geography. Similarly, CDV included no fish classified 
as parental NDV, SDV or F1 hybrids. Rather, most fish were in-
ferred to be F2 and later generation hybrids and backcross like. 
That no CDV were classified as NDV, SDV or F1 hybrids rests on 
accurate estimate of allele frequencies in the reference popula-
tions, i.e. that they are fixed or nearly so and the HIclass proce-
dure is robust to some uncertainly in parental allele frequencies 
(Fitzpatrick, 2012). Even so, our results are consistent with those 
of Taylor and May-McNally (2015), who found no F1 hybrids in the 
Chignik Lake watershed using microsatellite DNA in an independ-
ent group of samples.

Several lines of evidence suggest that the admixed DV in the 
Chignik Lake watershed represent a zone of historical introgressive 
hybridization accompanied by many generations of recombination 
following secondary contact between NDV and SDV. First, after 
accounting for differences in sample size, the CDV show greater 
genetic diversity than either NDV or SDV reference populations – a 
pattern consistent with hybridization within a contact zone between 
two widely separated populations (e.g. Muniz et al., 2022; Szymura 
& Barton,  1986). Second, from the admixed Chignik Lake water-
shed, there is a transition to fish of mostly non-admixed NDV found 
a maximum of 340 km further west along the Aleutian Islands (e.g. in 
Russell Creek and Frosty Creek), and to fish of mostly SDV ancestry 
beginning about 300 km northeast of Chignik Lake on Kodiak Island 
(Taylor & May-McNally, 2015; E.B. Taylor, A. Geraldes, & J. Shen, 
unpubl. data). In marked contrast to the typical distribution of non-
admixed populations of NDV and SDV found across thousands of 
kilometres ranging from Yukon west and south to Bristol Bay and 
west to Russia and from Washington State north and west to at least 
southeast Alaska, respectively (Taylor & May-McNally, 2015; E.B. 
Taylor, A. Geraldes, & J. Shen, unpubl. data), the transitions to non-
admixed NDV and SDV populations are relatively abrupt. Third, our 
demographic modelling found that a model of secondary contact 
followed by admixture between NDV and SDV and contemporary 
gene flow (among NDV, SDV and CDV) received by far the greatest 
support among all those evaluated to account for current patterns 
of genomic variation. No model involving a scenario of sequential 

divergence among NDV, SDV and CDV received any support. The 
admixture event was estimated to have occurred about 55,000 ya 
following divergence between NDV and SDV that was estimated 
to have occurred about 10 times as long ago (~600,000 ya). Such 
a pronounced difference in the divergence time between NDV and 
SDV is perhaps expected given the many opportunities for isola-
tion and re-contact provided by the many Pleistocene glaciations 
that impacted the North Pacific. For instance, the estimated di-
vergence time between NDV and SDV corresponds to a period of 
several major and minor glaciations in the Northern Hemisphere 
between 0.85 and 0.41 million ya (Ehlers et  al.,  2018). Although 
the spatial patterns of these early glaciations are poorly known, 
during the most recent Wisconsinan glaciation (~75,000–12,000 
ya), the Alaska Peninsula and adjacent islands were heavily glaci-
ated, creating more pronounced isolation between the northern 
(Bering Sea) and southern (North Pacific) margins of the peninsula 
(Kaufman & Manley, 2004). It became wider by a 100-km or more 
and the seafloor among eastern Aleutian Islands became exposed 
illustrating the potential for allopatric divergence within DV distrib-
uted across this region (Kaufman & Manley, 2004). The estimated 
timing of admixture between NDV and SDV (~55,000 ya) overlaps 
with the mid-Wisconsinan glaciation. Consequently, it is possible 
that environmental changes associated with fluctuations in glacier 
extent at this time brought previously isolated NDV and SDV into 
contact and promoted hybridization and introgression (e.g. Moore 
et al., 2015; Paun et al., 2006). For instance, Knappen (1929) argued 
that Black Lake and the West Fork Chignik River once flowed to 
the Bering Sea and that their current flow to the Pacific was es-
tablished post-glacially. Although the Pacific drainage capture of 
the upper Chignik Lake watershed was established post-glacially, it 
illustrates the potential for changes in watershed orientations that 
could provide opportunities for contact between NDV (concen-
trated in Bering Sea drainages) and SDV (Pacific basin drainages).

Finally, secondary contact between subspecies of DV also ap-
pears to occur between the Asian SDV (S. m. krascheninnikovi) and 
NDV across the Sakhalin/Hokkaido islands and the Kamchatkan 
Peninsula and the Sea of Okhotsk in the northwestern Pacific, with 
mitochondrial DNA evidence showing historical hybridization be-
tween subspecies (Salmenkova & Omelchenko,  2013; Yamamoto 
et al., 2021). A history of population structuring around the Alaska 
Peninsula involving secondary contact has also been suggested for 
beluga whales, Delphinapterus leucas (O'Corry-Crowe et  al.,  1997; 
Rugh et  al.,  2010) and chum salmon, Oncorhynchus keta (Seeb & 
Crane, 1999; Petrou et al., 2013).

Basin-wide, Chignik Lake DV had genome-wide ancestry biased 
towards SDV rather than NDV along the PC1 axis and in admixture 
analyses, especially in downstream portions of the watershed (near 
the lagoon and estuary). This pattern was also present in the piece-
wise regression of QNDV versus distance upstream from Chignik Bay 
and the contingency analysis across habitats. Fish sampled from the 
Chignik River showed the most variation in QNDV suggesting the 
river is a transitional zone between these areas. Ancestry values of 
Chignik DV may not be uniformly distributed across the watershed 
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owing to the action of selection on fish of different admixture values 
in different habitats, likely enhanced by the well-known behaviour 
of salmonid fishes to home to natal habitats for spawning. Bond, 
et al. (2014) found strong differentiation in microsatellite allele fre-
quencies among CDV sampled from different habitats and argued 
that the differentiation was mainly driven by selection for alterna-
tive life histories. Bond, et al. (2014), however, could not assess the 
role of secondary contact and admixture between subspecies be-
cause they did not study reference NDV or SDV from outside the 
watershed. Alternatively, perhaps not enough time has passed since 
secondary contact and hybridization for dispersal to homogenize an-
cestry values across the watershed.

Bond, et al. (2014) found that the most significant differentiation 
in the watershed was between a freshwater (Bear Creek, a tribu-
tary of the Chignik River) and an estuarine sample (Metrofania Creek 
draining to Chignik Lagoon). These authors also found that there was 
a significantly positive correlation between inter-locality salinity dif-
ferences and genetic differentiation after controlling for geographic 
distance (Bond, et al., 2014). Further, sockeye salmon (Oncorhynchus 
nerka), pygmy whitefish (Prosopium coulterii) and threespine stickle-
back (Gasterosteus aculeatus) within the Chignik Lake watershed also 
show habitat-based differentiation (Creelman et  al.,  2011; Gowell 
et al., 2012; Simmons et al., 2013; Taugbøl et al., 2014).

Our data showed that the total number of seaward migrations 
at age of sampling was significantly negatively correlated with 
QNDV. Studies of other salmonid fishes have shown that admix-
ture values may be associated with migration behaviour (Bourret 
et al., 2022; Strait et al., 2021; Yates et al., 2015). Altogether, these 
observations, the current analysis and those of Bond, et al. (2014) 
and Taylor and May-McNally (2015), support fundamental genetic 
distinctions between fish from streams draining to the estuary and 
those further upriver in freshwater environments or with different 
life histories, and that such distinctions may result from a combi-
nation of secondary contract, admixture between subspecies and 
ecologically based selection in the Chignik Lake watershed.

4.2  |  Genomic introgression and 
enrichment analysis

Almost all outlier loci identified in the Bayesian genomic cline analy-
sis were associated with excess ancestry in NDV, i.e. a Chignik DV 
with 50% ancestry both from NDV and SDV genome-wide is more 
likely to be homozygous for NDV alleles at the outlier loci, rather 
than heterozygous or homozygous for SDV alleles. Excess NDV an-
cestry at outlier loci suggests that some NDV alleles could be fa-
voured by selection, though this interpretation is made cautiously 
given the high variability of estimates of α with the modest sam-
ple sizes we had (<500 fish, Gompert & Buerkle, 2011; McFarlane 
et al., 2021).

Only one significant β-outlier locus representing a SNP with 
relatively broad cline was detected. Hybrid zones in chub fishes 
(Macrhybopsis; Alex Sotola et  al.,  2019) and North American pine 

(Pinus; Menon et  al.,  2018) exhibited few to no early-generation 
hybrids, many more α outlier loci than β outliers (see also Oswald 
et al., 2019; Pulido-Santacruz et al., 2018) and may also stem from 
weak reproductive barriers and asymmetrical introgression pro-
moted by ecologically based selection. The virtual absence of β out-
liers, along with the prevalence of positive α outliers, in Chignik DV 
may stem from weak to no selection against interbreeding between 
NDV and SDV, accompanied by ecological selection favouring some 
recombinant genotypes with excess NDV ancestry across habitats 
(Bond, et al., 2014; Gompert et al., 2012; Menon et al., 2018). The 
lack of non-admixed genotypes in the Chignik watershed, however, 
may have reduced the power for the bgc analysis to detect signifi-
cant β loci. Further, the low percentage of the genome covered by 
reduced representation sequencing methods like GBS may constrain 
genomic cline analysis especially given that reproductive isolation is 
typically influenced by many loci (e.g. Payseur & Rieseberg, 2016). 
Our analyses simply raise the hypothesis of adaptive introgression 
that could be tested in various ways to rule out genetic drift as an al-
ternative explanation (Arnold & Martin, 2009; Gompert et al., 2017; 
Gompert & Buerkle,  2011; Oswald et  al.,  2019; Pulido-Santacruz 
et al., 2018; Schield et al., 2015).

Indeed, our GO enrichment analysis and the associations be-
tween DV ancestry and life-history traits that we documented raise 
the hypothesis that some of the 3869 outlier α loci could signal gene 
functions under selection related to osmoregulation and immune 
function. Both osmoregulation and immune function are critically 
important to the physiology of Chignik DV that migrate between 
fresh water and the sea (Norman et al., 2011). For instance, enriched 
GO terms were associated with biological processes related to intra-
cellular signalling and communication, regulation and transport. Ion 
transmembrane transport is known to be important for osmoreg-
ulation (Lee et al., 2020) and migration timing (Hess et al., 2016) in 
salmonids, which supports this hypothesis. Additionally, cyclic gua-
nosine monophosphate (cGMP) serves as a regulator for ion chan-
nels and acts as a secondary messenger for visual processing in the 
brain (Lane Brown et al., 2006). These associations suggest potential 
genes or gene families that could be the subject of functional and 
expression studies to test hypotheses concerning the mechanistic 
basis to any physiological distinctions among DV exhibiting different 
migration life histories. In addition, genotype–environmental associ-
ation (GEA) analyses have been successfully conducted in salmonid 
fishes, including Salvelinus, as an alternative way to generate hypoth-
eses about how inter-locality environmental differences may shape 
adaptive genomic variation (e.g. Micheletti et  al.,  2018; Salisbury 
et al., 2023). Such GEA analyses could be a fruitful way to test the 
idea that loci associated with excess NDV ancestry at specific loca-
tions in the Chignik Lake watershed are associated with particular 
environmental features, but the relatively small scale of the water-
shed may limit the power to detect such associations.

Northern DV and SDV are well-differentiated subspecies 
when examined in allopatry; they differ in average sizes, age at 
maturity, spawning mortality rates, gill raker and vertebral num-
bers and karyology (Armstrong & Morrow, 1980; Behnke, 1980; 
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McPhail, 1961; Phillips et al., 1999; Sawatzky & Reist, 2021), yet 
there appears to be little evidence for reproductive isolation when 
they come into contact in the Chignik Lake watershed (and also in 
the nearby Karluk Lake watershed, Taylor & May-McNally, 2015). 
By contrast, we detected an excess of NDV alleles that may re-
flect positive selection for these alleles in Chignik watershed DV 
which is consistent with the evidence for isolation by adaptation 
in the same watershed (Bond, et al., 2014). Consequently, the sys-
tem presents the intriguing possibility that hybridization between 
the subspecies following secondary contact has produced novel 
allelic combinations that may have promoted isolation by adap-
tation (e.g. Arnold, 1997; Bond, et al., 2014; Gallone et al., 2019; 
Montejo-Kovacevich et  al.,  2022; Selz & Seehausen,  2019). 
Further and when compared to sympatric DV and AC and sym-
patric DV and BT, the CDV system provides insight relevant to the 
evolution of reproductive isolation. Recent SNP-based phyloge-
nies of Salvelinus suggest that DV and AC last shared a common 
ancestor about 1.2–1.7 mya (95% CI) and DV/AC and BT about 
4.1–5.9 mya (Lecaudey et al., 2018). These estimates compare fa-
vourably to those of E.B. Taylor, A. Geraldes, & J. Shen (unpubl. 
data; 1.3-1.7 mya and 4.5–5.7 mya respectively) who further es-
timated the divergence between NDV and North American SDV 
to date to about 1.2-1.6 mya (and ~0.6 mya in our demographic 
analysis). In sympatry, AC/DV and DV/BT pairs of species show 
pronounced differences in levels of ecological and reproductive 
segregation between species (especially aspects of premating 
isolation) that while associated with bimodal hybrid zones in both 
species pairs, also show a higher incidence of F1 hybrids in BT/DV 
systems (May-McNally et al., 2015; Redenbach & Taylor, 2003). 
These species-level distinctions stand in marked contrast to the 
apparent lack of reproductive barriers and relatively similar ecol-
ogy exhibited between NDV and SDV. Although differences in 
mutation rates, demography and gene flow within and across 
taxa constrain firm conclusions (Stankowski & Ravinet, 2021), 
these observations suggest that even relatively long divergence 
times (>0.5 my) may be associated with no detectable reproduc-
tive isolation in some lineages of Salvelinus and that the ecologi-
cal context is key to speciation in the group (Orr & Smith, 1998; 
Rieseberg & Willis,  2007; Schluter,  2000). Finally, the CDV, in 
addition to other similarly-distributed marine taxa, highlight the 
Alaska Peninsula as a unique and model area for studying genetic 
diversity and evolutionary trajectories resulting from post-glacial 
secondary contact.
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