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SNP-based discrimination
of pink salmon stocks of
the Sea of Okhotsk basin:
resolution of the approach and
possible ways to increase it

Daria A. Zelenina1*, Alexey A. Sergeev1, Anna I. Kositsina2,
Valeria A. Soshnina1,3 and Nina Yu. Shpigalskaya2

1Department of Molecular Genetics, Russian Federal Institute of Fisheries and Oceanography,
Moscow, Russia, 2Laboratory of Molecular Genetics, Kamchatka Branch of Russian Federal Institute of
Fisheries and Oceanography, Petropavlovsk-Kamchatsky, Russia, 3Department of Ichthyology,
Moscow State University, Moscow, Russia
In this work, we studied the intraspecific polymorphism of pink salmon,

Oncorhynchus gorbuscha (Walbaum, 1792), the least genetically explored

species among Pacific salmon and one of the central fisheries objects in the

Russian Far East. The most urgent task facing Russian fishery science is to

determine the proportion of fish from the main reproduction areas in mixed

stocks and, based on these data, predict the number of pink salmon returning to

these regions for spawning. Due to the unique feature of the species, which

evolved into two allochronous lineages, these lineages have been explored

independently in parallel. We designed and used here two sets of outlier SNP

markers, and this allowed us to reliably distinguish the most northern (Western

Kamchatka and the Magadan coast) and the most southern (Iturup Island)

regional stocks as well as intermediate stocks from Sakhalin Island and the

Mainland coast in both even and odd lineages of pink salmon. In addition, in odd-

year lineage, we discovered pronounced genetic differences between early-run

and late-run spawners in Sakhalin Island and the proximity of this early spawning

form to the mainland stocks. The created baseline covers the main areas of pink

salmon reproduction in the Sea of Okhotsk basin and underlies the regional

identification of pink salmon in mixed marine stocks.

KEYWORDS

pink salmon, stocks discrimination, genetic structure, SNP markers, KASP assay,
fisheries management, the Sea of Okhotsk
1 Introduction

Pink salmon (Oncorhynchus gorbuscha, Walbaum, 1792) belongs to the Pacific salmon

and therefore has many features typical for the genus Oncorhynchus. These traits include

semelparity, anadromy, and philopatry (or homing), and a pronounced population

structure due to homing behavior is a characteristic of this group of fish.
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The range of pink salmon covers the northern part of the Pacific

Rim and its coasts. It spawns in rivers from the Korean Peninsula to

the Lena River in the Asian part of its range and from California to

the Mackenzie River in North America (Heard, 1991). Pink salmon

has a strictly two-year life cycle, the shortest among Pacific salmon.

Because of this phenomenon, the species consists of two

reproductively separate lineages: one of them spawns in even years

and the other in odd years. According to various estimates, the

species was divided into two allochronous groups from 0,9-1,1

million (Brykov et al., 1996) to 23,6 thousand (Churikov and

Gharrett, 2002) years ago. During the years of independent

evolution of these two lineages, various processes took place within

each of them, and as a result, they markedly differ in some

morphological (Glubokovskii and Zhivotovskii, 1986; Beacham

et al., 1988), ecological (Gritsenko, 1981) and karyological

(Gorshkova and Gorshkov, 1983) traits. According to

mitochondrial (Sato and Urawa, 2017; Podlesnykh et al., 2020;

Zelenina et al., 2022), nuclear (Salmenkova et al., 2006; Beacham

et al., 2012) and genomic data (Tarpey et al., 2018; Christensen et al.,

2021), the most significant intraspecific differences in pink salmon

exist between the lineages. The latter statement gives grounds to

conduct genetic assessments for each of them independently.

Studies of the population genetic structure of pink salmon

began in the 1970s, and for a long time, they were based mainly

on allozyme analysis (Aspinwall, 1974; Beacham et al., 1985;

Hawkins et al., 2002). However, the development of molecular

genetic techniques in recent decades brought them to a new level.

The studies were carried out using a wide range of DNA

markers: various mtDNA fragments, microsatellites, genes of the

major histocompatibility complex (Gordeeva, 2012), and mainly

covered only limited areas of the species range. Thus, it was shown

that the population structure of pink salmon is much weaker

compared to other Pacific salmons, which is most likely due to

the lowest level of homing in this species. A notable breakthrough in

understanding the population structure of pink salmon and the

pathways of the distribution of the species throughout its

contemporary range has been achieved using next-generation

sequencing approaches. First RAD sequencing of six North

American pink salmon populations (three from each lineage) was

performed in 2014 (Seeb et al., 2014), and three years later, eight

Asian populations (four even and four odd) were added to this

research (Tarpey et al., 2018). As a result, the second level of intra-

species differences in hierarchical significance was revealed. Within

each lineage, the populations were clustered by their origin, making

it possible to trace phylogeographic patterns within the species. In

each lineage, one of the groups was formed by populations

originating from the Cascadian Pleistocene glacial refugium, while

the second consisted of populations of Beringian origin (Figure 1).

As for this species’ more detailed population organization, a

generally accepted understanding of this issue is still required.

Studies based on the mitochondrial and microsatellite

polymorphism analysis in Asian pink salmon did not allow for

reliable discrimination of populations and regional complexes.

From this point of view, great hope is placed on genomic

research, making it possible to obtain many SNP markers. Of

course, the putatively adaptive markers used in this study cannot
Frontiers in Marine Science 02
be considered an ideal unbiased tool in population studies.

However, they will make it possible to trace some of the patterns

that determine the population structure of pink salmon.

Pink salmon is the most abundant species of the genus

Oncorhynchus (according to Ruggerone and Irvine (2018), 67%

of total pacific salmon abundance and 48% of total biomass) and a

key object of fishery in the Russian Far East. However, despite a rich

history of research, this species is the most mysterious among all

Pacific salmon and, from a practical point of view, the most difficult

when you want to forecast the amount of fish returning for

spawning to a particular area. Thus, one of the main challenges

for Russian fishery science is correctly assessing the number of pink

salmons migrating to a definite region.

Of course, geneticists cannot predict the total number of

returning fish: the overall forecast is based mainly on traditional

ichthyological approaches. Our task is to calculate the proportion of

salmon from the main reproduction areas in the total population.

From this point of view, the most problematic area in the Russian

Far East is the Sea of Okhotsk basin. At the end of the marine

feeding period, pink salmon migrate for spawning to one of five

reproduction regions: 1) West Kamchatka, 2) the Magadan area, 3)

the Mainland Coast and the Amur River, 4) the Sakhalin Island and

5) the South Kuriles Islands. The success of the pink salmon fishing

season in these areas depends on the accuracy of forecasts: when

fishermen know the estimated number of fish coming to spawn in a

particular area, they can prepare vessels and fishing gear in advance.

The genetic surveys are based on the mixed stocks analysis.

Therefore, to successfully solve this problem, we need a reliable

genetic baseline covering all the main stocks in the target region.

The main practical goal of our research was to develop the basis

for a genetic tool that would allow us to reliably identify pink
FIGURE 1

Map of the sampling localities from Tarpey et al. (2018). The
description of the map is given in accordance with the paper
mentioned above: “Map of the present-day coastline (grey) overlaid
with the exposed land during lowered sea levels (120 to 130 m
lower than present, orange) and glacial cover (blue) during the Last
Glacial Maximum (LGM), approximately 18–26 thousand years ago”.
Populations originating from the Beringian Refugium are marked
with a red oval, while those from the Cascadian Refugium – are
with a green oval.
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salmon stocks in the Sea of Okhotsk basin, at least at the regional

level. In this study, we designed two panels of SNP markers, one for

an even-year lineage and one for an odd-year lineage, and assessed

their ability to differentiate regional stocks. In addition, we expect to

contribute to understanding the species’ population structure and

the processes that formed it.
2 Materials and methods

2.1 Study sites, sample collection and
DNA extraction

The material for this work was selected in accordance with the

purpose of the study and covers all the main regions of pink salmon

reproduction in the Sea of Okhotsk basin: West Coast of Kamchatka

Peninsula (hereinafter referred to as Western Kamchatka), the Sea

of Okhotsk mainland coast above 59°N (Magadan Coast), the Sea of

Okhotsk mainland coast below 59°N (Mainland Coast), Sakhalin

Island (Sakhalin) and Iturup Island (South Kuriles) (Figure 2). In all

figures, each region is marked with a certain color: Western

Kamchatka (1) – green, Magadan coast (2) – blue, Mainland

coast (3) – pink, Sakhalin (4) – yellow, South Kuriles (5) – red.

All samples were taken in rivers from adult fish during the

spawning run in July-September 2009-2020 (Table 1). Most of

samples were collected by staff of Russian Federal Institute of

Fisheries and Oceanography and specimen from the River

Langery – by E.A. Kirillova (A.N. Severtsov Institute of Ecology

and Evolution of the Russian Academy of Sciences).

Numbers of regions are given in accordance with Figure 2.

Samples from Sakhalin Island are listed according to the date they

were taken, starting with the earliest.
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Pectoral fin tissues were preserved in 96% ethanol and stored at

-20°C until DNA isolation. All samples were deposited in the

Collection of Genetic Materials of the Russian Federal Institute of

Fisheries and Oceanography. Isolation and purification of total

DNA was carried out by adsorption on AcroPrep™ 96 filter

plate, 1 mL–1.0 mm, glass fiber media microcolumns (PALL,

United States), as described earlier (Ivanova et al., 2006). We

genotyped 47 fish from each population; thus, the total amount of

the analyzed material consisted of 940 fish from the even-year

spawning lineage and 1081 – from the odd-year spawning lineage.
2.2 SNP markers: search and development

The search for markers suitable for solving the tasks was based on

genomic studies of pink salmon (Tarpey et al., 2018). The DNA

sequences for the primer design, 50 for the even lineage pink salmon

and 50 – for the odd lineage, were kindly provided by Dr. James Seeb,

University of Washington. They contained SNPs, Fst-outliers, that

supported the strongest differentiation among several populations of

pink salmon, presumably originating from the Beringian refugium:

one American, three Russian, and one Japanese (Figure 1).

We used Kompetitive Allele Specific PCR (KASP) for genotyping

(He et al., 2014). The PCR primers were designed and synthesized by

LGC Genomics, UK, and due to specific requirements for the provided

DNA sequences, only half of them were suitable for primer design.

Thus, at the validation stage, we had 26 loci for the even lineage and 24

for the odd one. Based on the results of preliminary testing, two panels

of SNP markers were compiled, consisting of 8 loci for the “even” pink

salmon and of 11 for the “odd” pink salmon. The names of the loci and

the sequences of DNA-fragments, used for primer design, are available

in the Supplementary Table 1.
2.3 SNP genotyping

The analysis was performed using KASP™ chemistry (LGC

Genomics, UK), according to the manufacturer’s standard protocol.

The concentration of DNA samples was determined using Qubit 3.0

Fluorometer (Thermo Fisher Scientific, MA, USA), and then the

samples were diluted to a concentration of approximately 50 ng/µL.

KASP assay was carried out on The LightCycler® 480 Real-Time

PCR System (Roche, USA) in 96-well plates in 10 µL reaction

volume consisted of 5 mL KASP master mix, 0.14 mL KASP primer

mix (both components were provided by LGC Genomics), 1 mL of

DNA sample at approximate concentration 50 ng/mL and 4 mL of

Milli-Q water. The cycling conditions were the following: initial

stage at 94°C for 15 min, then 10 touchdown cycles at 94°C for 20 s,

61°C (decreasing by 0.6°C per cycle) for 60 s, and then 35 cycles of

standard PCR at 94°C for 20 s, 55°C for 60 s.
2.4 Data analysis

2.4.1 Genetic diversity
To assess the discriminatory power of SNP loci the

polymorphism information content (PIC) and average non-
FIGURE 2

Sampling locations of Oncorhynchus gorbuscha in the basin of the
Sea of Okhotsk. Sampling details for both lineages are given in
Table 1.
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exclusion probability for identity of two unrelated individuals (NE-

I) were estimated using CERVUS 3.0.7 (Kalinowski et al., 2007). For

each locus average observed (Mean HO) and expected (Mean HE)

heterozygosity across populations, as well as F-statistics parameters

(FIS, FIT and FST) were calculated in GenAlEx 6 (Peakall and

Smouse, 2006).

Genetic SNP diversity in populations was assessed in GenAlEx 6

by calculating several genetic parameters, namely the number of

alleles (N), observed heterozygosity (HO), expected heterozygosity

(HE) and inbreeding coefficient (FIS).

2.4.2 Genetic structure and differentiation
To study the genetic structure, two statistical approaches were

used: the clustering method implemented in STRUCTURE 2.3.4.

(Pritchard et al., 2000) and principal coordinate analysis based on

pairwise FST estimates performed in GenAlEx 6. The individual
Frontiers in Marine Science 04
Bayesian population assignment test in STRUCTURE was

performed with a model of admixed ancestry among populations,

correlated allele frequencies and prior population information. We

tested from 1 to 6 putative numbers of populations (K) with 10

iterations for each K value using 500,000 burn-in steps followed by

1,000,000 Markov Chain Monte Carlo (MCMC) generations. The

number of genetic clusters was determined in StructureSelector (Li

and Liu, 2018) based on the Evanno method (Evanno et al., 2005)

and the Puechmaille method (Puechmaille, 2016). Calculation of

pairwise FST estimates (Weir and Cockerham, 1984) and principal

coordinates analysis (PCoA) based on their values were performed

in GenAlEx 6.

To further assess genetic subdivision, a hierarchical analysis of

molecular variance (AMOVA) was performed in Arlequin ver. 3.5

(Excoffier and Lischer, 2010). For the even-year lineage, the regional

clustering was unambiguous, and the AMOVA analysis aimed to
TABLE 1 Sampling information. Regardless of the initial sample size, 47 fish from each locality/year were analyzed.

Region

Even-year spawning lineage Odd-year spawning lineage

Locality (river) Abbreviation Date of
collection Locality (river) Abbreviation Date of collection

West Kamchatka
(1)

Oblukovina OBL16 Aug 2016 Palana PAL15 July 2015

Krutogorova KRUT16 Aug 2016 Kolpakova KOLP09 July 2009

Kolpakova KOLP16 Aug 2016 Kikhchik KIKH15 July 2015

B.Vorovskaya BVOR16 Aug 2016 Opala OPA13 July-Aug 2013

Pymta PYM20 Aug 2020

Bolshaya BOL18 Aug 2018

Magadan coast (2)

Ola OLA16 July 2016 Taui TAUI17 July 2017

Taui TAUI16 July 2016 Inya INYA17 July 2017

Shilkan SHIL16 July 2016

Mainland coast (3)

Aldoma ALD16 Aug 2016 Aldoma ALD17 July 2017

Kol’ KOL16 July 2016 Tugur TUG19 Aug 2019

Amur (early run) AMUR16E June 2016 Kol’ KOL19 July 2019

Amur (late run) AMUR16L July 2016 Amur AMUR19 Aug 2019

Sakhalin Island (4)

Poronay POR10 30.07.2010 Garomay GAR09 02.08.2009

Ostrovka OSTR20 30.07.2020 Langery (early run) LANG17E 16.06-05.07.2017

Bakhura (early run) ВАH18E 06.08.2018 Grebyanka GREB11 19.07.2011

Poronay POR09 31.07.2009

Lutoga LUT20 21.08.2020 Tym’ TYM09 26.08.2009

Urum URUM10 27.08.2010 Langery (late run) LANG17L 01-24.09.2017

Bakhura (late run) ВАH18L 01.09.2018 Urum URUM09 01.09.2009

Ochepukha OCHE09 15.08.2009

South Kuriles, Iturup Island (5)

Sopochnaya (early run) SOP16Е 02.09.2016 Reidovaya (early run) REJD13Е Aug 2013

Sopochnaya (late run) SOP16L 20.09.2016 Reidovaya (late run) REJD13L Sept 2013

Kurilka KUR12 Sept 2012

Reidovaya REJD12 Sept 2012
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confirm its validity. Thus, we formed putative population groups

according to PCoA clusters corresponding to geographical regions.

For “odd” pink salmon, the situation was not clear: the genetic

clusters partly did not conform to regional ones. So we tried three

analysis variants and tested i) three population groups conclusively

with STRUCTURE results, ii) four groups based on geographical

origin, and iii) four groups according to PCoA results. We assumed

the model with the smallest intragroup differences to be the

most feasible.
3 Results

3.1 Genetic diversity within loci
and populations

The summary of genetic diversity for 8 “even-year” and 11

“odd-year” loci is given in the Table 2. For “even-year” loci observed

heterozygosity ranged from 0.131 to 0.423 (mean: 0.224) and

expected – from 0.123 to 0.403 (mean: 0.22); for “odd-year” loci

HO ranged from 0.102 to 0.455 (mean: 0.221) and HE – from 0.111

to 0.445 (mean: 0.227). The polymorphism information content
Frontiers in Marine Science 05
(PIC) varied from 0.123 to 0.342, with an average of 0.215, for

“even-year” markers, and from 0.111 to 0.357, with an average of

0.21, for “odd-year” markers. The average non-exclusion

probability (NE-I) for identity of two unrelated individuals in

each locus was rather high, however the combined probability

values across all loci (marked by asterisk) was satisfactory for

even (0.02) and odd (0.004) lineages.

Full genetic diversity statistics by locus and population are

detailed in the Supplementary Table 2.
3.2 Genetic structure and differentiation

3.2.1 Even-year spawning pink salmon
Figure 3A demonstrates the STRUCTURE analysis results of 23

populations from different regions of the Sea of Okhotsk. The

proportions of individuals’ ancestry to the genetic cluster were

determined at K values from 2 to 5, and it needed to be made clear

which of the values was optional. However, we observed some

differences among geographical regions, with the strongest between

the combined Northern region (I), which included the Magadan

coast and Western Kamchatka, and South Kuriles (IV). To clarify
TABLE 2 Summary statistics (mean across populations) of SNP loci used to differentiate pink salmon populations in the Sea of Okhotsk basin.

Locus name Mean HO Mean HE FIS FIT FST PIC NE-I

Markers for even-year lineage

GOR-EV_55106_43 0.131 0.123 -0.06 0.008 0.064 0.123 0.762

GOR-EV_41329_56 0.325 0.325 0.002 0.072 0.07 0.289 0.484

GOR-EV_55959_29 0.157 0.156 -0.007 0.049 0.055 0.151 0.712

GOR-EV_32728_58 0.423 0.403 -0.051 0.036 0.083 0.342 0.411

GOR-EV_80318_35 0.156 0.155 -0.008 0.021 0.029 0.147 0.719

GOR-EV_1611_62 0.334 0.337 0.007 0.123 0.117 0.309 0.456

GOR-EV_71784_42 0.166 0.164 -0.014 0.037 0.050 0.157 0.7

GOR-EV_41546_51 0.098 0.099 0.008 0.071 0.063 0.199 0.808

Mean/*combined 0.224 0.22 -0.015 0.052 0.066 0.215 0.02*

Markers for odd-year lineage

GOR-OD_16062_57 0.382 0.376 -0.018 0.042 0.059 0.320 0.440

GOR-OD_180_27 0.12 0.146 0.176 0.263 0.106 0.15 0.713

GOR-OD_30678_51 0.146 0.144 -0.015 0.037 0.052 0.14 0.731

GOR-OD_84997_61 0.146 0.162 0.095 0.136 0.046 0.156 0.703

GOR-OD_26342_27 0.196 0.203 0.035 0.055 0.021 0.185 0.651

GOR-OD_13427_28 0.455 0.445 -0.023 0.021 0.043 0.357 0.395

GOR-OD_87107_52 0.182 0.183 0.002 0.08 0.078 0.179 0.662

GOR-OD_52301_32 0.219 0.219 -0.002 0.064 0.065 0.206 0.614

GOR-OD_6663_70 0.202 0.212 0.048 0.125 0.081 0.204 0.618

GOR-OD_28942_40 0.286 0.292 0.023 0.245 0.228 0.307 0.458

GOR-OD_33643_55 0.102 0.111 0.086 0.134 0.053 0.111 0.785

Mean/*combined 0.221 0.227 0.037 0.109 0.075 0.21 0.004*
frontie
Mean HO: average observed heterozygosity across all populations. Mean HE: average expected heterozygosity across all populations. FIS. FIT and FST, fixation indexes; PIC, polymorphic
information content; NE-I, average non-exclusion probability for identity of two unrelated individuals. *: combined non-exclusion probability across the entire set of loci.
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the most appropriate number of clusters, we applied two

approaches: according to the Evanno method (Figure 3B), K

appeared to be 2, whereas the Puechmaille method (Figure 3C)

supported the existence of 4 clusters.

Principal coordinate analysis (PCoA) based on Fst genetic

distances identified four population clusters formed on a regional

principle (Figure 4A). This segregation was provided by the first axis,

which accounted for nearly 80% of the molecular dispersion. The

most distant were the Northern cluster (I), consisting of populations

from Western Kamchatka and the Magadan coast, and the South

Kuril cluster (IV), which included samples from Iturup Island. The

Sakhalin cluster (III) and the cluster of the mainland coast of the Sea

of Okhotsk (II) occupied intermediate positions.

The results of both types of analysis were generally in

concordance. Therefore we considered it possible to divide the

entire set of even-year spawning pink salmon populations into four

groups: Northern (includes populations fromWest Kamchatka and

Magadan area), Mainland, Sakhalin, and South Kuril (Figure 4A).

The AMOVA discovered that strongly significant differences

explained the majority of variations (8.46%) among these groups,

and the interpopulation variability within the groups was almost 20

times less (0.45%) (Table 3); thus, our hypothesis was supported.

3.2.2 Odd-year spawning pink salmon
The STRUCTURE analysis of 20 odd-year populations

(Figure 5A) revealed a pronounced clinal variability at K=2. As in

the other lineage, all individuals from Western Kamchatka and the
Frontiers in Marine Science 06
Magadan coast can be unambiguously assigned to one of the genetic

clusters (group I), while the South Kuril pink salmon – to the

opposite one (group IV). In contrast to the lineage of even years,

there was no clear division into regions between the intermediate

samples. Analysis performed at bigger K-values allowed us to find

more noticeable visual differences. The optional K was 2 when we

implemented the Evanno method (Figure 5B), and the Puechmaille

approach (Figure 5C) found that the largest number of clusters (3)

was at K=4 and 5.

However, PCoA results of odd-year spawning lineage

(Figure 4B) revealed the existence of four clusters, and like in the

even-year lineage Northern (I) and South Kuril clusters (IV)

occupied the opposite sides of the PCoA plot. As for the two

central clusters, the basis of their formation turned out to be

different. All populations from the mainland coast formed a

single cluster, with half of the samples from Sakhalin (II), while

the other half of the Sakhalin samples formed a separate group (III).

We have established a specific pattern that determines the location

of each of the Sakhalin populations in a particular cluster, which is

related to the timing of spawning. As seen from Table 1, all

individuals sharing cluster II with pink salmon from the

mainland coast came to spawn by the beginning of August and,

therefore, can be considered early spawners. At the same time, pink

salmon populations of late spawning dates form their separate

cluster (III).

When conducting a hierarchical analysis for odd-year lineage

(Table 4), we considered three models of population clustering:
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FIGURE 3

(A) Barplots reflecting the proportion of individual ancestry at K=2, 3, 4, 5 in the even-years lineage. K values are on the right. Sample designations
are given in accordance with Table 1. Five regional groups are shown below the plots, and four putative clusters – above them. (B, C) Estimations of
number of genetically distant groups within even-spawning lineage of pink salmon, based on DK according to (Evanno et al., 2005) (B) and on
Puechmaille statistics (Puechmaille, 2016) (C).
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1) three groups, that except Northern and Kuril clusters included one

intermediate group (according to STRUCTURE results); 2) four groups

formed on the regional principle; 3) four clusters in conformity with

PCoA results. Near-zero P-values confirmed the significance of all

AMOVA results. For each model, the major impact on the overall

variability was provided by the differences among the groups and

varied from 7.75% to 9.05%. We compared interpopulation variability

within groups to determine the most likely clustering model. We found
Frontiers in Marine Science 07
out that the lowest meaning (0.72%) was determined for the third

model, suggesting the division of Sakhalin pink salmon into two groups

depending on the timing of spawning.

We consider both SNP panels to be suitable for discrimination

purposes. The genetic characteristics of populations were sufficient

for forming stable regional clusters, both based on Bayesian

estimates and the results of the analysis of principal coordinates.

AMOVA outputs confirmed these assumptions.
B

A

FIGURE 4

Principal coordinate analysis using the covariance matrix of pairwise Fst projected in a two-dimensional space for even- (A) and odd-spawning
(B) lineages of pink salmon. Samples from different regions are marked with different colors.
TABLE 3 The results of AMOVA for even-years spawning pink salmon.

Source of variation d.f. Sum of squares Variance composition Percentage of variation Fixation indexes

Among groups 3 130.517 0.08171 8.46 FCT: 0,09465

Among populations within groups 19 24.444 0.00434 0.45 FSC: 0,00491

Within populations 2135 1877.087 0.87920 91.09 FST: 0,08914

Total 2157 2032.048 0.96524
All estimates were significantly different from zero (P < 0.001).
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4 Discussion

Pacific salmon is an abundant, commercially valuable group of

anadromous fish inhabiting the Pacific Ocean’s northern part. The

conservation of these species is ensured by the North Pacific

Anadromous Fish Commission (NPAFC), the international inter-

governmental organization that includes five member countries:

Canada, Japan, the Republic of Korea, the Russian Federation, and

the United States of America. According to the NPAFC

anadromous fish Conservation Measures, the fishery of Pacific

salmon is prohibited in the high seas. Almost all Pacific salmon

originate in the waters of NPAFC member countries, and these

countries are responsible for the harvest and conservation of their

anadromous stocks. The Pacific salmon fishery occurs mainly in

coastal areas or on the routes of spawning migrations within the

200-mile zones (exclusive economic zones) of the coastal states.

In many cases, delineating salmon stocks within a particular

area is essential, as this allows for solving different tasks concerning

their management and conservation, and fisheries genetics is

responsible for answering such vital questions. For Russian

salmon fisheries, one of the most urgent problems is the

discrimination of pink salmon stocks in the basin of the Sea of

Okhotsk. Many attempts were made to solve this problem using

different kinds of standard ichthyological approaches, but their

resolutions needed to be revised.

This paper presents a powerful tool that distinguishes the main

regional pink salmon stocks in the Sea of Okhotsk basin. Our

approach is based on advances in high-throughput sequencing: the

results of the RAD-sequencing project (Tarpey et al., 2018)

provided an opportunity to develop our panels of SNP markers.
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Today, SNP loci are essential in fish and fisheries genetics as a

convenient tool for population identification and individual

assignment. Over the past two decades, the use of SNPs for

fisheries management purposes has steadily increased. They first

became popular because of their biallelic nature and hence the

categorical information obtained (presence or absence of alleles)

and reproducibility, regardless of the method of analysis (Sobrino

et al., 2005; Zelenina et al., 2005). Then it became clear that the

rapid development of genomic techniques promotes the further

expansion of the application of SNP markers in fisheries and

aquaculture (Zelenina et al., 2011).

Over the past decade, SNP markers have been widely used in

mixed stock analysis and management of several species of Pacific

salmon: chinook salmon (Larson et al., 2014; Beacham et al., 2022),

sockeye salmon (Ackerman et al., 2011; Dann et al., 2013), coho

salmon (Beacham et al., 2020; Deeg et al., 2022) and chum salmon

(Kitada and Kishino, 2021; McKinney et al., 2022). However, there

needed to be more information about the most abundant species of

this genus, pink salmon.

Unlike most known Pacific salmon panels, our sets for genetic

discrimination of pink salmon stocks consist of only a few SNP

markers: 8 for lineage spawning in even years and 11 – for that from

odd years. Such a small number of loci make these tools suitable for

use close to fishing areas, in fisheries institutions in the Russian Far

East, and the only equipment required is a real-time PCR machine.

Comparing the results obtained for both lineages, we stated that

we managed to better solve the problem for the “even” pink salmon

problem. All samples are reliably distributed over four genetic

clusters corresponding to four main regions. However, the

situation in the odd-year lineage is not so definite: samples from
TABLE 4 The AMOVA analysis of odd-years spawning pink salmon based on 11 SNP-loci.

Source of variation d.f. Sum of squares Variance composition Percentage of variation Fixation indexes

3 GROUPS_WK-MAG_KHAB-SAKH_KUR (MODEL 1)

Among groups 2 135.893 0.12643 9.03 FCT: 0,09032

Among populations within groups 17 66.484 0.02842 2.03 FSC: 0,02232

Within populations 1856 2310.757 1.24502 88.94 FST: 0,11062

Total 1875 2513.134 1.39987

4 GROUPS_WK-MAG_KHAB_SAKH_KUR (MODEL 2)

Among groups 3 149.621 0.10637 7.75 FCT: 0,07746

Among populations within groups 16 52.756 0.02188 1.59 FSC: 0,01727

Within populations 1856 2310.757 1.24502 90.66 FST: 0,09339

Total 1875 2513.134 1.37327

4 GROUPS_WK-MAG_KHAB-SAKHE_SAKHL_KUR (MODEL 3)

Among groups 3 167.640 0.12274 8.91 FCT: 0,08909

Among populations within groups 16 34.736 0.00987 0.72 FSC: 0,00787

Within populations 1856 2310.757 1.24502 90.37 FST: 0,09626

Total 1875 2513.134 1.37763
For all comparisons P-values were strongly significant (P < 0.001).
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one of the main fishing areas, Sakhalin Island, were divided into two

groups and distributed between two clusters, probably according to

the timing of their spawning run.

We consider this phenomenon not to be accidental, and the

insufficient discriminatory ability of our set of genetic markers

cannot explain it. Instead, the most reasonable explanation lies in

the evolutionary histories of the early and late spawning pink

salmon on Sakhalin Island. In addition, data on different

migration routes of these forms during their return to spawning

after oceanic feeding support our assumptions (N. V. Kolpakov, E.

A. Shevlyakov, V. D. Nikitin – personal communication).

Considering that the primary goal of the pink salmon forecast

is to correctly predict the ratio of northern (West Kamchatka plus

the Magadan coast), southern (Sakhalin plus the Mainland coast),

and South Kuriles stocks, we conclude that we have reached it.

Last year our “even” panel was for the first time tested by mixed

stock analysis of the young-of-the-year pink salmon in the Sea of

Okhotsk and verified during the fishing season, and the prediction

for the northern stocks corresponded to the result (Kositsyna

et al., 2022).

It should be noted that our markers were developed based

on a comparison of only a few pink salmon populations, and we
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believe that an additional genomic study (ddRAD) of numerous

samples from the rivers of the Sea of Okhotsk basin will

allow us to create new sets of SNP markers with better

discrimination ability.
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(A) Barplots reflecting the proportion of individual ancestry at K=2, 3, 4, 5 in the odd-years lineage. K values are on the right. Sample designations
are given in accordance with Table 1. Five regional groups are shown below the plots, and four putative clusters – above them. (B, C) Estimations of
number of genetically distant groups within odd-spawning lineage of pink salmon, based on DK according to (Evanno et al., 2005) (B) and on
Puechmaille statistics (Puechmaille, 2016) (C).
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