
602

Journal of Heredity, 2021, 602–613
https://doi.org/10.1093/jhered/esab060

Original Article
Advance Access publication October 7, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of The American Genetic Association. All rights reserved. For permis-
sions, please e-mail: journals.permissions@oup.com

Original Article

Genome-Wide Investigation of the Multiple 
Origins Hypothesis for Deep-Spawning Kokanee 
Salmon (Oncorhynchus nerka) across its  
Pan-Pacific Distribution
Farida Samad-zada, Kouji Nakayama, and Michael A. Russello

From the Department of Biology, University of British Columbia, Kelowna, BC, Canada (Samad-zada and Russello); 
the Division of Applied Biosciences, Kyoto University, Kyoto, Japan (Nakayama).

Address correspondence to M. Russello at the address above, or e-mail: michael.russello@ubc.ca.

Received March 25, 2021; First decision May 15, 2021; Accepted October 1, 2021.

Corresponding Editor: Kim Andrews 

Abstract

Salmonids have emerged as important study systems for investigating molecular processes 
underlying parallel evolution given their tremendous life history variation. Kokanee, the resident 
form of anadromous sockeye salmon (Oncorhynchus nerka), have evolved multiple times across 
the species’ pan-Pacific distribution, exhibiting multiple reproductive ecotypes including those 
that spawn in streams, on lake-shores, and at lake depths >50 m. The latter has only been detected 
in 5 locations in Japan and British Columbia, Canada. Here, we investigated the multiple origins 
hypothesis for deep-spawning kokanee, using 9721 single nucleotide polymorphisms distributed 
across the genome analyzed for the vast majority of known populations in Japan (Saiko Lake) and 
Canada (Anderson, Seton, East Barrière Lakes) relative to stream-spawning populations in both 
regions. We detected 397 outlier loci, none of which were robustly identified in paired-ecotype 
comparisons in Japan and Canada independently. Bayesian clustering and principal components 
analyses based on neutral loci revealed 6 distinct clusters, largely associated with geography or 
translocation history, rather than ecotype. Moreover, a high level of divergence between Canadian 
and Japanese populations, and between deep- and stream-spawning populations regionally, 
suggests the deep-spawning ecotype independently evolved on the 2 continents. On a finer 
level, Japanese kokanee populations exhibited low estimates of heterozygosity, significant levels 
of inbreeding, and reduced effective population sizes relative to Canadian populations, likely 
associated with transplantation history. Along with preliminary evidence for hybridization between 
deep- and stream-spawning ecotypes in Saiko Lake, these findings should be considered within 
the context of on-going kokanee fisheries management in Japan.

Keywords:  genomic scans, life history evolution, Pacific salmon, trait polymorphisms

Parallel evolution, the independent evolution of the same trait 
in closely related lineages, has been documented across a wide 
range of taxa (Haldane 1932; Wood et  al. 2005). For example, 

short-winged ecomorphs of Japanese scorpionfly have independ-
ently evolved in geographically isolated populations as an adapta-
tion to high-altitude conditions (Suzuki et al. 2019), adult dwarfism 
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has repeatedly emerged in Icelandic charr inhabiting volcanic springs 
(Macqueen et al. 2011), and sympatric, microhabitat-associated eco-
types of marine snails have independently originated several times 
(Quesada et  al. 2007). Molecular mechanisms underlying parallel 
evolution have been traditionally demonstrated for phenotypic traits 
that are regulated by specific candidate genes or sets of genes, the 
functions of which have been known a priori. Examples include in-
secticide resistance in red flour beetles, where different point muta-
tions in a resistance-conferring gene have evolved in geographically 
distinct populations (Andreev et al. 1999), and the depigmentation 
phenotype present in isolated populations of Mexican blind cavefish 
resulting from different mutations within the melanocortin receptor 
gene (Gross et al. 2009). In contrast, deciphering molecular mech-
anisms responsible for repeated evolution of phenotypic traits for 
which no prior genetic information is available only became feasible 
with advances in next-generation sequencing that made it possible 
to access loci spanning the entire genome, using such approaches as 
reduced representation and whole-genome sequencing (Fraser and 
Whiting 2020; Stern 2013). Over the past decade, genomic scans 
have been commonly employed to identify candidate genes respon-
sible for the evolution of the same phenotypes in replicated popula-
tions (Deagle et al. 2012; Westram et al. 2014; Nichols et al. 2016; 
Veale and Russello 2017b).

Salmonids, including sockeye salmon (Oncorhynchus nerka), 
have become classic examples of parallel evolution of divergent 
ecotypes in response to ecological pressures, as demonstrated by 
their unusually diverse life history variation. For instance, multiple 
independent lineages of freshwater resident O.  nerka (known as 
kokanee) have evolved from anadromous sockeye salmon across 
the species’ pan-Pacific distribution, spanning from western North 
America to East Asia from Russia (Kamchatka) to Japan (Kaeriyama 
et al. 1995; Taylor et al. 1996). Kokanee populations are genetically 
distinct from sympatric populations of anadromous sockeye salmon 
and can be further distinguished based on their habitat preferences, 
physiological traits, morphology, life history, and behavior (Foote 
et al. 1989; Taylor et al. 1996; Lemay and Russello 2015; Veale and 
Russello 2016; Veale and Russello 2017b). Moreover, these differ-
ences appear to be adaptive and have evolved due to differential 
selection pressures attributed to variation in their associated envir-
onments and life cycles (Foote et al. 1999). Both sockeye salmon and 
kokanee can be further subdivided into reproductive ecotypes, de-
pending on spawning location (shore-, stream- and deep-spawning), 
which have repeatedly evolved in different parts of the world (Taylor 
et al. 1996; Moreira and Taylor 2015; Veale and Russello 2017b).

Among these ecotypes, deep-spawning kokanee (also known as 
black kokanee or kunimasu) can be distinguished from the more 
common shore- and stream-spawning kokanee based on its morph-
ology, unusual spawning depth and pigmentation at maturity. While 
stream-spawners and, to a lesser extent, shore-spawners transition to 
bright or brown-red coloration upon maturation, deep-spawning ko-
kanee remain olive-black, even during the spawning season (Nakabo 
et  al. 2011, 2014; Moreira and Taylor 2015). For this ecotype, 
spawning occurs in shoreline habitat, but more than 50 m below the 
lake surface in the lower part of the profundal zone and continues 
throughout the winter months (Nakabo et  al. 2014; Moreira and 
Taylor 2015). Moreover, deep-spawning kokanee can be differenti-
ated from stream-spawning kokanee based on the number of pyloric 
caeca, fin rays, and gill rakers (Nakabo et al. 2014).

Geographically isolated populations of deep-spawning kokanee 
that share similar behavioural and morphological traits occur in 
Saiko and Motosu Lakes, Yamanashi Prefecture, Japan (Nakabo 

et al. 2011), as well as Anderson, Seton (Moreira and Taylor 2015), 
and East Barrière Lakes (Andrusak and Morris 2004) in British 
Columbia, Canada, leading to questions surrounding the origin 
and genetic signatures of parallel evolution associated with this 
reproductive form. To date, a handful of studies have investigated 
the morphology, genetics, and behavior of deep-spawning kokanee 
(Muto et al. 2013; Nakabo et al. 2011, 2014; Veale and Russello 
2017b; Nakayama et al. 2018), only one of which combined gen-
etic data for both Japanese and Canadian populations (Moreira 
and Taylor 2015). In Saiko Lake, genetic distinctiveness of sym-
patric deep- and stream-spawning kokanee has been previously 
demonstrated based on 5 microsatellite markers [One102, One108, 
One110, One114, One115; (Muto et  al. 2013)]. Likewise, deep-
spawning kokanee in Anderson and Seton Lakes were found to be 
genetically distinct from anadromous sockeye salmon in the con-
necting Portage Creek, based on 9 microsatellites [Omy77, Ots100, 
Ots103, Ots108, Oki10, Oki29, One103, One108, One110] and 
mitochondrial DNA (Moreira and Taylor 2015), as well as genome-
wide analyses of single nucleotide polymorphisms (SNPs) (Veale and 
Russello 2017b). The only known incidences of hybridization be-
tween deep- and stream-spawning kokanee have been documented 
in Motosu Lake, Yamanashi Prefecture, Japan (located less than 20 
km away from Saiko Lake) (Nakayama et al. 2018). On a broader 
scale, deep-spawning kokanee populations in Japan and Canada are 
not monophyletic, as demonstrated by microsatellite and mitochon-
drial DNA analysis, suggesting that this ecotype evolved as a result 
of multiple independent divergence events (i.e., multiple origins hy-
pothesis; Moreira and Taylor 2015).

Here, we employed genotyping-by-sequencing to investigate the 
origin and reconstruct the evolutionary history of deep-spawning 
kokanee, including the vast majority of documented populations 
worldwide (Saiko Lake, Japan; Anderson, Seton and East Barrière 
Lakes, Canada) (Figure 1). Using genome-wide SNP data, we 
conducted genomic scans to identify outlier loci between paired 
deep- and stream-spawning populations in Canada and Japan to in-
vestigate putative genetic signatures of parallel evolution and eco-
type divergence. We further reconstructed genome-wide patterns of 
within-population variation and among-population structure of the 
4 deep-spawning populations relative to each other as well as to 
stream-spawning kokanee populations in their respective basins to 
explicitly test the multiple origins hypothesis. In addition, we geno-
typed all samples at a SNP within the leucine-rich repeat-containing 
protein 9 (LRRC9) gene, at which genotypes have previously been 
found to be associated with spawning behavior in O. nerka (Veale 
and Russello 2017b). We hypothesized that genotypically predicted 
spawning types would match the observed reproductive ecotypes 
within these populations (Table 1). Lastly, we investigated whether 
there was evidence for hybridization between deep- and stream-
spawning kokanee in Saiko Lake, one of only 2 locations in the 
world where these ecotypes are known to co-occur.

Methods

Study Design and Sampling
Our study included deep-spawning kokanee (n  = 20) and stream-
spawning kokanee (n  =  17) previously sampled in 2010–2011 
from Saiko Lake, Yamanashi Prefecture, Japan, as well as stream-
spawning kokanee (n = 21) from Akan Lake, Hokkaido Prefecture, 
Japan (Nakabo et al. 2011). The samples were originally collected 
by a combination of gill netting and angling, and were comprised of 
muscle tissue preserved in 100% ethanol (Nakabo et al. 2011). For 
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deep- and stream-spawning kokanee in British Columbia, Canada we 
used previously collected genomic data from individuals from East 
Barrière (n = 31 plus 2 replicates) and Nicola (n = 25) Lakes (Samad-
zada et al. 2021), as well as Anderson (n = 22), Seton (n = 23), and 
Kootenay (n = 22) Lakes (Veale and Russello 2017b). Information 
regarding sample collection, DNA extraction, and library construc-
tion can be found in the original papers; complete distribution of 
kokanee populations used in this study, along with their respective 
ecotypes, is provided in Table 1 and Figure 1.

Library Preparation
Genomic DNA was extracted from muscle tissue using the Qiagen 
DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer’s 
protocol with the addition of 4  μL of 100 mg/mL 7000U RNase 
(Qiagen) prior to ethanol precipitation. We used restriction site-
associated DNA sequencing (RADseq) to simultaneously iden-
tify and genotype SNPs within the O. nerka samples from Japan. 
Specifically, we employed a SbfI RADseq protocol following Baird 
et  al. (2008) as modified in Lemay and Russello (2015) in order 

Figure 1. Locations of the study lakes. Maps produced using QGIS Geographic Information System, Open Source Geospatial Foundation Project (http://qgis.org). 
(a) Map of the Fraser River and Columbia River drainages, British Columbia, Canada. Shapefiles were retrieved from B.C. Data Catalogue (https://catalogue.data.
gov.bc.ca/dataset). (b) Map of Japan. Shapefiles were retrieved from FAO Geonetwork (http://www.fao.org/geonetwork/srv/en/main.home).
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to ensure direct compatibility with previously collected data from 
East Barrière and Nicola Lakes (Samad-zada et al. 2021), as well as 
Anderson, Seton, and Kootenay Lakes (Veale and Russello 2017b). 
We constructed 2 RADseq libraries that in total contained 58 unique 
individuals, 4 of which were replicated (2 per library) to estimate 
genotyping error within each library (Tintle et al. 2009). The con-
structed libraries were sequenced at the McGill University and 
Génome Québec Innovation Centre, using one lane each of Illumina 
HiSeq 2500 PE125 (2 lanes in total).

Genotyping and Filtering
We combined the newly sequenced reads from Akan and Saiko Lakes 
with those previously generated for samples from Anderson, Seton, 
and Kootenay Lakes (Illumina HiSeq 2000 SE110 sequencing; Veale 
and Russello 2017b) and East Barrière and Nicola Lakes (Illumina 
HiSeq 4000 PE150 sequencing; (Samad-zada et al. 2021) (Table 1). 
To ensure compatibility with previously sequenced samples, raw 
paired-end reads were demultiplexed and trimmed via the process 
radtags command (-r -c -q -t 100) in STACKS v2.41 (Catchen et al. 
2011); all new data were trimmed to the same length (100 bp) as 
those available from the previously analyzed populations from Veale 
and Russello (2017b). After demultiplexing, samples containing 
less than 2 million reads were not used in the construction of the 
main SNP dataset, however, they were included in the Saiko-specific 
workflow (see below). Identical reads generated due to PCR ampli-
fication were removed using the clone filter command in STACKS 
v2.41 (Catchen et  al. 2011). Demultiplexed, trimmed, and filtered 
reads were aligned against the O. nerka reference genome (Oner_1, 
GenBank Assembly Accession ID: GCA_006149115.1, Christensen 
et al. 2020) using the bwa mem algorithm in BWA (Li and Durbin 
2009) and sorted using samtools v1.9 (Li et al. 2009). The resulting 
bam files together with those produced earlier for the samples from 
Anderson, Seton, East Barrière, Nicola, and Kootenay Lakes were 
used to identify loci and call SNPs via the gstacks command. Next, 
we processed the resulting loci through the populations module in 
STACKS v2.41 (Catchen et  al. 2011). We performed a sensitivity 
analysis on the retained individuals by running the populations 
module in STACKS v2.41 (Catchen et al. 2011) with varying sets of 
parameters (r, --min-maf) to determine the optimal set for SNP as-
certainment by comparing the number of retained SNPs and samples 
with the mean depth and missing data percentage (Supplementary 
Table S1). We ultimately chose a set of parameters that maximized 
the number of retained SNPs, while still ensuring that mean depth re-
mained high and missing data percentage remained low. Specifically, 
we only retained loci observed in ≥70% (r70) of the individuals and 

present in all 8 populations, with a minimum allele frequency of 0.03 
and a maximum observed heterozygosity of 0.50 (Supplementary 
Table S1). The --write-single-snp flag was used to only retain one 
SNP per locus in order to minimize linkage. Next, we calculated 
mean coverage per individual using VCFtools v0.1.15 (Danecek 
et  al. 2011) and removed individuals with mean coverage <6× or 
mean missing data percentage >30%, and re-ran populations using 
the optimal parameters. We further processed this dataset through 
VCFtools v0.1.15 (Danecek et al. 2011) to only include sites with 
a minimum mean depth of 10× and a maximum mean depth of 
100×, and exclude sites with >10% missing data (--max-missing 
0.9). Additionally, we excluded loci identified as putative paralogs 
as described in McKinney et al. (2017) using the HDplot function 
available from https://github.com/gjmckinney/HDplot. Then, we 
estimated the genotyping error rate using a custom python script 
(https://github.com/bsjodin/genoerrorcalc) that compared genotypes 
for each SNP between the 2 replicates and calculated the percentage 
of SNPs that did not have the same genotype. Lastly, we removed 
replicate samples from our dataset.

Outlier Detection
In order to test for putative signatures of parallel evolution, we 
conducted outlier scans on “paired” (deep- vs. stream-spawning) 
populations from Canada and Japan. Canada-specific analyses 
were conducted on the following pairs of populations: Nicola-East 
Barrière, Nicola-Anderson, and Nicola-Seton, where the Nicola 
Lake population is stream-spawning, and the rest of the populations 
are deep-spawning kokanee. Japan-specific outlier scans compared 
Saiko deep-spawning to Saiko stream-spawning; and Saiko deep-
spawning to Akan stream-spawning kokanee (see Supplementary 
Table S2 for details). Given the high false-positive rates associated 
with outlier detection approaches and the hierarchical structure 
of our dataset, we employed 3 different analyses including the FST-
based approaches implemented in Bayescan v2.0 (Foll and Gaggiotti 
2008) and Arlequin v3.5 (Excoffier and Lischer 2010), which is an 
extension of the FDIST method of Beaumont and Nichols (1996), 
as well as the principal component analysis (PCA)-based approach 
implemented in pcadapt (Luu et al. 2017). For BayeScan v2.0 (Foll 
and Gaggiotti 2008), we used a pairwise approach comparing al-
lele frequencies between the above-mentioned pairs of populations 
(n  =  5 comparisons; Supplementary Table S2). The analyses were 
run for 100 000 iterations with a 50 000 burn-in period and Prior 
Odds set to 10; loci with q values <0.05 were marked as outliers. For 
Arlequin, we used the hierarchical island model (Slatkin and Voelm 
1991) that allows for higher migration rates within the group than 

Table 1. Sample size, spawner type, summary of diversity statistics, and estimated Ne for the 8 populations examined in this study

Population Country Spawner type NS NR Ho He FIS Ne (95% CI)

Anderson Canada Deep-spawning 22 22 0.2153 0.212 −0.01573 2287.8 (1765.9–3245.4)
Seton Canada Deep-spawning 23 23 0.2174 0.2145 −0.01314 1463.4 (1247.2–1769.9)
East Barrière Canada Deep-spawning 31 31 0.2017 0.1921 −0.04993 814.5 (753.7–886.0)
Nicola Canada Stream-spawning 25 25 0.1685 0.1679 −0.00369 4194.2 (2594.0–10914.4)
Kootenay Canada Stream-spawning 22 22 0.1869 0.1888 0.01050 2101.7 (1615.0–3006.2)
Akan Japan Stream-spawning 21 15 0.0769 0.09 0.14569a 223.3 (196.6–258.1)
Saiko Japan Deep-spawning 20 20 0.1126 0.1212 0.07087a 30.4 (30.1–30.6)
Saiko Japan Stream-spawning 17 9 0.0737 0.0862 0.14437a 33.2 (32.1–34.4)

NS, number of sequenced samples; NR, number of samples retained after full filtering; CI, confidence interval; He, expected heterozygosity; Ho, observed hetero-
zygosity; FIS, inbreeding coefficient; Ne, effective population size.

aFIS values that were significantly different from 0 at α = 0.01.
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between the groups. We performed 20  000 simulations, with the 
number of simulated demes set to 100, number of simulated groups 
set to 10, and simulated derived allele frequency set to 0.05. We then 
corrected P values for each SNP; loci in the first quantile with FDR 
<0.05 were identified as outliers. Lastly, we inferred the number of 
genetic clusters through analyses of principal components (PCs), as 
implemented in pcadapt v4.1.0 (Luu et al. 2017), and Cuttel’s rule 
to infer the most likely number of PCs that explained the genetic 
structure within the dataset. The resulting P values were corrected 
for multiple comparisons using the method of Benjamini-Yekutieli 
(2001), and loci with adjusted P values of less than 0.05 were con-
sidered outliers. We considered outliers to be robust if they were 
detected by 2 or more methods, an approach that has been com-
monly employed to decrease error rates (Alves-Pereira et al. 2020; de 
Villemereuil et al. 2014; Jordan et al. 2017). Robust outliers detected 
in Canada-specific outlier scans were compared to those detected in 
the Japan-specific outlier scans, and all outliers were functionally 
annotated using the blastn function in BLAST v2.9.0 (Altschul et al. 
1990) with the e-value threshold of 1e-28, and -entrez_query set to 
“Oncorhynchus.”

Additionally, we identified genes located within 100  kb of ro-
bust outliers (distance following Larson et al. 2017) using bedtools 
v2.26.0 (Quinlan and Hall 2010) to extract linkage group positions 
and BEDOPS v2.4.38 (Neph et  al. 2012) bedmap --echo-map-id-
uniq utility to locate genes within the specified ranges in the O. nerka 
genome annotation file (GCF_006149115.1_Oner_1.0); outliers lo-
cated on unplaced scaffolds were excluded from this analysis. To 
obtain a list of gene descriptions, we used the NCBI Entrez direct 
efetch tool (Kans 2013). Gene symbols and/or gene descriptions 
were compared against the zebrafish (Danio rerio) genome annota-
tion (GCF_000002035.6) and those that generated an exact match 
were used in gene ontology (GO) enrichment analysis. The D. rerio 
genome was chosen as a reference because this species contains the 
most up-to-date GO information, as well as the most functionally 
annotated genome of all teleost fishes (Babin et al. 2017). Next, 2 un-
ranked gene sets were compared in GOrilla (Eden et al. 2009), where 
matching genes were treated as a target set, while all D. rerio genes 
were treated as a background set. The GOrilla analysis was con-
ducted separately for Canada- and Japan-specific robust outlier sets.

Lastly, we specifically examined genotypes for all Japanese sam-
ples at a SNP in the LRRC9 gene (Veale and Russello 2017a) that 
was previously demonstrated to be a candidate locus under di-
vergent selection associated with reproductive ecotype (shore- or 
stream-spawning). Genotypes at the LRRC9 gene have been previ-
ously reported for all Canadian populations examined in this study 
(Samad-zada et al. 2021; Veale and Russello 2017b).

Population Genetic Analyses
In order to help ensure a putatively neutral dataset for population 
genetic analyses, we conducted additional outlier detection analyses 
for all populations using the same 3 outlier detection approaches 
(BayeScan, pcadapt, Arlequin) and identical parameters as above 
(see Supplementary Table S2 for details); we removed any locus 
identified as an outlier in any comparison (i.e., Canada-specific, 
Japan-specific, all). Following outlier removal, we removed loci that 
significantly (-h 0.05) deviated from Hardy–Weinberg Equilibrium 
in 50% or more of the populations using the filter_hwe_by_pop.pl 
script from https://github.com/jpuritz/dDocent/tree/master/scripts.

Using the resulting putatively neutral SNP dataset, we calcu-
lated locus-specific observed (Ho) and expected (He) heterozygosity 

following Nei (1987) using the basic.stats function in hierfstat 
(Goudet and Jombart 2015), averaged across loci for each popu-
lation. Additionally, we computed inbreeding coefficients (FIS) for 
every population using Genetix v.4.05.2 (Belkhir et  al. 2004) and 
1000 permutations to determine levels of significance. We estimated 
effective population sizes (Ne) employing the linkage disequilibrium 
method (Waples and Do 2008) as implemented in NeEstimator v.2 
(Do et  al. 2014), with the lowest allele frequency set to 0.05. To 
examine the levels of pairwise population differentiation, we calcu-
lated Weir and Cockerham’s (1984) θ between all pairs of popula-
tions, performing 1000 permutations in Genetix v.4.05.2 (Belkhir 
et al. 2004).

To assess the number of genetic clusters representing the popu-
lations in our dataset, we employed several approaches. First, we 
used the Bayesian method of Pritchard et  al. (2000), as imple-
mented in STRUCTURE v2.3.4. We set the run length to 100 000 
Markov Chain Monte Carlo (MCMC) iterations after a burn-in 
period of 100  000 MCMC iterations, using correlated allele fre-
quencies under the admixture model and the LOCPRIOR option. 
We varied the number of clusters (K) from 1 to 10, with 10 repli-
cate runs for each. We then evaluated the output in STRUCTURE 
Harvester (Earl and vonHoldt 2012), where we inferred the optimal 
K value by employing a combination of the ΔK method (Evanno 
et al. 2005) and plotting of the log probability of the data (Pritchard 
et al. 2000) to estimate where ln Pr (X|K) plateaued. The results of 
the STRUCTURE output were visualized in CLUMPAK (Kopelman 
et al. 2015). Second, we conducted a PCA analysis in order to visu-
alize the relationships among populations using SNPRelate v1.14.0 
(Zheng et al. 2012).

In order to examine the relationship among the populations in 
our dataset, we used TreeMix (Pickrell and Pritchard 2012) that im-
plements a model accounting for both population splitting and gene 
flow, and hence is a more appropriate method for estimating rela-
tionships among multiple populations of the same species compared 
to simple bifurcating trees. Given that TreeMix requires a non-linked 
set of markers without any missing data, this analysis was performed 
on a reduced dataset, where we removed SNPs that did not map to a 
Linkage Group (i.e., those mapped to the unplaced scaffolds on the 
reference genome), and only retained those that did not contain any 
missing data for any of the individuals [--max-missing 1 in VCFtools 
v0.1.15 (Danecek et al. 2011)]. To maximize the number of retained 
SNPs for this analysis, we removed 4 individuals that had more than 
20% missing data. Lastly, SNPs were pruned using PLINK, with the 
window size set to 50 kb, step size set to 10, and r2 threshold of 0.2 
(Purcell et al. 2007).

Saiko Lake Hybridization
To assess the level of hybridization between deep- and stream-
spawning kokanee in Saiko Lake, we re-ran gstacks and populations 
in STACKS v2.41 using the same parameters (-r 0.7, -p 2, --min-maf 
0.03, --max-obs-het 0.50) and the same filtering steps that were em-
ployed in generating the main SNP dataset. Here, we used only Saiko 
Lake deep- and stream-spawning samples (n = 41), including those in-
dividuals (n = 9) that were originally discarded due to a low number 
of reads in the broad-scale analyses. We removed samples with mean 
coverage <6× and discarded loci with mean missing data >10%, re-
ducing the number of retained loci in order to maximize the number 
of samples, while still maintaining a robustly filtered SNP dataset.

We used the resulting Saiko-specific SNP dataset and the approach 
implemented in NewHybrids v 2.0 (Anderson and Thompson 2002) 
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to investigate evidence for admixture between the co-occurring 
deep- and stream-spawning kokanee in Saiko Lake. As NewHybrids 
is known to experience underflow errors with larger datasets, we 
used a dataset of 500 SNPs that had the highest FST following Elliott 
and Russello (2018). We defined 6 genotype frequency classes (deep-
spawning kokanee pure stock, stream-spawning kokanee pure stock, 
F1, F2, B2 deep-spawning kokanee backcross; B2 stream-spawning 
kokanee backcross) and ran 10  000 sweeps during, and 50  000 
sweeps after the burn-in period. Individuals were subsequently as-
signed into the genotype class that had the highest probability.

Results

Dataset Quality
Following demultiplexing and quality filtering, newly sequenced 
samples from Japan (n = 62; 58 individuals plus 4 replicates) aver-
aged 9 189 554 retained forward and reverse reads. Combining the 
new data with the previously published data from the Canadian 
populations (Veale and Russello 2017b; Samad-zada et al. 2021), 
yielded 187 samples with an average of 93.95% of reads that suc-
cessfully mapped to the reference genome; however, only samples 
(n = 173) with >2 000 000 reads were used to generate the main SNP 
dataset (see Methods). After full filtering, 9721 SNPs were retained 
for 167 individuals, with a mean depth of 31.42× and mean missing 
percentage of 2.45%. The mean within-library genotyping error rate 
was 1.89%.

Outlier Detection, Mapping, and Annotation
Outlier scans on “paired” (deep- vs. stream-spawning) populations 
from Canada and Japan identified 397 outliers (Supplementary 
Figure S1). Outliers detected within a region by more than one 
method were considered robust, and their annotations are provided 
in Supplementary Tables S3 and S4. For Canadian deep-spawners 
(East Barrière, Anderson, Seton Lakes) versus stream-spawners 
(Nicola Lake), we detected the following numbers of outliers: 
Arlequin (n = 6); BayeScan (n = 8); and pcadapt (n = 148; optimal 
PCs retained = 3); 8 of these outliers were detected by more than one 
method (Supplementary Figure S1). Of these 8 robust outliers, 6 re-
vealed BLAST annotations (Supplementary Table S3). For Japanese 
deep-spawners (Saiko Lake) versus stream-spawners (Saiko, Akan 
Lakes), we detected the following numbers of outliers: Arlequin 
(n = 94); BayeScan (n = 0); and pcadapt (n = 201; optimal PCs re-
tained  =  2); 44 of these outliers were detected by more than one 
method (Supplementary Figure S1). Of these 44 robust outliers, 35 
revealed BLAST annotations (Supplementary Table S4). No shared 
robust outliers were independently detected in Japan and Canada.

Significant BLAST annotations were revealed for 6 of 8 robust 
outliers in Canada (Supplementary Table S3) and 35 of 44 robust 
outliers in Japan (Supplementary Table S4), 4 of which may be in-
dicative of some overlap between potential functions across the 2 
geographic regions. SZNR01014727.1_80153 [unplaced scaffold], 
detected in stream- versus deep-spawning comparisons in British 
Columbia, and SZNR01027293.1_1297100 [Linkage Group  17], 
detected in stream- versus deep-spawning comparisons in Japan, 
annotated to the same genomic region [Oncorhynchus mykiss 
SYPG1 (SYPG1), PHF1 (PHF1), and RGL2 (RGL2) genes, com-
plete cds; DNaseII pseudogene, complete sequence; LGN-like, PBX2 
(PBX2), NOTCH-like, TAP1 (TAP1), and BRD2 (BRD2) genes, 
complete cds; and MHCII-alpha and Raftlin-like pseudogenes, 
complete sequence; Supplementary Tables S3 and S4]. Moreover, 

2 different outliers (SZNR01019859.1_12357 [unplaced scaffold] 
and SZNR01017145.1_7778989 [Linkage Group 20]) that were in-
dependently detected in Canada and Japan, respectively, annotated 
to the same genomic region: PREDICTED: Oncorhynchus kisutch 
inactive phospholipid phosphatase 7 (LOC109868517), mRNA 
(Supplementary Tables S3 and S4).

Canada- and Japan-specific robust outliers were located within 
100  kb of 27 and 199 unique genes, respectively (Supplementary 
Tables S5 and S6). Of these, 64 genes (Canada: n  =  10; Japan: 
n  =  54) had an exact annotation match found within D.  rerio 
genome (Supplementary Tables S7 and S8). No significant GO en-
richment terms were identified for Japan-specific outliers, whereas 
Canada-specific analysis identified 2 GO terms that were potentially 
overrepresented: GO:0034199, activation of protein kinase A  ac-
tivity (P value  =  4.93E-04, FDR  =  1.00E+00) and GO:0021576, 
hindbrain formation (P value  =  9.86E-04, FDR  =  1.00E+00) 
(Supplementary Table S9).

All Japanese kokanee samples, regardless of ecotype or location, 
were fixed for the “GG” genotype at SZNR01010580.1_848156 
(LRRC9) that has been associated with shore-spawning behavior 
in O.  nerka (Veale and Russello 2017a). In Canada, all kokanee 
populations were genetically assigned to the observed reproductive 
ecotypes based on LRRC9 genotypes. Nicola and Kootenay Lake 
stream-spawning populations contained no individuals with the GG 
genotype, while in East Barrière, Anderson, and Seton Lake kokanee 
populations, the G allele frequencies were between 0.95 and 1.00, 
consistent with observed shore-spawning (both shore- and deep-
spawners spawn in a similar habitat, albeit at different depths).

Diversity Statistics and Population Structure 
Estimation
For genomic scans conducted across all populations, we detected 
the following numbers of outliers: Arlequin (n  =  10); BayeScan 
(n  =  24 unique outliers across all pairwise comparisons); and 
pcadapt (n = 641 unique outliers across all regional comparisons). 
We subsequently removed all SNPs that were identified as outliers 
(n = 700) across all analyses; none of the remaining SNPs deviated 
from HWE. Based on this putatively neutral dataset of 9021 SNPs, 
Ho, He, and FIS values were similar across all Canadian populations, 
with both Ho and He, ranging from 0.17 to 0.22 and none of the 
FIS values significantly differed from zero. Levels of heterozygosity 
were consistently lower for the Japanese populations (0.07–0.12), 
all of which exhibited heterozygote deficit and positive FIS values 
that were significantly different from zero (Table 1). Both deep- 
and stream-spawning kokanee populations in Japan demonstrated 
substantially lower Ne estimates (Saiko  =  30.4 [deep-spawning] 
and 33.2 [stream-spawning]; Akan  =  223.3) than those detected 
in Canada, which ranged from 814.5 (East Barrière) to 4194.2 
(Nicola).

Pairwise θ estimates indicated that the Saiko Lake deep-spawning 
population was the most highly differentiated relative to all others 
in both Canada and Japan, with the largest values observed in com-
parison with stream-spawning kokanee from Akan Lake (θ = 0.70) 
and Nicola Lake (θ  =  0.63) (Table 2). The Akan Lake and Saiko 
Lake stream-spawning kokanee populations were not genetically 
distinct (θ = −0.00031). The Canadian populations all demonstrated 
significant pairwise θ estimates largely associated with geographic 
proximity, ranging from 0.00955 (Anderson Lake deep-spawning 
vs. Seton Lake deep-spawning) to 0.25524 (Kootenay Lake stream-
spawning vs. Nicola Lake stream-spawning) (Table 2).
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The STRUCTURE analysis revealed evidence for 6 clusters that 
best explained the genetic variation within our dataset (Figure 2, 
Supplementary Figure S2 and Supplementary Table S10). Saiko Lake 
deep-spawning kokanee was identified as a distinct cluster starting 
from K = 2, and Akan Lake and Saiko Lake stream-spawning ko-
kanee formed a separate cluster starting from K  =  3, separating 
Japanese kokanee from populations in Canada. East Barrière Lake 
deep-spawning kokanee and Nicola Lake stream-spawning kokanee 
each formed distinct clusters at K = 5, and Kootenay Lake stream-
spawning kokanee separated from Anderson Lake and Seton Lake 
deep-spawning kokanee at K  =  6 (Figure 2). This clustering per-
sisted even at higher values of K; Anderson Lake and Seton Lake 
deep-spawning kokanee never separated into distinct clusters. The 
PCA results largely agreed with those produced by STRUCTURE, 
revealing differentiation by geography (Figure 2). The first PC ex-
plained the largest percent of variation (44.4 %) and separated 
Saiko Lake deep-spawning kokanee from all other populations. 
The second PC explained 13.6% of the variation and separated the 

tightly clustered Akan Lake and Saiko Lake stream-spawning ko-
kanee from the Canadian populations. In Canada, all populations 
formed distinct clusters, with the exception of the Anderson Lake 
and Seton Lake deep-spawning populations.

The maximum likelihood tree generated in TreeMix based on 
the reduced dataset of 901 SNPs was consistent with patterns re-
vealed by STRUCTURE and PCA analyses (Figure 3). Saiko Lake 
deep-spawning kokanee showed the highest divergence relative to 
all other populations, followed by stream-spawning kokanee from 
Akan Lake and Saiko Lake. In Canada, population split estimates 
reflected geographic proximity, with the exception of Kootenay Lake 
stream-spawning kokanee that was most closely related to Anderson 
Lake and Seton Lake deep-spawning kokanee populations.

Hybridization Analysis of Saiko Lake Co-occurring 
Ecotypes
After full filtering, 2165 SNPs and 34 samples (n  =  20 deep-
spawning, n  =  14 stream-spawning) were retained for the Saiko-
specific dataset; we retained only the 500 SNPs with the highest 
FST for the NewHybrids analysis (see Methods). In total, 33 of 34 
individuals were assigned to their pure stock of origin based on 
NewHybrids analysis. There was one individual that was assigned as 
a B2 deep-spawning kokanee backcross with a probability of 0.998.

Discussion

The evolutionary history of kokanee has been the subject of con-
tinued study, revealing polyphyletic origins (Taylor et  al. 1996; 

Table 2. Weir and Cockerham’s (1984) θ estimates between each pair of populations based on 1000 permutations, as calculated by Genetix 
v.4.05.2 (Belkhir et al. 2004)

Population Seton (deep) East Barrière (deep) Nicola (stream) Kootenay (stream) Akan (stream) Saiko (deep) Saiko (stream)

Anderson (deep) 0.00955a 0.17221a 0.21146a 0.13696a 0.35993a 0.56557a 0.34399a

Seton (deep) — 0.17046a 0.20593a 0.13518a 0.35616a 0.562a 0.34044a

East Barrière (deep) — — 0.25303a 0.22313a 0.4079a 0.58897a 0.39593a

Nicola (stream) — — — 0.25524a 0.46237a 0.62815a 0.44937a

Kootenay (stream) — — — — 0.40332a 0.59703a 0.38911a

Akan (stream) — — — — — 0.7005a −0.00031
Saiko (deep) — — — — — — 0.69688a

aValues that were significant at α = 0.01.

Figure 2. (a) PCA results produced using R package SNPRelate (Zheng et al. 
2012) showing population clustering based on the first 2 eigenvectors that 
explain 44.4% and 13.6% of the variation, respectively. (b) Results of Bayesian 
clustering analysis, as implemented in STRUCTURE v3.4 (Pritchard et  al. 
2000). Output results represent the optimal K value (K = 6), as determined 
by the ΔK method (Evanno et  al. 2005), as implemented in STRUCTURE 
HARVESTER (Earl and vonHoldt 2012). Visualized using CLUMPAK (Kopelman 
et  al. 2015). Orange fish represent stream-spawning kokanee, black fish 
represent deep-spawning kokanee. Fish illustrations are courtesy of Eileen 
Klatt.

Figure 3. Maximum likelihood (ML) tree generated by TreeMix (Pickrell and 
Pritchard 2012) based on the pruned dataset of 901 putatively neutral SNPs. 
The tree was rooted with the Saiko deep-spawning population. Orange fish 
represent stream-spawning kokanee, black fish represent deep-spawning 
kokanee. Fish illustrations are courtesy of Eileen Klatt.
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Frazer and Russello 2013), genetic distinctiveness from anadro-
mous sockeye salmon (Beacham and Withler 2017), and a genomic 
basis for reproductive ecotype variation across their distribution 
(Lemay and Russello 2015; Veale and Russello 2017a, 2017b). To 
complement this growing body of literature, our study contributes 
important insights into population history and divergence of the 
less studied deep-spawning kokanee ecotype across its pan-Pacific 
range. We demonstrate that population structure of deep-spawning 
kokanee is not associated with ecotype, but reflects geographic and 
translocation history. Furthermore, the low number of shared out-
liers detected between deep- and stream-spawning kokanee, along 
with the high level of divergence between Canadian and Japanese 
kokanee populations, suggest that the deep-spawning ecotype likely 
evolved multiple times.

Parallel Genetic Evolution
In salmonids, diverse life history variation results from environmental 
fluctuations that create conditions for local adaptation (Waples et al. 
2008). When distinct populations adapt to similar habitats, selective 
forces might act on the same set of traits, resulting in the evolution 
of similar phenotypes (Østbye et al. 2006). For example, in whitefish, 
adaptation to benthic or pelagic niches is associated with divergence 
in multiple traits, including diet composition, morphological param-
eters (e.g., number of gill rakers), growth rate, as well as age and size 
at maturity (Østbye et al. 2006). For Oncorhynchus spp., spawning 
habitat preference depends on many environmental variables, such 
as flow of oxygenated water and presence of substrate necessary 
for redd formation (Arostegui and Quinn 2019). Although limited 
information exists on spawning ground availability in lakes exam-
ined in this study, all deep-spawning kokanee populations share one 
defining characteristic in this respect: spawning depth. For this eco-
type, the loss of bright red pigmentation in mature fish has been pro-
posed to be an adaptation to decrease visibility to predators in deep 
waters with diminished light penetration, or might have evolved due 
to trade-offs in resource allocation between pigmentation and other 
costly metabolic processes (Moreira and Taylor 2015). However, the 
genetic basis of traits associated with deep-spawning behavior has 
not yet been examined.

Identification of candidate genetic regions underlying parallel-
isms is an approach that can enhance our understanding of the re-
peatability of evolution, as well as aid in predicting the adaptive 
response of wild populations to different environmental condi-
tions (Stinchcombe and Hoekstra 2008; Erickson et al. 2016; van 
Boheemen and Hodgins 2020). In the last 2 decades, there has been 
an upsurge in the number of studies that have employed genomic 
scans to identify molecular mechanisms responsible for the evo-
lution of similar phenotypic traits in distinct lineages (Fraser and 
Whiting 2020). In some systems, genomic scans have revealed spe-
cific regions associated with ecotype divergence: for instance, in 
sticklebacks, outliers that were highly divergent between limnetic 
and benthic ecotypes were localized to genes associated with im-
mune response (Jones et al. 2012). Likewise, genotype frequencies 
at LRRC9 have been associated with reproductive ecotype diver-
gence in O. nerka (Nichols et al. 2016; Veale and Russello 2017a, 
2017b). Despite these examples, in a large proportion of studies, 
overlapping outliers identified between pairs of ecotypes remain 
rare, with the majority of outliers specific to geographic differenti-
ation or population history of the system in question (Russello et al. 
2012; Frazer and Russello 2013; Perrier et  al. 2013; Rougemont 
et al. 2017; Salisbury et al. 2020).

Similarly, our study found little overlap in outliers underlying 
ecotype divergence in deep- and stream-spawning kokanee in 
Japan and Canada. The 2 instances in which outlier loci detected 
in Japan and Canada independently annotated to the same region 
most likely lack biological significance (Supplementary Tables S3 
and S4). One of these annotations consists either of genes for which 
no association with spawning could be determined and/or pseudo-
genes [Oncorhynchus mykiss SYPG1 (SYPG1), PHF1 (PHF1), and 
RGL2 (RGL2) genes, complete cds; DNaseII pseudogene, complete 
sequence; LGN-like, PBX2 (PBX2), NOTCH-like, TAP1 (TAP1), and 
BRD2 (BRD2) genes, complete cds; and MHCII-alpha and Raftlin-
like pseudogenes, complete sequence]. The other annotation was 
predicted to fall within a gene coding for an enzyme exhibiting no 
detectable activity [Oncorhynchus kisutch inactive phospholipid 
phosphatase 7 (LOC109868517)], with no clear (or tangential) as-
sociation with spawning behavior.

Furthermore, we identified only 2 GO terms potentially asso-
ciated with deep-spawning behavior: activation of protein kinase 
A activity (GO:0034199) and hindbrain formation (GO:0021576). 
Although it is challenging to directly associate protein kinase A ac-
tivity with deep-spawning behavior, further exploration of genes in-
volved in hindbrain formation may be of interest for future studies. 
For example, studies have shown that in zebrafish, the hindbrain 
contains neurons involved in nonvisual photo-sensation (Kokel et al. 
2013), which might be of relevance for deep-spawning kokanee that 
spawn in low-light conditions. Yet, this analysis had a number of 
limitations and the association should be interpreted with caution. 
For instance, we compared O. nerka gene descriptions with those of 
D. rerio given its superior annotation, however, this approach elim-
inated a large proportion of identified genes. In addition, the lack 
of a GO association file for O. nerka impeded the use of other ap-
proaches to allow comparison of results with those from the GOrilla 
analysis to improve stringency.

Taken together, the low number of outliers and GO term asso-
ciations related to deep-spawning behavior can have multiple ex-
planations. First, it is possible that O.  nerka diversification into 
deep-spawning kokanee happened independently and through dif-
ferent molecular processes that resulted in the evolution of mor-
phologically and behaviorally similar populations. Moreover, if 
many genes with a small effect, rather than a single locus with a 
large effect, are responsible for the evolution of a certain pheno-
typic trait, identification of such genes might not be feasible via 
genomic scans (Rockman 2012). Additionally, reduced representa-
tion sequencing methods, such as RADseq, only capture a fraction 
of the genome; given that the sockeye salmon genome is estimated 
to be 2.4-2.6 Gbp (Christensen et al. 2020), the probability that a 
gene or genes underlying a certain phenotypic trait will be found 
among the several thousand examined markers is low. The absence 
of any lakes where deep-spawning and stream-spawning kokanee 
naturally co-occur further complicates the situation. Outlier detec-
tion between the 2 ecotypes in Saiko Lake constitutes a comparison 
of 2 populations that were artificially introduced into the ecosystem 
(Nakabo et al. 2011; Muto et al. 2013), and hence might be con-
founded (see below). Lastly, a small effective population size and 
reduced genetic diversity of deep-spawning kokanee in Saiko Lake 
might have amplified the impact of genetic drift in this population, 
masking the presence of shared outliers (Fraser and Whiting 2020).

In addition to the lack of common outlier loci, analyses based 
on the putatively neutral dataset of 9021 SNPs demonstrated that 
deep-spawning kokanee populations are more closely related to 
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stream-spawning kokanee on the same continent, than they are to 
deep-spawning kokanee populations across the Pacific Ocean. These 
findings are consistent with the multiple origins hypothesis suggested 
by Moreira and Taylor (2015), which is in line with the polyphyletic 
history of kokanee more broadly (Taylor et al. 1996).

Regional Genetic Diversity and Divergence of  
Deep-Spawning Kokanee
In Canada, O.  nerka population divergence primarily reflects dif-
ferentiation by geography. The 3 known deep-spawning kokanee 
populations in Canada constitute natural stocks that have not been 
subject to translocations, and hence represent a unique opportunity 
to study divergence of this ecotype in the absence of human interven-
tion. Based on putatively neutral data alone, differentiation between 
deep-spawning populations in Canada is best explained by geog-
raphy rather than life history, as evidenced by distinct STRUCTURE 
clustering and reconstructed relationships based on the TreeMix 
analysis. Geographically proximate populations are less genetically 
distinct (e.g., Anderson and Seton Lake kokanee). In contrast, popu-
lations that have the same reproductive ecotype, but are geograph-
ically isolated, demonstrated a high level of differentiation (Figures 
2 and 3). Kootenay Lake kokanee represent the only deviation from 
this pattern, as this population is more closely related to Anderson 
and Seton Lake, despite currently being located in the Columbia 
Basin. This finding is consistent with previous work by Taylor et al. 
(1996), which hypothesized that the Kootenay Lake kokanee popu-
lation is more closely related to Fraser Basin kokanee due to fluctu-
ations in historic river connectivity during a deglaciation period that 
resulted in the Lower Fraser River being obstructed, and the Upper 
Fraser River draining through the Columbia Basin (Taylor et  al. 
1996). Previous studies have proposed that some of the genetically 
similar O. nerka populations in these 2 river basins might have been 
established during that period (Taylor et al. 1996). In general, our 
results are concordant with earlier population genetic and genomic 
studies of kokanee reproductive ecotypes on multiple scales (Nichols 
et al. 2016; Beacham and Withler 2017; Veale and Russello 2017b; 
Samad-zada et al. 2021).

In Japan, on the other hand, O.  nerka divergence patterns are 
more consistent with the documented history of kokanee transplant-
ations (Kogura et al. 2011). Kokanee in Japan constitute a valuable 
commercial fishery and, due to their economic and recreational value, 
are subject to on-going translocation and supplementation efforts 
(Yamamoto et al. 2011). Here, we analyzed 3 Japanese kokanee popu-
lations, spanning 2 different lakes and representing 2 ecotypes, all of 
which were artificially introduced into the lakes they currently inhabit. 
All “red” kokanee in Japan have their origin in Akan Lake (stream-
spawning) (Hokkaido Government Office Fisheries Division 1900) 
or Chimikeppu Lakes (shore-spawning) (Japan Fisheries Resource 
Conservation Association 2005). Saiko Lake stream-spawning ko-
kanee, for example, were transplanted from Towada or Shikotsu Lakes 
(Muto et al. 2013), but they were initially introduced to these source 
lakes from Akan Lake (Kogura et al. 2011). This transplantation his-
tory likely explains the absence of genetic differentiation between 
Saiko Lake and Akan Lake stream-spawning kokanee. Furthermore, 
the present population of Akan Lake is thought to have lost some of 
its original ecological and/or genetic characteristics due to frequent 
reciprocal transplantation among hatcheries and natural habitats 
(Yamamoto 2015). Similarly, deep-spawning kokanee in Saiko Lake 
are the progeny of transplants that were relocated from Tazawa Lake 
in 1935 (Nakabo et al. 2011). Given this context, it is not surprising 

that our fine-scale analyses of population structure revealed high dif-
ferentiation between stream- and deep-spawning kokanee in Saiko 
Lake (Figures 2–3), results that are concordant with previous findings 
in this system based on microsatellite analyses (Muto et  al. 2013). 
Previous research has attributed this divergence to the temporal and 
spatial distribution of the 2 ecotypes (Muto et al. 2013), which is a 
known driver of reproductive isolation in O. nerka (Arostegui and 
Quinn 2019). Yet, the presence of one individual that was assigned 
to the B2 deep-spawning kokanee backcross demonstrates that there 
exists a potential for hybridization. These results, however, should be 
considered within the context of the dataset, as SNP panels can vary 
in their assignment accuracy and power (Elliott and Russello 2018). 
A recent study in a different system demonstrated that the 500 highest 
FST SNP dataset was sufficient to correctly assign backcrosses (Elliott 
and Russello 2018) between co-occurring anadromous sockeye 
salmon and kokanee in the Okanagan Basin, but the applicability of 
this approach to Saiko Lake kokanee requires additional study. A high 
degree of hybridization (64% of sampled individuals) was previously 
reported in Motosu Lake (Nakayama et  al. 2018), the only other 
known location in the world where deep- and stream-spawning ko-
kanee co-occur. Although the degree of hybridization is low (if any) 
within Saiko Lake, our results should be considered within the context 
of on-going fisheries management.

In terms of genetic diversity, all 3 Japanese kokanee populations 
exhibited unusually low estimates of Ne and Ho, compared to popu-
lations in Canada. Moreover, all Japanese populations demonstrated 
evidence for inbreeding, as revealed by positive FIS coefficients that 
were significantly different from 0 (Table 1). These values are indica-
tive of reduced genetic diversity that is often observed in transplanted 
populations, even in cases when a viable population is successfully 
established. Loss of diversity is characteristic of a founder effect, as 
the subset chosen for transplantation rarely represents the diversity 
of an entire donor stock and not all transplants survive in the new 
locality (Quinn et al. 1998).

Lastly, we found that all Japanese populations were genotypically 
shore-spawners based on results at the LRRC9 locus. Limited in-
formation exists regarding the original reproductive ecotypes of 
kokanee in the Japanese lakes studied here, especially given their 
repeated transplantation histories. While a shore-spawning geno-
type for deep-spawning kokanee was expected based on previous 
work (Veale and Russello 2017b), several factors might explain 
why the stream-spawners also exhibited the GG genotype (Moreira 
and Taylor 2015). For example, “red” kokanee have been ob-
served spawning in both streams and along the shore of Akan Lake 
(Nakayama K, personal observation), which was one source of 
transplants into Saiko Lake. Yet, it is unclear which ecotype was 
originally transplanted to Saiko Lake. The first egg collection from 
Akan Lake was from stream-spawners, however, when Akan Lake 
individuals were transplanted to Shikotsu Lake, shore-spawning was 
observed near the mouth of the river (Hokkaido Government Office 
Fisheries Division 1900). In addition to practical considerations as-
sociated with transplant sourcing, some studies propose that acidifi-
cation of lacustrine waters can impact the reproductive behavior of 
kokanee during spawning (Ikuta et al. 2003). If valid, such changes 
in water chemistry may introduce additional selection pressures that 
could drive shifts in ecotype frequency, perhaps even to fixation. 
Nevertheless, information on the spawning behavior of Japanese ko-
kanee remains scarce, which prevents us from making any definitive 
conclusions regarding the history of reproductive (shore- or stream-
spawning) ecotype(s) in these systems.
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Limitations and Future Studies
Although we detected no evidence for parallel genetic signatures 
underlying deep-spawning kokanee ecotype divergence in Canada 
and Japan, we recognize that the use of reduced representation 
sequencing might not be suitable for identifying candidate genes 
under selection in this system. Therefore, a more comprehensive 
understanding of the genomic basis of deep-spawning in kokanee 
likely requires whole-genome analysis. Furthermore, genomic 
scans alone might not be sufficient for identifying statistically sig-
nificant gene candidates if landscape and demographic factors are 
not considered (Fraser and Whiting 2020). Alternatively, direct 
investigation of the functional significance of targeted genes hy-
pothesized to play a role in deep-spawning kokanee morphology 
or behavior might shed more light on the evolution of this ecotype. 
For example, the beta-carotene oxygenase 2-like gene is associated 
with red pigmentation in Chinook salmon (Lehnert et  al. 2019) 
and thus might be a potential candidate for divergent selection 
in deep-spawning kokanee. Divergent selection might also act on 
genes associated with adaptations to deep water conditions, such 
as hemoglobins that are involved in oxygen-binding and transport, 
or rhodopsins that affect visual perception in low-light conditions 
(Hahn et al. 2017).

Conclusion

Overall, we demonstrate that the observed structure among the 8 
kokanee populations examined in this study is associated with geo-
graphic isolation or translocation history, rather than ecotype. Our 
results show a high level of divergence between kokanee populations 
in Canada and Japan, as well as between deep- and stream-spawning 
kokanee populations regionally, suggesting the independent evo-
lution of the deep-spawning ecotype on the 2 continents. We 
also detected low estimates of heterozygosity, significant levels of 
inbreeding, and reduced effective population sizes in all Japanese 
kokanee populations, likely associated with transplantation history, 
which should be considered within the context of on-going fisheries 
management in these systems.
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Supplementary data are available at Journal of Heredity online.
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