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Abstract
Local adaptation is facilitated by loci clustered in relatively few regions of the genome, 
termed genomic islands of divergence. The mechanisms that create and maintain 
these islands and how they contribute to adaptive divergence is an active research 
topic. Here, we use sockeye salmon as a model to investigate both the mechanisms 
responsible for creating islands of divergence and the patterns of differentiation at 
these islands. Previous research suggested that multiple islands contributed to adap-
tive radiation of sockeye salmon. However, the low- density genomic methods used 
by these studies made it difficult to fully elucidate the mechanisms responsible for 
islands and connect genotypes to adaptive variation. We used whole genome re-
sequencing to genotype millions of loci to investigate patterns of genetic variation 
at islands and the mechanisms that potentially created them. We discovered 64 is-
lands, including 16 clustered in four genomic regions shared between two isolated 
populations. Characterisation of these four regions suggested that three were likely 
created by structural variation, while one was created by processes not involving 
structural variation. All four regions were small (< 600 kb), suggesting low recombina-
tion regions do not have to span megabases to be important for adaptive divergence. 
Differentiation at islands was not consistently associated with established population 
attributes. In sum, the landscape of adaptive divergence and the mechanisms that 
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1  |  INTRODUC TION

It is increasingly clear that adaptive loci are often clustered in rela-
tively few regions of the genome, termed genomic islands of diver-
gence (Wolf & Ellegren, 2017). This is especially true for populations, 
ecotypes or species in the early stages of diverging, where recent 
or ongoing gene flow appears to homogenise most of the genome, 
while genomic islands display high differentiation (Aeschbacher 
et al., 2017; Feder et al., 2012; Kirkpatrick & Barton, 2006).

The creation and maintenance of genomic islands of divergence, 
during adaptation with gene flow, requires that advantageous al-
leles can be isolated to promote the formation of favourable allelic 
combinations while protecting them from the disruptive force of 
recombination (Tigano & Friesen, 2016; Yeaman, 2013). Multiple 
potential mechanisms that could aid this process were proposed, in-
cluding divergence hitchhiking (Ma et al., 2018; Via, 2012), clustering 
of adaptive loci in low recombination regions (Samuk et al., 2017; 
Wang et al., 2022) and the utilisation of structural polymorphisms 
such as chromosomal inversions (Faria et al., 2019; Kirkpatrick & 
Barton, 2006).

Divergence hitchhiking occurs when strong divergent selection 
reduces gene flow in genomic regions near genes or other targets 
of selection (Via, 2012). Regions with elevated divergence can 
span multiple megabases if recombination is substantially reduced 
due to assortative mating (Via, 2012). Alternatively, selection can 
exploit existing low recombination regions to preserve co- adapted 
loci, leading to clustering of adaptive alleles in these regions (Samuk 
et al., 2017). Finally, selection can utilise structural variation, such 
as chromosomal inversions, to isolate adaptively important genes. 
Chromosomal inversions are a common type of structural variant 
that occur when segments of DNA break off and reattach within 
the same chromosome but in reverse orientation. Inversions are not 
necessarily deleterious and may not impact gene function unless the 
inversion breakpoint occurs within a gene. In these cases, inversions 
and the alleles they include may remain common in a population. Re-
combination across inversion types is rare due to mechanisms that 
include disruption of pairing and crossing over during meiosis and, in 
some cases, inviability of recombinant gametes (reviewed in Huang 
& Rieseberg, 2020). Genes found on inversions are therefore gen-
erally shielded from recombination, potentially promoting adaptive 
divergence even in the face of high gene flow (Feder et al., 2012; 
Rieseberg, 2001; Tigano & Friesen, 2016). Therefore, these regions 
can be important sources of adaptive variation between populations 
with limited reproductive isolation.

Examples of adaptively important inversions that enable diver-
gence with gene flow are increasingly recognised (Wellenreuther & 
Bernatchez, 2018). Prominent case studies include inversions dif-
ferentiating ecotypes in Atlantic cod (Gadus morhua, Kirubakaran 
et al., 2016), sunflowers (Helianthus annuus, Todesco et al., 2020) 
and deer mice (Peromyscus maniculatus, Hager et al., 2022). Adap-
tively important structural variants have also been identified in 
several Salmonid species, including a supergene segregating North 
American Atlantic salmon populations (Stenløkk et al., 2022) and 
high structural variation between dwarf and normal Lake Whitefish 
(Mérot et al., 2023). Previously characterised adaptive inversions 
tended to be large, spanning multiple megabases and old, reflect-
ing genetic variation that arose hundreds of thousands to millions of 
years ago (Bernatchez et al., 2017). In addition, there are numerous 
examples of islands of divergence in populations with at least moder-
ately high gene flow that are likely the result of non- structural mech-
anisms including divergence hitchhiking (Ma et al., 2018), reduced 
recombination (Samuk et al., 2017) or other processes not explicitly 
investigated (Roberts Kingman et al., 2021; Thompson et al., 2020). 
A recent simulation study indicated that, when gene flow is moder-
ate, islands of divergence created by structural and non- structural 
variation resulted in similar levels of adaptation (Schaal et al., 2022). 
When gene flow increased, however, simulations including inver-
sions achieved a higher level of local adaptation. Nevertheless, few 
empirical studies investigated the frequency of genomic islands as-
sociated with structural changes relative to non- structural changes 
or how gene flow influences the frequency of these mechanisms 
(but see Shi et al., 2021).

Here, we investigate the mechanisms responsible for creating 
islands of divergence and the patterns of adaptive variation linked 
to these islands in sockeye salmon (Oncorhynchus nerka). Sockeye 
salmon have colonised a wide range of spawning habitats, leading 
to the formation of distinct ecotypes that are often found in close 
spatial proximity (Quinn, 2005). Although sockeye salmon exhibit 
strong philopatry, the proximity of their spawning habitats also pres-
ents numerous opportunities for gene flow (Peterson et al., 2014). 
In most of the cases, individuals will return to the same beach or 
stream reach to spawn, but especially in years when sockeye salmon 
abundance is large, discrete spawning sites may begin to overlap 
as individuals are forced to nest in sub- optimal habitats between 
spawning sites (Quinn, 2005). Sockeye salmon runs can be ex-
tremely large in certain years, with millions of individuals returning 
to the same lake drainage or area to spawn. Because spawning takes 
place over a short period of time (1– 3 months in summer), and space 

create it are complex; this complexity likely helps to facilitate fine- scale local adapta-
tion unique to each population.
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is limited, nest competition, predation and disease can be intense 
(Quinn, 2005). These factors have all contributed to high natural se-
lection pressure and diversifying selection that influences sockeye 
salmon across a small spatial scale in response to local spawning site 
structure and ecology.

Local adaptation to spawning habitat has resulted in a hierar-
chical diversity of sockeye salmon ecotypes. Anadromous sockeye 
salmon are grouped into two primary ecotypes: lake- type and sea/
river- type (Wood et al., 2008). Sea/river type sockeye salmon have 
higher stray rates than lake- type and are thought to have colonised 
lake systems then subsequently evolved into lake- type (recur-
rent evolution hypothesis; Wood et al., 2008). Lake- type sockeye 
salmon have further diversified into phenotypically distinct groups 
that can be differentiated by spawning habitat. Lake- type sockeye 
salmon spawn in a variety of habitats, including small streams, deep 
lake beaches and large rivers (Quinn, 2005). The morphology and 
phenology of sockeye salmon spawning in each of these habitats 
can vary substantially (Quinn et al., 1995, 2001). Neutral popula-
tion genetic studies of lake- type sockeye salmon revealed strong 
hierarchical structure partitioned by drainage, with much lower 
genetic differentiation among populations and ecotypes within 
the same drainages (Beacham et al., 2004; Habicht et al., 2007). In 
contrast, markers under selection have displayed extremely high 
differentiation among populations within the same drainages (Ack-
erman et al., 2013; Creelman et al., 2011; Russello et al., 2012). This 
suggests that lake- type sockeye salmon likely experience high se-
lection pressure in the presence of high gene flow.

The first genetic evidence of adaptive divergence in sockeye 
salmon was documented in lake- type individuals at the genes of the 
major histocompatibility complex, which are highly differentiated 
among spawning sites that are in the same drainage and separated by 
as little as 10s of meters (Larson et al., 2014; McClelland et al., 2013; 
McGlauflin et al., 2011; Miller et al., 2001). Additional studies using 
restriction site- associated DNA (RAD) sequencing and targeted se-
quencing revealed a number of islands of divergence, some of which 
were found in multiple drainages (Larson et al., 2017, 2019; Limborg 
et al., 2017; Veale & Russello, 2017a, 2017b). However, genetic vari-
ation at islands of divergence is not consistently associated with the 
same spawning habitats (Larson et al., 2019), with the exception of 
an island on Chr 12, which displays differentiation between beach 
and tributary (creeks and rivers) spawners across the species range 
(Larson et al., 2019; Nichols et al., 2016; Tigano & Russello, 2022; 
Veale & Russello, 2017a). The body of research on adaptive diver-
gence in sockeye salmon suggests that the same genes and genomic 
islands are involved in adaptive divergence as new systems are col-
onised, but that variation in these genomic regions is not necessarily 
partitioned by spawning habitat and may be influenced by a mosaic 
of selective pressures.

Although previous research provided strong evidence that is-
lands of divergence are involved in adaptive radiation of sockeye 
salmon, most studies were based on genome scans with fewer than 
4000 SNPs, with only 7– 15 SNPs found in the islands of divergence 
(but see Tigano & Russello, 2022). The low genomic marker density 

and lack of a reference genome available to these studies made it 
difficult to map the architecture of the islands of divergence or elu-
cidate the genomic mechanisms underlying their creation (Benjel-
loun et al., 2019). Here, we leverage whole genome resequencing 
and published reference genome (Christensen et al., 2020) to pro-
vide a more complete characterisation of the landscape of adaptive 
divergence in sockeye salmon and to improve our understanding 
of the mechanisms that create and maintain islands of divergence. 
We sequenced sockeye salmon from multiple ecotypes across three 
drainages in Southwest Alaska to investigate fine- scale variation 
and merged these data with resequencing data from Christensen 
et al. (2020) to anchor our findings in the context of the full species 
range. We found that: (1) the landscape of adaptive divergence in 
sockeye salmon is characterised by many small, but highly divergent 
islands of SNP markers, (2) many of these islands of divergence may 
be conserved through structural variation and, to a lesser degree, di-
vergence hitchhiking, (3) linkage among loci on islands of divergence 
is strong across the sockeye range, suggesting that some may have a 
long evolutionary history and may be repeated targets of selection 
and (4) while small, each island contained numerous genes that could 
be targets of selection and have some adaptive function for certain 
spawning populations.

2  |  METHODS

2.1  |  Sampling design

We resequenced genomes of sockeye salmon from seven popu-
lations in Southwest Alaska, USA (these samples are a subset of 
those analysed in Larson et al., 2019). Fin- clips from 27 individu-
als per population (189 individuals total) were obtained from three 
lake- type spawning populations in the each of the Kvichak River 
and Wood River drainages as well as one putatively ancestral sea/
river population in the Nushagak River drainage (Table 1). Lake- type 
samples were further subdivided into the following groups based on 
spawning habitat: mainland beaches, island beaches, creeks and riv-
ers (Figure S1). Mainland and island beaches are similar except island 
beaches are found in the middle of lakes where they are highly af-
fected by wind and wave action (Stewart et al., 2003). Creeks are 
narrow (< 5 m wide) and shallow (< 0.5 m deep on average) while 
rivers are wide (> 30 m wide), deep (> 0.5 m deep) and fast flowing 
(Quinn et al., 2001). All samples were collected from spawning adults 
by Alaska Department of Fish and Game between 1999 and 2013 
and provided as extracted DNA (extracted with Qiagen DNAeasy 
Blood and Tissue Kits, Hilden, Germany).

2.2  |  Whole genome library 
preparation and sequencing

Libraries were prepared according to Baym et al. (2015) and Therkild-
sen and Palumbi (2017) with the following modifications. Input DNA 
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was normalised to 10 ng for each individual. Steps for 96- well AM-
Pure XP (Beckman Colter; Brea, CA) purification; product quantifi-
cation, normalisation and pooling; and size selection were replaced 
with a SequalPrep (ThermoFisher Scientific, Waltham, MA, USA) 
normalisation and pooling protocol, similar to that used in GT- seq 
(Campbell et al., 2015). We used three SequalPrep plates per each of 
the two 96- well tagmented and adaptor- ligated DNA library plates 
and pooled the full eluate per individual DNA library to increase 
total yield. Normalised pooled libraries were subject to a 0.6X size 
selection, purification and volume concentration with AMPure XP 
following Therkildsen and Palumbi (2017). In- house QC consisted 
of visualisation on a precast 2% agarose E- Gel (ThermoFisher Sci-
entific) and quantification with a Qubit HS dsDNA Assay Kit (Ther-
moFisher Scientific). We constructed two libraries each containing 
96 individuals and each of these libraries was sequenced on three 
Novaseq S4 lanes (six lanes total) at Novogene (Sacramento, CA, 
USA).

2.3  |  Genotype calling and quality control

Variants and genotypes were called using the Genotype Analy-
sis Toolkit (GATK) version 4.1.7 (DePristo et al., 2011; McKenna 
et al., 2010) and a protocol that closely followed Christensen 
et al. (2020). Paired- end reads were aligned to the sockeye salmon ge-
nome (GCF_006149115.2; Christensen et al., 2020) with BWA MEM 
v.0.7.17 (Li, 2013) and indexed and sorted with Samtools v.1.10 (Li 
et al., 2009). Next, readgroups for each alignment file (bam file) were 
assigned using Picard v2.22.6 (AddOrReplaceReadGroups; http://
broad insti tute.github.io/picard). Individual bam files produced on sep-
arate sequencing lanes were merged, and PCR duplicates were marked 
using the MarkDuplicates function from Picard with stringency set to 
‘LENIENT’. Individual genomic VCF files (gvcf) were generated from 
alignments using HaplotypeCaller from GATK. A single database was 
created containing all individual gvcf files using GenomeDBImport 
from GATK. Once the variants from all individuals had been added to 
the database, joint- genotyping was conducted using the GenotypeG-
VCFs function. The resulting variant file (vcf) was then hard filtered 

using the VariantFiltration function (filter expression = QD <2.0 || 
FS > 60.0 || SOR <3.0 || MQRankSum < −12.5 || ReadPosRankSum 
< −8.0). All variants that passed hard filter were used in conjunction 
with three datasets used previously as truth datasets by (Christensen 
et al., 2020) for GATK's VarientRecalibrator function. The tranches 
file generated by VarientRecalibrator was subsequently used as the 
input for the ApplyVQSR function and to produce a corrected vcf file 
and submitted to additional variant filtration in VCFtools v.0.1.16 (pa-
rameters: - - maf 0.05, - - max- alleles 2, - - min- alleles 2, - - max- missing 
0.9, - - remove- filtered- all - - remove- indels; Danecek et al., 2011).  
Finally, loci with an allele balance of less than 0.2 were marked. The 
resulting vcf file constituted our baseline file for all other analysis and 
downstream processing.

2.4  |  Characterising the genomic landscape of 
differentiation

Genetic relationships among and within drainages were evaluated 
using a neighbour- joining (NJ) tree of Nei's genetic distance (poppr 
and ape; Kamvar et al., 2014; Paradis & Schliep, 2018), pairwise Weir 
and Cockerham FST (snpR; Hemstrom & Jones, 2023). Associations 
between individuals was evaluated using principal component analy-
sis (PCA) implemented in pcadapt (Privé et al., 2020). To reduce the 
impact of linked loci in the dataset, PCAs were conducted using link-
age disequilibrium (LD) clumping (size = 500, Th = 0.4). These thresh-
olds were chosen following initial pilot runs of pcadapt that varied 
windows from 100 to 2000 SNPs and squared coefficients from 
0.05 to 0.4 that showed that changes in individual scores plateaued 
at these settings. Bi- plots of individual loading scores first three 
principal components were plotted in R to identify the relationships 
among individual samples.

Locus- specific FST estimates were calculated in PLINK v1.90 
(Purcell et al., 2007) separately within each drainage excluding the 
Nushagak River samples. Individuals from all three spawning sites 
were used to calculate FST, therefore locus FST values represent the 
overall allele frequency variation within each drainage. Values of 
FST were visualised using Manhattan plots and putative islands of 

TA B L E  1  Information on populations included in this study. The sample size for each population was 27.

Population Abbreviation Drainage
Spawning 
type Spawning habitat Latitude (N) Longitude (W)

Collection 
year

Knutson Beach KNUT Kvichak River Lake Mainland Beach 59.80 −154.16 1999

Woody Island Beach WOOD Kvichak River Lake Island Beach 59.75 −154.28 2001

Iliamna River ILIA Kvichak River Lake River 59.75 −153.87 2004

Anvil Beach ANVB Wood River Lake Mainland Beach 59.55 −158.79 2011

Teal Creek TEAL Wood River Lake Creek 59.48 −158.73 2013

Agulowak River AGUL Wood River Lake River 59.41 −158.88 2009

Klutapuk Creek (Upper 
Nushagak R)

UPNK Nushagak River Sea/River River 60.34 −157.32 2001

Note: See Larson et al. (2019) for more information on each collection. Six of the seven sites sampled represent lake- type sockeye salmon which are 
believed to have evolved from an ancestral form of sea/river type sockeye salmon.

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
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divergence were quantitatively identified using a Hidden Markov 
Model (HMM; HiddenMarkov version 1.8- 11; Hofer et al., 2012). 
This approach assigned each SNP to one of three underlying states 
(genomic background, regions of high differentiation, or regions of 
low differentiation) based on their FST values, following the meth-
ods detailed in Marques et al. (2016) and Shi et al. (2021). To reduce 
false positives, we retained only islands that met the HMM ‘regions 
of high differentiation’ threshold and contained at least 10 high 
FST SNPs in the top 0.1% of FST distribution. Regions that passed 
these thresholds were defined as HMM islands. HMM islands that 
fell within 100 kb of one another were subsequently grouped to re-
duce redundancy. This analysis separately for the Kvichak River and 
Wood River drainages. All islands were summarised to identify which 
spawning sites they differentiated based on locus- specific pairwise 
FST estimates. Pairwise FST was then calculated among populations 
within each drainage using PLINK v1.90. To identify which spawning 
habitats grouped HMM islands differentiated between the average 
FST of all SNPs within each island was calculated and visualised as a 
pairwise heatmap constructed using ggplot2.

Because the purpose of our study was to identify to what de-
gree patterns of local adaptation were consistent across the sock-
eye range, the majority of the analysis was conducted on genomic 
regions that contained HMM islands in both drainages. Gene flow 
between drainages is low, therefore genomic regions that are highly 
differentiated in both drainages are most likely to either have under-
gone parallel adaptive divergence independently as these drainages 
were colonised separately (likely from colonisers with similar genetic 
variation), or be the result of ancestral polymorphism evolved prior 
to colonisation. Either of these mechanisms would indicate that 
these regions may represent evolutionarily important genetic varia-
tion is being maintained in the species at a broader level.

2.5  |  Investigating the genomic mechanisms 
underlying islands of divergence

We evaluated patterns of LD and conducted PCA to distinguish be-
tween islands that likely arose through structural variation versus 
non- structural variation. We focused on methods to detect com-
mon patterns associated with chromosomal inversion- like structural 
variants. Putative chromosomal inversions can be indirectly distin-
guished from other types of islands based on (1) strong boundaries 
where LD is high within the inversion then decays rapidly around in-
version breakpoints and (2) genotypes clustering into three distinct 
groups in multivariate analyses representing the two inversion ori-
entations, with heterozygotes between the arrangements forming 
an intermediate cluster (Huang et al., 2020). We considered islands 
to be putative inversions if they met both criteria. However, it is im-
portant to note that inversions can show complex patterns and that 
similar patterns can be created by non- structural variants (Mahmoud 
et al., 2019). Therefore, the classification of genomic regions that we 
conduct should be considered preliminary until regions are further 
validated with methods such as long read sequencing.

LD (measured as R2 among pairs of loci) was calculated for each 
chromosome (Chr) containing an island using PLINK v.1.9. We then 
assessed whether LD among island SNPs was higher than SNPs on 
the surrounding Chr by randomly selecting 1000 regions outside of 
the island, but of identical size and calculating the LD among SNPs 
within these regions (see Shi et al., 2021). Significance was tested by 
calculating a Z- score of LD for each island using the distribution con-
structed by resampling random regions then calculating a one- tailed 
p- value (alpha = .05) with a Z- test based on this Z- score.

Heatmaps of LD in each island and the surrounding ~200 Kb 
were constructed and used to visualise island boundaries in ggplot2 
(Wickham, 2009). Islands of divergence contained some areas of low 
differentiation and low LD. We identified the longest continuous 
block of mutually linked SNPs containing R2 values in the top 5% for 
that Chr to refine island boundaries into tightly linked haploblocks. 
The starting position of each haploblock was defined as the nucle-
otide position of the first SNP that was strongly linked (top 5% of 
LD for a given Chr) to the largest number of downstream SNPs in 
the 5′ direction. The end position was defined as the position of the 
SNP that was linked to the largest number of upstream SNPs (top 
5% of LD) in the 3′ direction. In all cases this resulted in a LD thresh-
old for ‘strongly linked SNPs’ of R2 > 0.5 and < 0.75. All SNPs within 
the refined haploblocks were then used to conduct a PCA to assess 
whether the island expressed characteristics of a chromosomal in-
version (ade4; Thioulouse et al., 2018). Only islands that exhibited 
both large and consistent LD blocks and three distinct groups clus-
tering along PC1 in PCAs were considered putative inversions.

2.6  |  Assessing patterns of variation and diversity 
in islands of divergence

Discrete genotypes at islands of divergence were assigned for each 
individual using K- means clustering (K = 3) implemented through 
adegenet (Jombart & Ahmed, 2011) and confirmed by assessing 
heterozygosity of individuals assigned to each genotype cluster (low 
heterozygosity = homozygote, high heterozygosity = heterozygote). 
For islands classified as inversions, the entire refined haploblock 
was used for all analyses. The heterozygosity of individuals within 
each cluster was calculated with the assumption that individuals ho-
mozygous for a particular haplotype would have substantially lower 
heterozygosity than heterozygous individuals containing an allele 
from each haplotype. Genotypes for haploblocks were defined as 
homozygote allele 1 (AA), heterozygous (AB) and homozygous allele 
2 (BB).

A modified version of the above approach was used to identify 
and genotype haploblocks for the island that was not classified as a 
chromosomal inversion. Haploblocks were defined using only SNPs 
that contained high loadings (top 25%) for DAPC axis 1 due to more 
variable patterns of LD. This was done to reduce the dimensionality 
of the data by focusing the analysis on the SNPs primarily respon-
sible for explaining the largest amount of variation associated with 
axis 1. We then subjected this subset of SNPs to the same K- means 
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clustering pipeline but used K = 6 instead of 3 to account for an ap-
parent tri- allelic state associated with incomplete linkage across 
the island. Heterozygosity was evaluated for each of the clusters to 
identify homozygous and heterozygous haplotypes. We calculated 
population level genotype frequencies and observed heterozygosity 
once haplotypes were identified for each island.

2.7  |  Investigating the conservation of islands of 
divergence using range- wide data

Because the islands of divergence we identified were consistent 
among spatially isolated drainages in Alaska, we hypothesised that 
these regions may be conserved in other sockeye populations. To 
test this, we merged the dataset generated in the present study with 
whole- genome data from 78 sockeye salmon (kokanee excluded) 
from Christensen et al. (2020). This dataset was sequenced to a 
similar depth of coverage and was processed using an almost identi-
cal GATK4 pipeline. The dataset included 16 spawning populations 
that we grouped into five drainage regions: Bristol Bay (N = 12 indi-
viduals), Fraser/Columbia river basins (N = 47), Gulf of Alaska (N = 8), 
Northern British Columbia (N = 9) and Russia (N = 2). The variants 
identified in Christensen et al. (2020) were merged with ours using 
bcftools v.1.11 (Danecek et al., 2021) by retaining variants that in-
tersected between the two datasets, had a genotyping rate > 80%, 
and were positioned within one of the refined haploblock regions. 
The resulting vcf file was phased using BEAGLE v. 5.1 with default 
settings (Browning & Browning, 2007).

We predicted that individuals would cluster by haplogroup and 
not geography, if haplogroups were conserved across the species 
range. This prediction was tested by conducting a PCA for SNPs on 
each island of divergence and qualitatively evaluating groupings. In-
dividuals were also grouped using a NJ tree, and genotype heatmaps 
were constructed to show allele patterns across each haplogroup. If 
haplogroups were conserved, we expected individuals from differ-
ent drainages would cluster together as neighbours and have simi-
lar genotypes across the haplogroup region. It is important to note 
that sample sizes for populations in Christensen et al. (2020) were 
unevenly distributed. Therefore, the major goal of our range- wide 
analyses was to identify whether these samples supported haplo-
type groupings identified in the primary study location, Bristol Bay, 
rather than an investigation of range- wide patterns of population 
structure.

2.8  |  Annotation of genes in islands of divergence

The functional role of genes located on each of the conserved is-
lands of divergence were investigated by extracting gene annota-
tions (feature = gene) from the assembled sockeye salmon reference 
genome using the gene feature table (GCF_006149115.1_Oner_1.0_
feature_table.txt). The putative functions of genes located in HMM 
islands were assessed by reviewing gene summaries and gene 

ontology information available on NCBI for target genes and their 
orthologues. Literature citations were included for specific functions 
or effects referenced outside of the NCBI summary descriptions.

3  |  RESULTS

3.1  |  Sequencing and SNP calling

Genome resequencing of 189 individuals produced 28.76 million 
putative variants of which 1.98 million SNPs were retained (no- 
indels, biallelic SNPs only, minor allele frequency ≥ 0.05, and max 
missingness of 10% for each SNP). Across these 1.98 million SNPs, 
individuals were missing genotypes at an average of 4.4% of sites 
and contained an average depth of coverage of 6.8X (SD = 1.3X), and 
the average depth per- variant was 6.6X (SD = 3.6X). Following re-
calibration and filtration, variant quality was moderate and within 
acceptable range for proposed analyses (Mean [standard deviation]: 
QD = 20.78 [7.17]; FS = 6.73 [13.75]; SOR = 0.87 [0.76]; MQ = 57.81 
[4.71]; MQRankSum = −0.32 [0.71]; ReadPosRankSum = 0.07 [0.39]; 
Table S1).

3.2  |  Characterising the genomic landscape of 
differentiation

Spawning populations differed primarily along river drainage bound-
aries (Figure 1). Pairwise genetic distance among sites was much 
lower within drainages (Kvichak River average FST = 0.003, standard 
deviation = 0.003; Wood River average FST = 0.005, standard devia-
tion = 0.002; Figure 1) than between drainages (average FST = 0.035, 
standard deviation = 0.001). Kvichak River and Wood River popula-
tions were equally diverged from the sea/river type sockeye spawn-
ing population in Nushagak River drainage (average FST = 0.027, 
standard deviation = 0.001 and average FST = 0.023, standard de-
viation = 0.001). PCA supported pairwise FST and neighbour joining 
tree analysis. Individuals from the same drainage all clustered closely 
together with PC1 separating samples from the three drainages and 
PC2 separating the sea/river- type sockeye salmon in the Nushagak 
River Drainage from the lake- type sockeye salmon in the Kvichak 
and Wood River drainages (Figure S2a).

Within each of the Kvichak and Wood River drainages, PCA of 
sockeye salmon clustered individuals by spawning sites in a way 
that supported the slight sub- branching found in neighbour joining 
trees (Figure 1b; Figure S2b,c). In the Kvichak River drainage, sock-
eye salmon from WOOD separated from ILIA and KNUT along the 
first PC while individuals from ILIA and KNUT overlapped on all the 
first three axes. In the Wood River drainage, TEAL separated from 
AGUL and ANVB along the first PC (Figure S2b,c). AGUL and ANVB 
could also be separated along the first PC but to a lesser degree 
(Figure S2c).

The markers contributing to intra- drainage differentiation were 
highly heterogeneous across the genome, with multiple conspicuous 
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FST peaks found among spawning populations within the Kvichak and 
Wood river drainages (Figure 2). We identified 33 high FST HMM is-
lands in the Wood River drainage and 31 high FST HMM islands in the 
Kvichak River drainage (Figure 2, Table S2). These islands were gener-
ally small (minimum = 3.1 kb; maximum = 247 kb) and covered a total 
of 1.3 Mb of the genome in the Kvichak River drainage, and 1.5 Mb 
of the genome in the Wood River drainage population. Allele fre-
quency differences among spawning populations at markers within 
these islands were high (Wood River islands: mean FST = 0.240; max 
FST = 0.834, Kvichak River islands: mean FST = 0.227; max FST = 0.725) 
compared to the genome- wide average. Of 33 HMM islands in the 
Wood River drainage, and 31 in the Kvichak River drainage 17 and 
15 respectively were within 100 kb of an adjacent island. Adjacent 
islands within 100 kb of each other were combined resulting in a final 
set of 16 Wood River islands spanning 13 chromosomes and 15 Kvi-
chak River islands spanning 11 chromosomes (Figure 2). In the Wood 
River drainage, the island with the highest average FST was on Chr 
12 and differentiated ANVB from TEAL (mean FST = 0.61) and AGUL 
(mean FST = 0.37). Islands Chr 3_1, 5_1, 7_1 and 7_2, 13_1, 25_1, 
and 28_1 all differentiated AGUL from TEAL and ANVB. Islands 
Chr 18_1, 19_2, 22_2 and 28_2 primarily differentiated TEAL from 

AGUL and ANVB. Islands Chr 6_1, 12_1, differentiated ANVB from 
AGUL and TEAL. The remaining islands had moderate FST differen-
tiating all spawning sites. In the Kvichak River drainage, the island 
with the highest average FST was Chr 3_1 and differentiated WOOD 
from KNUT (mean FST = 0.53) and ILIA (mean FST = 0.34). Compari-
sons with WOOD generally contained the highest mean FST, while 
ILIA and KNUT were only notably differentiated on islands Chr 12_1, 
13_2, 13_4 and 22_3. Given that WOOD generally had the highest 
FST with the other sites in the drainage, it is notable that ILIA and 
WOOD had low FST for the Chr 12_1 (mean FST ≤ 0.01) and Chr 22_3 
islands (0.016). In both drainages, pairwise comparisons were either 
close to zero for one out of three comparisons, or moderately high 
(generally FST > 0.1) for all three comparisons (Table S3).

The genomic positions of 13 HMM islands in the Wood River 
populations directly overlapped with 15 HMM islands in the Kvichak 
River populations (Table S4). Overlapping HMM islands included 
the islands Chrs 3_1, 5_1, 12_1, 13_2 and covered 137.4 kb, 90.9 kb, 
274.1 kb, and 526.7 kb, respectively (Figure 2). Because the goal of 
this study was to investigate regions that consistently differentiate 
intra- drainage sockeye salmon spawning sites, we chose to focus the 
remaining analyses on these regions.

F I G U R E  1  (a) Location of seven 
spawning populations sampled in the 
Bristol Bay region in Alaska, USA. AGUL, 
ANVB and TEAL are in the Wood River 
drainage; UPNK is in the Nushagak River 
drainage; and ILA, KNUT and WOOD 
are in the Kvichak River drainage. More 
information on each population is found in 
Table 1. (b) NJ tree showing Nei's genetic 
distance among populations. Populations 
are grouped by drainage by a random set 
of 10,000 SNPs.
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3.3  |  Investigating the genomic mechanisms 
underlying islands of divergence

The islands Chrs 3_1, 5_1, 12_1, 13_2 displayed significantly el-
evated LD in populations in both drainages compared to the rest of 

the genome (Table 2). Patterns of LD among each of the four islands 
differed substantially (Figure 3). The islands Chrs 3_1, 5_1 and 12_1 
contained continuous or almost continuous linkage blocks (i.e. high 
LD across the entire island) in populations in both drainages. This 
pattern is suggestive of low recombination commonly observed 

F I G U R E  2  Plot of overall Weir and Cockerham FST (a and c) among calculated among the three spawning sites sampled within each of 
the Kvichak River (a and b) and Wood River drainages (c and d) and heatmap of pairwise intra- drainage FST averaged across all loci found 
within each of the detected islands of divergence (b and d). Each dot in the Manhattan plots represent a single SNP locus, and chromosomes 
are labelled at the top of each plot. Alternating black and grey colours indicate different chromosomes. Coloured dots indicate SNPs that 
fell within one of putative islands of divergence identified using HMM analysis. Labels for each coloured putative island of divergence 
correspond to the y- axis of the heatmap with islands named in sequential order in the 5′ direction along the chromosome. The UPNK 
population was not included in this analysis because it is the only population that we sampled in the Nushagak River drainage. Spawning 
habitat: KNUT, ANVB = beach; WOOD = island beach; ILIA, AGUL = river; TEAL = creek.
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in chromosomal inversions. Furthermore, the edges of the linkage 
blocks on Chrs 3_1 and 12_1 were abrupt. This was visible due to 
the clear set of SNPs in consecutive order all in high and equiva-
lent LD with one another in populations in both drainages (Figure 4). 
The linkage pattern on Chr 5_1 had similarly abrupt edges upstream 
and downstream of the linkage block in both the Wood River and 
Kvichak River drainage populations. However, in the Kvichak River 
drainage populations there was a approximately 20 kb disruption in 
the centre of the island where SNPs contained lower FST and linkage 
when compared to the SNPs on either side of this break. This break 
in FST and LD was not present in the Wood River drainage popu-
lation. The pattern of LD on Chr 13_2 island differed substantially 
from the other islands. The Chr 13_2 island contained higher- than- 
average LD compared to the surrounding regions of the Chr, but LD 
and FST values were heterogeneous throughout the 526 kb region 
and there were no abrupt edges of the island. The heterogeneous LD 
and FST suggested that this region has likely experienced recombina-
tion and is therefore unlikely to be an inversion (Figures 3 and 4).

Individuals clustered into three distinct groups along the first PC 
when PCA was conducted using SNPs from the islands Chrs 3_1, 
5_1 and 12_1 (Figure 5). PC1 explained > 50% of the variance for 
PCAs of Chrs 3_1, 5_1 and 12_1, providing evidence that the linked 
SNPs in each island represent most of the genetic variation in each 

TA B L E  2  Bootstrapped significance results of LD tests.

Island Drainage Average R2 Z- score p- value

Chr 3_1 Kvichak 0.50 6.52 <.0001

Chr 3_1 Wood 0.30 3.97 <.0001

Chr 5_1 Kvichak 0.27 3.50 .0002

Chr 5_1 Wood 0.37 3.58 .0002

Chr 12_1 Kvichak 0.21 3.82 .0001

Chr 12_1 Wood 0.27 5.28 <.0001

Chr 13_2 Kvichak 0.15 3.59 .0002

Chr 13_2 Wood 0.16 3.18 .0007

Note: Bootstrapping was conducting by calculating LD at SNPs from 
1000 windows of the same size (in base pairs) and on the same Chr 
as HMM islands in both the Kvichak and Wood River drainages. The 
R2 distribution of the 1000 windows was used to calculate a Z- score 
to test whether LD among SNPs on the HMM island was higher than 
expected by chance for the Chr. Average R2 of SNPs within the HMM 
windows is reported with the Z- score and the associated one- tailed 
p- value.

F I G U R E  3  Linkage disequilibrium (LD via R2) of the islands 
of divergence shared between the Wood River drainage (above 
the diagonal) and Kvichak River drainage (below the diagonal) on 
Chromosome 3 (Chr 3_1), Chromosome 5 (Chr 5_1), Chromosome 
12 (Chr 12_1) and Chromosome 13 (Chr 13_2). Darker colours 
denote higher LD. Red lines denote the boundaries of each island 
identified using HMM separately for each drainage, with solid red 
lines indicating boundaries for the Wood River drainage and dotted 
lines indicating boundaries for the Kvichak River drainage.
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island, further indicating that they have not been broken up by re-
combination and may be the result of a chromosomal inversions. All 
three islands displayed some sub- variation, with between 5 and 10% 
of variation explained by PC2. Consistent with a two- allele pattern, 
heterozygosity of the individuals clustered in the middle of the PCA 

was substantially higher than within the two other groups in islands 
on Chrs 3_1, 5_1 and 12_1. This pattern is created by individuals 
in edge groups of the PCA bi- plot being homozygous for alternate 
arrangements of a chromosomal inversion and the middle group 
being heterozygous, containing one copy of each arrangement. This 

F I G U R E  4  Identification of Chr 3_1, 
5_1, 12_1 and 13_2 island boundaries (red 
solid lines) on Chromosome 3 (a and b), 
Chromosome 5 (c and d), Chromosome 
12 (e and f) and Chromosome 13 (g and 
h) refined from HMM island boundaries 
(black dotted lines). Plots a, c, e and g, 
identify the starting point of islands 
re- defined as the position of the SNP 
containing strong LD to the largest 
number of downstream SNPs (black 
dots), while the ends were defined as the 
position of the SNP containing strong 
linkage to the highest number of upstream 
SNPs (grey dots) for both the Kvichak 
and Wood River drainages. Plots b, d, f 
and h show FST of SNPs on each island of 
differentiation for both the Kvichak and 
Wood River drainages.

F I G U R E  5  Dissection of haplotypes found in the four conserved islands of divergence identified in the Wood and Kvichak River 
drainages. Panels repeat for islands Chr 3_1, 5_1, 12_1 and 13_2 and share a legend (bottom). (a) Boxplots of observed heterozygosity at 
loci found within islands grouped by putative genotypes. (b) Genotype frequencies for each predicted genotype in each population. Colours 
correspond to putative genotypes (see legend). (c) Individual- based PCAs, with colours indicating the sample population and shape indicating 
the putative genotype as determined by K- means clustering. (d) Plots of the relative DAPC loading scores for each SNP for the first DAPC 
axis. Higher loadings indicate that a given SNP is contributing more to separation of points along PC1. Chr 3_1, 5_1 and 12_1 display clear 
patterns of two primary homozygote haplotypes and one heterozygote whereas Chr 13_2 does not. See Figure 6 for more information on 
the Chromosome 13_2 island. Spawning habitat: KNUT, ANVB = mainland beach; WOOD = island beach; ILIA, AGUL = river; TEAL = creek; 
UPNK = river.
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pattern was not observed when SNPs from the island on Chr 13_2 
were used to conduct a PCA (Figure 5). Unlike the islands on Chr 
3_1, 5_1 and 12_1, PC1 for the Chr 13_2 island explained less total 
variance (27%), and PC2 had a proportionally larger influence on the 
dispersion among points (16% of variance).

Because of the strong grouping along PC1, genotypes were 
assigned for islands on Chrs 3_1, 5_1 and 12_1 using K- means 
clustering (K = 3). This assigned homozygous and heterozygous 
genotypes for each individual with alleles named A or B randomly 

based on K- means designation and the middle genotype in the 
PCA was assigned to be the heterozygote (i.e. group 1 = homo-
zygous genotype AA, group 2 = heterozygous genotype AB and 
group 3 = homozygous genotype BB). Genotype frequencies at 
each island varied substantially among populations (Figure 5b). 
With the exception of the Chr 12_1 island, genotype frequency 
did not strongly associate with previously identified selective 
forces associated with spawning habitat types (i.e., creek/river 
vs. beach/island beach spawning; Larson et al., 2017). For Chr 

F I G U R E  6  In- depth analysis of the Chromosome13 island of divergence Chr 13_2. Chr 13_2 did not fit the typical pattern of two primary 
haplotypes with a single heterozygotes type found in islands on chromosomes 3, 5 and 12. Instead, it appears to contain three homozygous 
haplotypes, with all combinations of heterozygotes, for a total of six predicted genotypes. Patterns of linkage are also less clear than for 
the other islands (see Figure 3). To improve identification of putative genotypes, we focused our analyses on SNPs with loadings on PC1 in 
the top 25% of the distribution. Panel (a) shows DAPC loading scores for each SNP (x- axis) for the first DAPC axis (LD1). Lines extending 
above the red line indicate SNPs that contained DAPC loadings in the top 25%. Note the cluster of markers with high loadings between 7.60 
and 7.67 Mb. Panel (b) is an individual based PCA, with colours indicating the population and shape indicating the genotype as determined 
by K- means clustering with K = 6, using the first two PCs and only the high- loading SNPs shown above the red line in Panel (a). Panel (c) 
visualises observed heterozygosity at loci included in this analysis grouped by putative genotype based on the six clusters that are shown in 
Panel (b). Panel (d) depicts frequencies of each predicted genotype in each population. Spawning habitat: KNUT, ANVB = mainland beach; 
WOOD = island beach; ILIA, AGUL = river; TEAL = creek; UPNK = river.

(a) (c)

(b) (d)
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3_1, allele A was the most common in all but the Agulowak River 
(AGUL) and Woody Island Beach (WOOD) populations. For Chr 
5_1, allele B was the most common in all but the Agulowak and 
Iliamna (ILIA) River populations. For Chr 12_1, allele A was most 
common in populations inhabiting mainland beaches (Anvil Beach 
[ANVB], Knutson Beach [KNUT]), while allele B was more common 
in populations inhabiting creeks and rivers. Woody Island Beach 
population had an allele frequency distribution more similar to 
creek and river populations than to other beaches. The K = 3 des-
ignation approach could not accurately assign genotypes for the 
island Chr 13_2, as K- means clustering was unable to detect three 
clear groupings of individuals (Figure 5).

The inconsistency of Chr 13_2 clustering indicated that a dif-
ferent evolutionary mechanism was responsible for the high link-
age and FST at this island. This difference in structure is illustrated 
using DAPC loadings, which showed highly heterogeneous levels of 
explained variance across the genomic region (Figure 5d). To focus 
analysis on the SNPs responsible for explaining the largest amount 
of variation at Chr 13_2, variants were filtered to include only the 
132 SNPs in the top 25% of loading scores for PC1. When these 
SNPs were used in a PCA they revealed a clearer six genotype pat-
tern consistent with a triallelic pattern of variation (Figure 6). Vari-
ation at the genotypes was clearest in a small region between 7.60 
and 7.67 Mb (Figure 6a) that contains highly linked SNPs with the 
highest FST values in the island. Heterozygosity at the three puta-
tively heterozygous genotypes was much higher than for putatively 
homozygous genotypes, indicating that the haplotyping approach 
(with K = 6) did identify meaningful variation despite the complicated 
patterns of LD found in this island (Figure 6). Nevertheless, genotype 
assignments for the Chr 13_2 region were still somewhat uncertain 
compared to the other three islands. Using this approach, Alleles B 
and C were the most common at Chr 13 (Figure 6c). However, the 
Agulowak River population displayed a high frequency of AA ho-
mozygotes. The Upper Nushagak River (UPNK) population, which is 
part of the putatively ancestral sea/river ecotype, contained at least 
one copy of all alleles present at the islands we identified, but BB 
homozygotes were most common.

3.4  |  Investigating the evolutionary history of 
islands of divergence using range- wide data

We successfully merged SNPs called in our dataset with those iden-
tified in sockeye salmon collected from five major sockeye popu-
lations across their native range from Russia to southern British 
Columbia (average depth per- variant = 11.1X [SD = 6.79X]; Chris-
tensen et al., 2020). These samples included additional samples se-
quenced by Christensen et al. (2020) from Kvichak and Wood River 
drainages in Bristol Bay. Following filters for missing data (> 80% 
genotyping rate), 1,614,900 SNPs remained that were identified in 
both datasets. This data set included 58 SNPs that mapped to the 
Chr 3_1 island, 113 SNPs that mapped to the Chr 5_1 island, 146 
SNPs that mapped to the Chr 12_1 island and 201 SNPs that mapped 

to the Chr 13_2 island. Re- analysis with these SNPs indicated that 
haploblocks on Chrs 5_1 and 12_1 remained largely intact, with in-
dividuals from distant drainages clustering by haplogroup and not 
geographic location (Figure 7). Interestingly, the area of low LD on 
Chr 5_1 was also present in some individuals from southern popula-
tions, suggesting that variation underlying this small region may be 
broadly conserved.

The haploblock on Chr 3_1 was less cohesive across the sock-
eye salmon range than those on Chr 5_1 and 12_1 (Figure 7). More 
variation was observed in southern populations that was not seen 
in Bristol Bay populations. This variation may represent divergence 
of the A allele, while the B allele appears to be well conserved (see 
discussion for more information). Differentiation among haplotypes 
at Chr 13_2 was convoluted when examining all SNPs in the island, 
although the highly diverged region between 7.60 and 7.67 Mb ap-
pears conserved across the range, exhibiting the same three haplo-
types originally identified in Bristol Bay.

3.5  |  Annotation of genes in islands of divergence

Querying of annotations revealed that putative genes are found in 
all four islands of divergence (Table S5). Two predicted protein cod-
ing genes that serve basic functions underlying metabolism and cell 
function were observed in the Chr 3_1 region: NR4A2 and GPD2. 
Two genes of broad importance for neurology and cell functions 
were also identified in the Chr 5_1 region. MGAT5 appears to be 
important for regulation of the biosynthesis of glycoprotein oligo-
saccharides that influence cell migration (Marhuenda et al., 2021), 
and PTH2R is expressed in the brain and pancreas in mammals and 
involved in pain sensitivity (Bagó et al., 2009). Ten genes and gene- 
like sequences were observed in the Chr 12_1 region. Genes in this 
region had a broad range of functions, including liver development 
(rtn1a, Levi et al., 2009), immune function and environmental stress 
(lrrc9, Wyżewski et al., 2021; ppm1a), membrane function (pcnx4; 
dhrs7; ppm1a), protein kinase activity (LOC115138567), DNA bind-
ing and eye, limb, and neuronal development (six6; six4; six1), and 
DNA repair and ion bonding (ppm1a). Most of these genes are well 
studied in mammalian systems and play important roles in cell func-
tion and development. We identified 22 genes in the Chr 13_2 region 
covering a wide range of functions like cellular transport, transcrip-
tion and response to DNA damage. Most notably, we documented 
an oestrogen receptor gene (ESR1) in the highly conserved and 
highly diverged region of this island (ESR1 at 7.62– 7.64 Mb, highly 
conserved region 7.60– 7.67 Mb).

4  |  DISCUSSION

Our data confirmed previous findings that sockeye salmon popu-
lations in our study region are hierarchically structured, first by 
river drainage, and then by within- drainage spawning site. Among- 
drainage population structure reflected genome- wide patterns of 
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genetic drift consistent with multiple generations of strong geo-
graphical isolation. Meanwhile, within- drainage population struc-
ture was dominated by localised islands of divergence that exhibited 
high allele frequency differences among spawning sites within close 
physical proximity. Loci on these islands displayed much higher allele 
frequency differences compared to the rest of the genome, indicat-
ing that these loci are likely the result of selection associated with 
local adaptation to spawning sites. A subset of these islands was 
conserved in populations across the Wood and Kvichak River drain-
ages. These conserved islands were relatively small (137– 527 kb 
wide) and were found on Chrs 3, 5, 12 and 13.

The mechanisms behind island creation appeared to be a com-
bination of structural variation (likely inversions) and divergence 
hitchhiking or clustering of loci in low recombination regions. Dis-
tinct haplotypes at these four islands could be detected throughout 
the species range, and all alleles at each island were found in the pu-
tatively ancestral sea/river type population from the Nushagak River 
in Bristol Bay. This pattern suggests that variation at the conserved 
islands is relatively old, and the islands may contain genes that are 
important for facilitating adaptive radiation as sockeye salmon col-
onise new habitats. While it is difficult to pinpoint the direct targets 
of selection in genomic islands of divergence because they are often 
composed of large linkage blocks containing many genes (Le Moan 
et al., 2022; Pampoulie et al., 2022), we identified potentially im-
portant genes, including an oestrogen receptor (ESR1) on Chr 13_2 
and a gene involved eye development (SIX6) on Chr 12_1 that is as-
sociated with life- history variation in other salmon species (Waters 
et al., 2021; see Tigano & Russello, 2022 for additional discussion of 
the functional significance of Chr 12).

4.1  |  Patterns of adaptive divergence in 
sockeye salmon

Our study builds on a growing body of research suggesting that adap-
tive divergence of sockeye salmon is facilitated by conserved islands of 
divergence (Limborg et al., 2017; Tigano & Russello, 2022; Veale & Rus-
sello, 2017a). Previous studies in the Wood and Kvichak river drainages 
identified similar patterns of differentiation whereby small islands of 
divergence (including those on Chrs 12_1 and 13_2) had disproportion-
ate influence over intra- drainage genetic structure (Larson et al., 2017, 

2019). Additionally, studies focused on more southern populations also 
found that SNPs in Chr 12_1 were highly differentiated between sock-
eye salmon spawning in different habitats (Nichols et al., 2016; Tigano 
& Russello, 2022; Veale & Russello, 2017a). However, nearly all these 
previous studies used less comprehensive genotyping methods, caus-
ing them to fail to detect smaller island such as those like Chrs 3_1 and 
5_1, or many of the local islands found only in one of the two drainages 
and therefore preventing complete characterisation of genomic archi-
tecture driving intra- drainage structure.

Our high- resolution data provided evidence that, while some 
islands are involved in repeated divergence of similar phenotypes 
(e.g. island Chr 12_1 consistently differentiating beach vs. stream 
spawners), most of the islands are not associated with repeated 
differentiation of known phenotypes and are not shared between 
drainages (at least the two drainages in our system). One particularly 
interesting example is the Chr 22_2 island, which strongly differen-
tiates the beach and stream populations in the Wood River drainage 
but does not show a similar pattern in the Kvichak River drainage. 
Larson et al. (2019) hypothesised that the same loci (in that case loci 
in islands 12_1, 13_2 and 13_3) are involved in repeated adaptive 
divergence as sockeye salmon colonise new environments and adapt 
to a mosaic of selective pressures. Data from the current project 
provides additional information that can be used to refine this hy-
pothesis. In particular, our data suggest that there are a number (per-
haps hundreds) of genomic regions in the sockeye salmon genome 
that are repeatedly involved in adaptive divergence. These regions 
often contain putative structural variants and may or may not be 
under strong selection in a given drainage. Finally, it we hypothesise 
that unique combinations of alleles across these regions have facili-
tated the formation of thousands of locally adapted populations that 
have responded to unique selective pressures, creating the massive 
array of sockeye salmon diversity observed across their range.

4.2  |  Identifying potential mechanisms responsible 
for islands of divergence

Patterns of LD and genetic differentiation in the islands that we identi-
fied led us to hypothesise that the islands Chrs 3_1, 5_1 and 12_1 were 
caused by some sort of structural variation, such as an chromosomal 
inversion, copy number variant, insertion or deletion, while the island 

F I G U R E  7  PCAs and genotype heatmaps of the four islands constructed using data from individuals sampled across the range of sockeye 
salmon (Chromosome 3: island Chr 3_1, Chromosome 5: island Chr 5_1, Chromosome 12: island Chr 12_1, Chromosome 13: island Chr 13_2). 
Data from outside of our main study area (Bristol Bay) are from Christensen et al. (2020). Populations are classified into regional groupings 
and ordered approximately from north (Russia) to south (Fraser/Columbia). Putative genotypes are denoted for samples sequenced in 
this study, and range- wide samples are classified as unknowns in PCA biplots (left). Heatmaps (right) display genotype information with 
individuals represented as rows at SNPs ordered from lowest to highest position in basepairs along the island. The start and ending position 
of each island is written on the y- axis of the heatmap. Homozygote genotypes AA (i.e. ref allele) are light blue, and alternate homozygote 
genotypes BB are dark blue. Heterozygote genotype calls (AB) are shown as an intermediate blue colour. Approximate genotype groupings 
are highlighted along the right y- axis as coloured bars corresponding to the genotype frequency plots colours in Figure 5b. No genotype 
groupings are shown for Chr 13_2 which has six putative genotypes. Individuals are grouped along the y- axis by putative genotype similarity 
determined from K- means clustering. The regional group of origin for each sample is colour coded according to the legend.
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Chr 13_2 was caused by non- structural mechanisms such as diver-
gence hitchhiking or clustering of loci in low recombination regions. 
Interestingly, all three putative structural variants that we identified 
contained sub- variation within structural variant types. This included a 
region of lower LD within the Chr 5_1 island, potentially indicating that 
recombination has occurred in this region. The most conspicuous sub- 
variation occurred on Chr 3_1. When range- wide samples were added, 
we discovered substantial genetic variation present in the A allele in 
many individuals from more southern populations. This suggests that 
a southern subvariant has evolved, potentially during or after the last 
glacial maxima when southern and northern populations were isolated 
from each other (Wood et al., 2008). While available evidence still 
points to the island Chr 3_1 containing an inversion- like structural vari-
ant, additional data (e.g., long read data or genome assemblies) would 
increase support for this hypothesis.

Our observations illustrate that patterns of structural varia-
tion can be complex, a result also suggested other empirical (Col-
lins et al., 2017; Matschiner et al., 2022) and simulation (Schaal 
et al., 2022) studies. In particular, recent results suggest that the 
barrier to gene flow among inversion types is nuanced, and double 
recombination and gene conversion events can facilitate exchange 
of genetic material across types (Korunes & Noor, 2019; Villoutreix 
et al., 2021). Long read data alone or assembled into genotype- 
specific reference genomes could help clarify patterns of variation 
associated with inversions (Kim et al., 2022; Li et al., 2022), although 
it may not provide conclusive evidence of mechanisms. For example, 
Tigano and Russello (2022) analysed tributary (creek or river spawn-
ing) and beach spawning sockeye salmon from a single lake with 
short-  and long- read data and hypothesised that the Chr 12_1 island 
was not an inversion. However, the authors also stated that informa-
tion from additional reference genomes from outside of the sampled 
range would be useful to clarify this hypothesis. We argue that the 
conservation of > 200 kb alleles at Chr 12_1 across the species range 
indicates that structural variation is likely present, but additional 
long- read data and potentially genome assemblies are necessary for 
confirmation. The lack of clarity on the mechanism responsible for 
the Chr 12_1 island (the most conserved in our study) illustrates the 
importance of obtaining both long-  and short- read data from a large 
portion of a species' range when investigating islands of divergence.

Data from across the species range also helped to identify the 
small (< 10 kb) conserved region and triallelic pattern of variation 
at the Chr 13_2 island. The lack of fully conserved alleles across 
the Chr 13_2 island likely represents the legacy of variable selec-
tion and recombination across many populations and is consistent 
with other studies that identify islands not underlain by structural 
variation (Duranton et al., 2018; Roberts Kingman et al., 2021; 
Thompson et al., 2020). The triallelic pattern and the variable sig-
nals of LD found at the Chr 13_2 island are highly similar to pat-
terns observed at the supergene complex that controls spine and 
armour plate- related traits found on Chr 7 in stickleback (Roberts 
Kingman et al., 2021). Roberts Kingman et al. (2021) postulated that 
high variation and multiple alleles at this supergene may represent 
a common mechanism that promotes formation of a broad array of 

diverse phenotypes. A similar situation could exist in our study sys-
tem, where adaptive variation at the complex Chr 13_2 island has 
been utilised to help create the broad array of phenotypic diversity 
observed in sockeye salmon.

4.3  |  What factors influence the size of islands of 
divergence and the mechanisms underlying them?

Our data indicate that (1) structural variation is not required for the 
formation of islands in our study system, (2) islands created by dif-
ferent mechanisms (i.e. structural variation vs. other mechanisms) 
can exist within the same genome and (3) many islands of divergence 
can be relatively small (< 600 kb). Many recent studies investigating 
the mechanisms that create islands of divergence have focused on 
large (> 1 Mb) structural polymorphisms, likely because they are 
easier to identify (reviewed in Wellenreuther & Bernatchez, 2018). 
However, our data suggest that smaller structural polymorphisms 
can be adaptively important (also documented in humans; Giner- 
Delgado et al., 2019), and that structural polymorphisms are not re-
quired to create islands.

Simulations suggest that gene flow and selection are the primary 
forces influencing the size and mechanisms underlying islands of 
divergence, and that, when gene flow is moderate, structural poly-
morphisms such as inversions are not required to create islands of di-
vergence (Schaal et al., 2022). Although the interplay between gene 
flow and selection is complicated, it appears that in general more 
clustered genetic architectures of adaptation are favoured as either 
gene flow, strength of selection or both increase (Schaal et al., 2022). 
Additionally, the genetic basis of a trait under selection appears to in-
fluence the genetic architecture of adaptation, with more polygenic 
traits favouring larger islands often facilitated by inversions and less 
polygenic traits favouring smaller islands (Schaal et al., 2022). Previ-
ous empirical studies also suggest that more clustered architectures 
of adaptation are favoured as gene flow increases (Shi et al., 2021), 
with extreme examples of large adaptive inversions in high gene flow 
marine species (Kirubakaran et al., 2016; Longo et al., 2020). How-
ever, it is more difficult to determine how selection influences the 
size and architecture of islands from empirical studies, where the 
strength of selection cannot be easily estimated.

Our study system is conceptually similar to two others also ex-
hibiting moderate gene flow (neutral FST ≈ 0.01) that have been used 
to investigate the genetic basis of adaptive divergence: (1) seaweed 
flies sampled across an environmental gradient (Mérot et al., 2021) 
and (2) ecotypes of sunflowers (Huang et al., 2020; Todesco 
et al., 2020). However, these systems are characterised by islands of 
divergence composed of large inversions and other areas of low re-
combination spanning megabases, in stark contrast with our system. 
This contrast highlights the difficulty associated with predicting the 
genetic architecture of adaptive variation. In fact, previous research 
has shown that the genetic architecture of adaptive divergence can 
vary substantially within the same species exposed to the same 
experimental selection pressures (Atlantic silverside Therkildsen 
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et al., 2019), or at different areas of their range (steelhead, Pearse 
et al., 2014, 2019; Weinstein et al., 2019). In silverside, Therkildsen 
et al. (2019) demonstrated one experimental trial contained a low 
frequency of an inversion associated with growth and that inver-
sion increased dramatically in frequency in response to experimental 
selection. In steelhead, Pearse et al. (2014, 2019) documented an 
extremely large inversion associated with anadromy in the southern 
portion of the species range whereas Weinstein et al. (2019) found 
that anadromy was likely controlled by many loci of small effect in 
the northern range. These studies along with our own illustrate that 
the interplay between gene flow, selection, and standing genetic 
variation is extremely complex, making it difficult to predict the ge-
netic architecture of adaptive divergence.

We hypothesise that the substantial differences in the size of is-
lands identified in our study system compared to those mentioned 
above, despite similar levels of gene flow, may have been caused by 
differences in the strength of selection and/or the genetic architec-
ture of the traits under selection. Previous studies in salmon have 
identified small (10s to 100 s of kilobases in length) but abundant ge-
nomic regions (i.e. 10s of islands all with high FST across the genome) 
that control a large proportion of the additive genetic variance for run 
timing (Prince et al., 2017; Thompson et al., 2020) and age at maturity 
(Barson et al., 2015). We posit that adaptive variation in our system is 
encoded by simpler genetic architectures encompassing fewer genes, 
leading to the smaller islands we observed compared to the islands 
spanning large regions of chromosomes and containing many genes 
observed in the studies mentioned above. However, there is still much 
uncertainty surrounding the interplay between gene flow and selec-
tion as well as how these forces influence the characteristics of islands 
of divergence; this topic should be investigated in future studies.

Our results suggest that islands of divergence in sockeye 
salmon are the result of more than one mechanism, with three is-
lands created by putative inversions and one likely created through 
non- structural means. These findings demonstrate that structural 
variation is not required to create islands of divergence in sockeye 
salmon. Additionally, the islands that we document were relatively 
small (< 600 kb), indicating that wide islands spanning megabases 
are not required to facilitate adaptive divergence. Moreover, data 
collected from across the range of sockeye salmon show that hap-
lotypes at these islands were fully or partially conserved, suggest-
ing this variation is likely old and evolved prior to the colonisation 
of Bristol Bay. Additionally, we documented putatively important 
genes within the islands. These results provide strong evidence that 
the islands of divergence we document were important for facili-
tating adaptive radiation of sockeye salmon as they colonised new 
habitats during the Pleistocene epoch.
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