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1.  INTRODUCTION 

The sailfin sandfish Arctoscopus japonicus is a 
ben tho pelagic fish distributed in the Sea of Japan, 
the Pacific Japanese coast from northeastern Hon-
shu (i.e. mainland of Japan) to Hokkaido, and the 
Sea of Okhotsk (Okiyama 1970, 1990, Mecklenburg 
2003). It is an important fishery resource in Japan, 
caught in bottom-trawl and fixed-net fisheries with 
annual catches of several thousand tonnes (Fujiwara 
et al. 2020, Iida et al. 2020). Fisheries management 

of wild marine resources is typically conducted at 
the level of stocks with independent population 
demography. Stock delineation based on the genetic 
population structure of a species can support re -
source management that considers the viability and 
evolutionary potential of the species (Moritz 1994, 
Palsbøll et al. 2007). Furthermore, inferring not only 
the population structure but also the process of its 
formation can provide insights for predicting the 
response of the species to future climate change by 
revealing the relationship between historical pop-
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ulation demography and environmental change 
(Hotaling et al. 2018). 

In previous studies, the genetic population struc-
ture of A. japonicus has been investigated through 
analyses of allozymes (Fujino & Amita 1984) and 
mitochondrial DNA (mtDNA) (Yanagimoto 2004, Shi-
rai et al. 2006). In their analyses based on the mtDNA 
control region, Yanagimoto (2004) and Shirai et al. 
(2006) demonstrated significant genetic differentia-
tion between local populations in the Sea of Japan 
and Pacific Ocean. In addition, Shirai et al. (2006) 
showed that there are 2 deeply divergent mtDNA 
haplogroups (Haplogroups A and C; B is endemic to 
the Pacific Ocean) within the Sea of Japan. They iden-
tified the presence of 2 genetic groups in this sea area 
distinguished by differences in their haplotype 
frequency. They concluded that this species is com-
posed of at least 3 genetic groups (Southern Hok-
kaido, SH; West coast of Japan, WJ; and East coast of 
Korea, EK). However, it has been shown that some 
spawning schools within these genetic groups can be 
distinguished by differences in their morphometric 
characters (Okiyama 1970, Kobayashi & Kaga 1981), 
and it has also been suggested that they may have dif-
ferent migration ranges (Yanagimoto & Konishi 
2004). Therefore, it is possible that there is a fine-scale 
population structure within the genetic groups recog-
nized by Shirai et al. (2006), which has potential to 
impact fisheries management, although the previous 
population genetic study found no evidence to sup-
port this (Fujino & Amita 1984, Yanagimoto 2004, Shi-
rai et al. 2006). To examine whether fine-scale genetic 
differences exist between local populations, it is nec-
essary to analyze more polymorphism-rich and fast-
evolving nuclear DNA markers such as microsatellite 
DNA (msDNA) loci (Guichoux et al. 2011), which has 
not been done for this species so far. 

In the present study, we aimed to examine the gene -
tic population structure of A. japonicus using msDNA 
analysis. We also conducted demographic analysis 
based on the mtDNA cytochrome b (cytb) region to 
investigate the relationship between past climate 
change events and the establishment process of the 
population structure of this species. (1) We estimated 
the genetic population structure based on gene tic 
data from both msDNA and the mtDNA cytb se -
quence. To assess the reliability of the detected 
genetic population structure, we conducted multiple 
different analyses and compared the results. (2) To re -
construct the historical population demo graphy, we 
estimated the molecular evolutionary rate of mtDNA 
in A. japonicus. This involved estimating the diver-
gence time within the perciform suborder Cottoidei 

(Nelson et al. 2016), to which A. japonicus is clas -
sified, utilizing complete mitochondrial gene se -
quences and fossil records. (3) We conducted a pop-
ulation demographic analysis based on the mtDNA 
cytb sequence using the estimated molecular evolu-
tionary rates. Here, we particularly highlight geologi-
cal epochs after the Last Glacial Maximum (LGM, ca. 
20 thousand years ago [kya]), which is thought to 
have greatly influenced the shaping of the population 
structure of present-day wild organisms (Avise 2000), 
and assess the profound impact of rapid climate fluc-
tuations on the population demographic history of 
this species. Specifically, incorporating results from 
population structure analyses, we enumerated and 
compared several plausible demographic scenarios 
associated with climatic events. Based on the inferred 
population demographic history, we attempted to 
reconstruct the relationship between the formation of 
the population structure and past climate change. 

2.  MATERIALS AND METHODS 

2.1.  Sample collection and laboratory procedures 

The specimens of sailfin sandfish Arctoscopus ja -
ponicus used in this study were sampled across its 
 distribution around the Japanese archipelago (Fig. 1, 
Table 1). We analyzed 240 extracted DNA samples 
(about 10 ng μl–1) from the same 8 sites (Akkeshi, 
Muroran, Atsuta, Hachimori, Funagawa, Waka sa, 
Oki, and Mishima) along the coast of Honshu used by 
Shirai et al. (2006), and 30 new samples collected in 
October 2004 from the Sea of Okhotsk coast of Hok-
kaido (Abashiri). Genomic DNA from the newly 
added specimens (tissue slices stored in 99.5% etha-
nol) was extracted using DNeasy Blood & Tissue Kits 
(Qiagen) following the manufacture’s handbook. In 
Shirai et al. (2006), the sample populations were 
assigned to the following 3 geographic groups: Akke-
shi and Muroran to the SH group; Atsuta, Hachimori, 
Funagawa, Wakasa, and Oki to the WJ group, and 
Mishima to the EK group (Fig. 1, Table 1). 

2.2.  Sequencing of the cytb region 

For the mtDNA cytb region, PCR and sequencing 
primers were designed based on the A. japonicus mito-
chondrial genome sequence (GenBank accession 
number: AP003090). The primer L-Glu14345.Aj (5’-
AAC CAC CGT TGT AAC TCA ACT AC-3’) was lo-
cated upstream of the target region in the tRNAGlu re-
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gion, and the primer H-Pro15610.Aj (5’- 
TTG GGG GTT AGG GGT GGG AGT 
T-3’) was located downstream in the 
tRNAPro region. The PCR mixture for 
the partial the cytb sequence was as fol-
lows: Blend Taq® Plus (0.125 μl) (TOY-
OBO), 10× PCR Buffer for Blend Taq 
(1.25 μl), 2mM dNTPs (1.25 μl), 
100 pmol μl–1 of each primer (0.125 μl), 
ultra-purified water (9.125 μl), and ex-
tracted DNA (1 μl) in a reaction volume 
of 13 μl. The PCR conditions included 
an initial denaturation at 94°C for 2 min, 
and 28 cycles of denaturation at 94°C 
for 30 s, annealing at 58°C for 30 s, and 
extension at 72°C for 1 min. PCR pro-
ducts were purified with Agencourt 
AMPure XP (Beckman Coulter) and di-
luted in 40 μl of ultra-purified water. Pu-
rified products were se quenced using 
the primers listed above with the BigDye 
Terminators v3.1 Cycle Sequencing Kit 
(Applied Bio systems), according to the 
manufacturer’s instructions, and visual-
ized on a 3500 XL Genetic Analyzer 
(Ther mo Fisher Scientific). Finally, we 
used ATGC ver. 7.03 (GENETYX) to as -
 semble the sequence of the target region 
from the L and H chains. For each sam-
ple population, we calculated the 
number of haplotypes, haplotype diver-
sity (h), and nucleotide diversity (π) 
using Arlequin ver. 3.5.2.2 (Excoffier & 
Lischer 2010) for each site sampled. 

2.3.  Genotyping of the microsatellite 
DNA loci 

We selected 10 microsatellite loci 
(DR225, DR148, DR5, Orla16-32, Orla17-
188, Orla2-91, Orla21-231, Orla3-65, 
Orla5-131, and Orla9-204) based on the 
following criteria established in a pre-
vious study (Kurihara & Ikeda 2022): ab-
sence of null alleles and large allele 
dropout, and no deviation from Hardy-
Weinberg equilibrium (HWE) propor-
tions within each sample population as 
expected in a panmictic population. 
Fragment analysis was conducted using 
the method described by Blacket et al. 
(2012), following Strategy II: Singleplex 
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Fig. 1. Sampling locations (red dots). The abbreviations for each sample popula-
tion are as follows: AS: Abashiri (Abashiri stock); AT: Atsuta (Ishikari Bay stock); 
AK: Akkeshi (Kushiro stock); MR: Muroran (Funka Bay stock); HM: Hachimori 
and FG: Funagawa (Northern Sea of Japan stock); WS: Wakasa, OK: Oki, and 
MS: Mishima (Western Sea of Japan stock). The superscript letters next to the 
abbreviations for each location indicate the 3 genetic groups (SH: Southern Hok-
kaido; WJ: West coast of Japan; EK: East coast of Korea) to which each sample 
population belongs, according to Shirai et al. (2006). The coastline during the  

Last Glacial Maximum (LGM) (depth of 130 m) is indicated (solid line)

Sampling sites             Date      Sample     Genetic      GenBank accession no. 
(code)                         sampled       size        group by  
                                                                         Shirai et al.  
                                                                              (2006)         
 
Sea of Okhotsk                                                                     
Abashiri (AS)            Oct 2004        30               na            LC787018–LC787046 
Pacific Ocean                                                                        
Akkeshia (AK)         May 2000       30               SH           LC786958–LC786987 
Murorana (MR)       Nov 1999       30               SH           LC786988–LC787017 
Sea of Japan                                                                          
Atsutaa (AT)             Nov 1999       30               WJ           LC787047–LC787076 
Hachimoria (HM)   Dec 1999       30               WJ           LC787077–LC787106 
Funagawaa (FG)      Dec 1999       30               WJ           LC787107–LC787134 
Wakasaa (WS)          Jul 2000        30               WJ           LC787135–LC787164 
Okia (OK)                 Mar 2000       30               WJ           LC787165–LC787194 
Mishimaa (MS)        Mar 2000       30               EK           LC787195–LC787224 
 
aSamples identical to those used by Shirai et al. (2006) 

Table 1. Collections of Arctoscopus japonicus samples for the present study. na:  
not applicable; genetic-group abbreviations as in Fig. 1
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using multiple fluorophores. The PCR mixture for 
microsatellite fragment analysis was as follows: Tks 
Gflex DNA Polymerase (0.2 μl) (TaKaRa Bio), 2× Gflex 
PCR Buffer (5.0 μl), 5 pmol μl–1 forward primer with 
tail sequence (0.3 μl), 5 pmol μl–1 reverse primer 
(1.0 μl), 5 pmol μl–1 universal primer with fluorescent 
tag (0.4 μl), ultra-purified water (2.3 μl), and extracted 
DNA (1 μl) in a reaction volume of 6 μl. The PCR mix-
ture was used as the template for the microsatellite 
fragment analysis. The PCR conditions followed those 
of Kurihara & Ikeda (2022). The PCR products and Ge-
neScan 600 LIZ size standard (Applied Biosystems) 
were loaded onto an automated DNA sequencer (Seq-
Studio Genetic Analyzer, Thermo Fisher Scientific) 
and fragment analysis was conducted by capillary 
electrophoresis. The size of each allele was determined 
using GeneMapper ver. 6.0 (Applied Biosystems). For 
each sample population, we calculated the number of 
alleles (na), the effective number of alleles (ne; Kimura 
& Crow 1964), the mean expected heterozygosity (He), 
and the mean observed hetero zygosity (Ho), using Ge-
nAlEx ver. 6.5 (Peakall & Smouse 2012). 

2.4.  Genetic population structure analysis based 
on the cytb sequences 

To elucidate the phylogenetic relationships among 
the haplotypes, phylogenetic analysis was performed. 
Trichodon trichodon (GenBank accession number 
LC125776), a sister species of A. japonicus, was used 
as an outgroup. The DNA haplotypes were aligned 
using MAFFT ver. 7.453 (Katoh & Standley 2013) and 
trimmed to a length of 612 bp to match the sequence 
of LC125776. The nucleotide substitution model was 
selected based on the Bayesian information criterion 
(BIC) using MEGA7 (Kumar et al. 2016). Tree topo logy 
was estimated using the neighbor-joining me thod 
with 1000 bootstrap replications implemented in 
MEGA7 and the Bayesian method implemented in 
BEAST ver. 2.6.6 (Bouckaert et al. 2014). In the BEAST 
analysis, the coalescent Bayesian skyline model was 
assumed as the tree prior. For the Markov chain 
Monte Carlo (MCMC) analysis, the parameters were 
sampled every 10000 steps to obtain 1.0 × 108 records 
after discarding the first 1.0 × 107 records as burn-in. 
The effective sample size (ESS) was confirmed to be 
>200 using Tracer ver. 1.7.1 (Rambaut et al. 2018). 

The genetic population structure of A. japonicus 
was estimated using a clustering analysis based on 
the mtDNA sequence. We performed SAMOVA ver. 
2.0 (spatial analysis of molecular variance; Dupan-
loup et al. 2002) with 10 000 permutations, which as -

sumed that the number of clusters (K) is between 2 
and 6. SAMOVA is a method of clustering sample 
populations by considering geographic locations, 
such that the genetic variance between clusters (ΦCT 
and Va) is maximized for any given number of clusters 
K. The optimal value for K was determined by adop-
ting the minimum K at which Vb = 0 (genetic variance 
between sample populations within the cluster) and 
was statistically supported based on the parsimony 
criterion (α = 0.05). Pairwise ΦST between the clusters 
detected by the above analysis was evaluated using 
10 000 permutations in Arlequin (α = 0.05). A sequen-
tial Bonferroni correction for multiple tests (Rice 
1989) was applied. 

2.5.  Genetic population structure analysis based on 
microsatellite DNA variations 

Cluster analysis was performed based on msDNA 
data. First, Nei’s standard genetic distance, DS (Nei 
1972), matrix was calculated using POPULATIONS 
(https://bioinformatics.org/populations/), and a pop-
ulation-based neighbor-joining tree (Saitou & Nei 
1987) was constructed based on this matrix, with 1000 
bootstrap analyses. Additionally, a neighbor-net (Bry -
ant & Moulton 2004) was constructed using SplitsTree4 
(Huson & Bryant 2006) based on the distance matrix. 

Discriminant analysis of principal components 
(DAPC) was performed using the R package adegenet 
(Jombart et al. 2010) to clarify the genetic relation-
ships among the sample populations. DAPC was con-
ducted for 2 datasets: one including all 9 sample pop-
ulations (ALL), and one including only the sample 
populations from the Sea of Japan (SJ: Atsuta, Hachi-
mori, Funagawa, Wakasa, Oki, and Mishima). The 
optimal number of principal components was deter-
mined based on the results of 100 cross-validations 
(90% for training and 10% for validation; ALL: 69; SJ: 
74). The number of discriminant axes was set to 8 for 
the ALL dataset and 5 for the SJ dataset. 

PopCluster ver. 1.1.0.0 (Wang 2022) was used to 
estimate the individual assignment to each of K 
clusters using both model-based (admixture model) 
and non-model-based (k-means) methods. We con-
ducted the analysis for 2 datasets: Dataset ALL and a 
dataset containing only samples from the Pacific 
coast of Hokkaido (PO: Akkeshi and Muroran). For 
the analysis assuming the admixture model, we set 
the scaling parameter to 0 and applied the unequal 
allele frequency prior. For each K, we assumed K = 
1–10 for the ALL dataset and K = 1–4 for the PO 
dataset, and calculated DLK2 values and mean FSTIS 
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values by performing 10 independent analyses. DLK2 
values reflect the changes in log-likelihood with K, 
while mean FSTIS values measure population differen-
tiation and the deviation from HWE within clusters. 
Based on these two values, we determined the opti-
mal K. Pairwise FST and RST between the clusters 
detected by the above analysis and AMOVA was eval-
uated using 10 000 permutations in Arlequin (α = 
0.05). A sequential Bonferroni correction for multiple 
tests was applied. 

2.6.  Calibration of the molecular evolutionary rate 
for the cytb region 

To reconstruct the demographic history of A. japon-
icus based on DNA sequence data, we first estimated 
the molecular evolutionary rate of the mtDNA cytb 
region with the Cottoidei time-calibrated tree based 
on mitochondrial genome datasets. The phylogenetic 
tree topology of the Cottoidei species was estimated 
based on the maximum likelihood method (Felsen-
stein 1981) using RAxML ver. 8.2.12 (Stamatakis 
2014). The 7 ingroup and 1 outgroup species were se -
lected following Imamura et al. (2005) and Nelson et 
al. (2016) (Table S1 in the Supplement at www.int-res.
com/articles/suppl/m747p133_supp.pdf). We used 
12 protein-coding gene regions, excluding the ND6 
gene region, from the complete mitochondrial ge -
nome sequences obtained from GenBank. The ND6 
region was excluded from the phylogenetic analyses 
due to its inconsistent phylogenetic performance and 
heterogeneous base composition (Zardoya & Meyer 
1996, Miya & Nishida 2000). The remaining 12 pro-
tein-coding gene DNA sequences were aligned using 
MAFFT. From the aligned se quence matrix, we 
trimmed the start and stop codon regions and over-
lapping regions between genes. The trimmed se -
quences were concatenated using the fasconcat.pl 
program (Kück & Meusemann 2010). We performed a 
tree topology search using the rapid bootstrap algo-
rithm (-f a option) implemented in RAxML with 1000 
bootstrap replicates under the GTR+Γ model (Yang 
1994, the model recommended by the author of the 
program). To examine whether the dataset and data 
partitioning conditions influence the inferred tree 
topology, 6 distinct configurations were analyzed by 
applying 2 partitioning schemes to the data matrices. 
The first scheme involved dividing the data based on 
gene regions, while the second scheme treated the 
entire data matrix as a single unit. These partitioning 
schemes were applied to 3 variants of the data matrix: 
(1) full-length sequences containing all codon posi-

tions (1N2N3N), (2) sequences excluding the third 
codon positions due to their fast substitution rates 
(1N2N), and (3) sequences with the third codon posi-
tions encoded as purines and pyrimidines using RY 
encoding (1N2N3RY). In the above analysis, it was 
assumed that each partition had different branch 
lengths (-M option: implemented in RAxML). 

To estimate the molecular evolutionary rates of 
mitochondrial genome genes in the Cottoidei, 
MCMCTREE in the PAML 4.9h package (Yang 2007) 
was used to time-calibrate the phylogenetic tree 
obtained. The dataset was partitioned into coding 
regions and the molecular evolutionary rate for each 
region was estimated. The fossil records used to cali-
brate the divergence times are shown in Table S2. The 
MCMCTREE analysis employed an approximate 
likelihood method (dos Reis & Yang 2011). The inde-
pendent rates model (clock2) was applied to rate vari-
ation between branches, and the HKY+Γ model 
(Hase gawa et al. 1985) was assumed. The overall sub-
stitution rate (rgene gamma) and the rate-drift para -
meter (sigma2 gamma) were assigned Gamma distri-
bution priors with shape parameter α and scale 
parameter β: G(α, β), using the method described by 
Inoue et al. (2010), where G(1, 43) and G(1, 49) were 
applied, respectively. For the MCMC analysis, the 
parameters were sampled every 2 steps to obtain 1.0 × 
105 records after discarding the first 1.0 × 104 records 
as burn-in. ESS was confirmed to be greater than 200 
using Tracer. The analysis was run twice, and conver-
gence of the Markov chains was assessed by compar-
ing the estimated values. 

2.7.  Reconstruction of demographic history 

We reconstructed historical demography based on 
the mtDNA dataset to investigate the association be-
tween climate change events during the ice age cycles 
of the Pleistocene and the establishment of the group 
structure of A. japonicus in the Sea of Japan and the 
Pacific. Hachimori, Funagawa (representing the WJ 
group in the Sea of Japan, Shirai et al. 2006), and Akke-
shi (representing the SH group in the Pacific Ocean) 
were selected for this analysis (Fig. 1, Table 1). 

The assumption of population equilibrium and se-
lective neutrality was tested with Tajima’s D (Tajima 
1989) and Fu’s FS (Fu 1997) statistics through 1000 
simulations in Arlequin. Next, a demographic scenario 
was selected based on the approximate Bayesian com-
putation (ABC) framework as implemented in DIYABC 
ver. 2.1.0 (Cornuet et al. 2014). For comparison, 6 sce-
narios were constructed considering the divergence 
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time between the WJ and SH groups, the presence or 
absence of secondary contact, and the presence or 
 absence of population expansion of the WJ group 
(Fig. 2): (1) the SH group diverged from the WJ group 
after the LGM, at t0 < 19 000 yr ago; (2) the SH group 
diverged from the WJ group before the LGM, at t2 > 
21 000 yr ago; (3) after the LGM, the SH group 
diverged from the WJ group (at t0) and the distribution 
of the WJ group expanded at t1 (t0 < t1); (4) before the 
LGM, the SH group diverged from the WJ group (at 
t2), and after the LGM the WJ group ex panded (at t1); 
(5) before the LGM, the SH group diverged from the 
WJ group (at t2) and both groups had secondary con-
tact after the LGM (at t0); (6) before the LGM, the SH 
group diverged from the WJ group (at t2), and after the 
LGM, the WJ group expanded (at t1), then both groups 
had secondary contact (at t0). We assumed a uniform 
prior distribution for the per-site, per-generation mean 
substitution rate of the mtDNA cytb region with an 
upper and lower bound on the 95% highest posterior 
probability density (HPD) interval estimated using the 
method described above (Section 2.6). 

A. japonicus is considered to mature in 2 to 3 yr 
(Kiyo kawa 1991) and thus, following Shirai et al. 
(2006), we as sumed that the generation time of this 
species is 2.5 yr. Prior distributions for effective pop-
ulation sizes, divergence times, and admixture propor-
tions are summarized in Table S3. For each scenario, 

1.0 × 105 coalescent simulations were performed, and 
the following summary statistics were calculated for 
every simulation: the number of haplotypes, number of 
segregating sites, mean pairwise difference, variance 
of pairwise differences, Tajima’s D, private segregating 
sites, mean number of the rarest nucleotide at segre-
gating sites, variance of the number of the rarest nu-
cleotide at segregating sites, and pairwise FST. After 
simulations, the posterior probabilities for each sce-
nario were compared using a logistic ap proach: 
logistic regression with linear discriminant analysis 
was used to estimate the posterior proba bilities based 
on the summary statistics. This was achieved by utiliz-
ing 0.1 to 1% of the simulated data exhibiting the high-
est degree of similarity to the observed data. Principal 
component analysis (PCA) was performed to confirm 
whether or not the ob served values of summary statis-
tics can be simulated under the best scenario. 

Finally, we performed a coalescent-based analysis 
using MIGRATE ver. 3.7.1 (Beerli 2006) to estimate the 
change in population size and migration rate through 
time. Posterior probabilities of the parameters were 
searched by MCMC algorithm. The para meters were 
sampled every 100 steps to obtain 1.0 × 108 re cords 
after discarding the first 1.0 × 105 records as burn-in. 
We employed a static heating scheme using 4 chains 
with different temperatures (temperature of each 
chain: 1.0 × 106, 3.0, 1.5, 1.0) to avoid entrapment in 

local optima. After running the MCMC, 
we confirmed, using Tracer, that the 
ESS was ≥200. The estimated mutation-
scaled para meters were converted to 
 female effective population size (fNe), 
female migration rate (m), and calendar 
date (t), assuming the substitution rate 
which was the estimated median rate as 
described above (Section 2.6). 

3.  RESULTS 

3.1.  Genetic population structure 
analysis based on mitochondrial 

DNA variations 

The contiguity of the 1136 bp se -
quences was determined by combin-
ing partial DNA sequences from the 
cytb (bases 59 to 1141) and tRNAThr 
(bases 1 to 53) regions. This dataset 
con sists of a total of 155 haplotypes de -
fined by 155 variable sites (Table S4). 
The TN93+Γ (Tamura & Nei 1993) 
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Fig. 2. Six demographic scenarios (see Section 2.7) examined using approximate 
Bayesian computation (ABC) based on mitochondrial DNA sequences. The his-
tories of different populations are represented by colored lines (blue: Sea of Japan 
population, WJ; orange: Pacific population, SH), with line bifurcations indicating 
population splits, and line mergers indicating secondary contact after population 
splitting. Changes in line thickness represent changes in population size. Associ-
ated characters (t0, t1 and t2) in each diagram are model parameters described in  

the text (Section 2.7) and Table S3. LGM: Last Glacial Maximum
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model was se lected based on the BIC. The phyloge-
netic analysis re vealed 3 clades (A, B, and C) with pos-
terior probabilities ranging from 99 to 100% (Fig. 3A). 
Although the bootstrap values were low, these clades 
were also reconstructed by the neighbor-joining 
method (bootstrap support: 16 to 71%). For Clade A in 
the Bayesian tree, however, a subclade consisting of 
A-I and A-II was reconstructed with low posterior 
probabilities (A-I: 93%; A-II: 37%). 

Among the sample populations, haplogroup fre -
quencies belonging to each clade varied, and re gional 
differences were observed (Fig. 3B). Haplotypes in 
Clade A were observed in all sample populations. 
Haplotypes in Clade B were observed only in sample 
populations from the Pacific Ocean and the Sea of Ok-
hotsk, with a high frequency in the former (0.233 and 
0.500 in Akkeshi and Muroran, respectively, and 0.133 
in Abashiri). Clade C is genetically the most distant 
from the others, and its haplotypes were observed only 
in the Sea of Japan population, particularly at a high 
frequency in the Mishima population (haplogroup 
frequency 0.133). The presence of subclades within 
Clade A can be considered ambiguous from a statisti-
cal perspective, as it de pends on the methodology 
used. However, there was a tendency for the haplo-
types of Subclade A-I to be more frequent in the Sea of 
Japan population, while the haplotypes of Subclade A-
II showed a higher frequency in the Pacific population. 

Based on the SAMOVA clustering of mtDNA data, 
the minimum value of K (where statistically Va > 0 and 
Vb = 0) indicated that the best assumption is 5 clusters 
(Table 2, Va = 1.320, Vb = 0.007). The ΦCT value at the 
best K was 0.268, and 26.8% of the total genetic varia-
tion was explained by the genetic variation among 
clusters. In the SAMOVA at K = 5, the 5 samples from 
the Sea of Japan (Atsuta, Hachimori, Funagawa, 
Wakasa, and Oki) were grouped together into a sin-
gle cluster which corresponds to the WJ group (Shirai 
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See Table 1 for sample population abbreviations

Number                            Hierarchical model                                                        Variance component                                    Ratio of  
of                                                                                                                   Among            Among locality                         variance  
clusters                                                                                                    groups (Va)              Within                      Within            component 
                                                                                                                                                  groups (Vb)              locality (Vc)             Va/Vb 
 
2                       (AK, MR),(AS,AT,HM,FG,WS,OK,MS)              1.834 (0.038)      0.243 (<0.001)      3.592 (<0.001)           7.540 
3                      (AK),(MR),(AS,AT,HM,FG,WS,OK,MS)             1.706 (0.023)      0.245 (<0.001)      3.592 (<0.001)           6.975 
4                     (AK),(MR),(AS),(AT,HM,FG,WS,OK,MS)           1.484 (0.017)        0.096 (0.002)        3.592 (<0.001)          15.437 
5                   (AK),(MR),(AS),(AT,HM,FG,WS,OK),(MS)          1.320 (0.006)       0.007 (0.091)        3.592 (<0.001)         189.954 
6                  (AK),(MR),(AS),(AT),(HM,FG,WS,OK),(MS)        1.178 (0.008)     –0.022 (0.276)        3.592 (<0.001)                * 

Table 2. SAMOVA clustering. Bold: Best hierarchical model (population structure) with the highest Va/Vb value; parentheses: 
p-value. See Table 1 for sample population abbreviations. *Since Vb is negative, Va/Vb is an invalid value and was not calculated
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et al. 2006; Fig. 1, Table 1), while the remaining sam-
ples (Akkeshi, Muroran, Abashiri, and Mishima) each 
formed distinct groups. Pairwise ΦST was calculated 
based on the results of this clustering, and all 5 
detected clusters were significantly differentiated in 
all combinations (Table 3). The ΦST values were 
higher between the Sea of Japan and Pacific Ocean 
sample populations (ΦST = 0.218–0.463, p < 0.001) 
and lower within the groups for each sea area (ΦST = 
0.048–0.077, p = 0.000–0.013). 

3.2.  Genetic population structure analysis based on 
microsatellite DNA variations 

There was no null allele and large allele dropout, 
and HWE was confirmed for all populations. The 
mean number of alleles (na) in the sample population 
was 13.3 (SD = 1.128), the mean effective number of 
alleles (ne) was 7.8 (SD = 0.600), and the Ho was 0.772 
(SD = 0.0195; Table S4). 

The population-based neighbor-joining tree showed 
a relatively large genetic differentiation be tween the 
Sea of Japan and the other sample populations 
(Fig. 4A). Within the Sea of Japan, 3 clusters (Atsuta; 
the Northern Sea of Japan, which includes the Hachi-
mori and Funagawa populations; and the Western Sea 
of Japan, which includes the Wakasa, Oki and Mish-
ima populations, Fig. 4C) were consistently supported 
by bootstrap values of 62 to 88%, although their inter-
nal branches were relatively short, indicating a low 
level of differentiation. Neighbor-net also explained 
the genetic differentiation between the Sea of Japan 
and the other sample populations and the 3 genetic 
clusters within the Sea of Japan (Fig. 4B), similar 
to the neighbor-joining tree. However, it showed  
notable network structures among all clusters except 
for those from the Northern Sea of Japan and the 

Western Sea of Japan, suggesting gene flow between 
these clusters. 

The results of DAPC were supported by the 
neighbor-joining tree and neighbor-net (Fig. 4D,E). 
For the ALL dataset, the first axis reflected the 
genetic differences between individuals from the 
Sea of Japan and those from the Pacific Ocean, with 
individuals from Abashiri in the Sea of Okhotsk sit-
uated in between. The second axis mainly reflected 
the genetic differences within each sea area 
(Fig. 4D). On this axis, individuals from the Akkeshi 
and Muroran populations in the Pacific Ocean were 
clearly differentiated from each other. For the SJ 
dataset, the DAPC results also suggested the pres-
ence of 3 groups: Atsuta, the Northern Sea of 
Japan, and the Western Sea of Japan (Fig. 4E). The 
first axis reflected the differences be tween the 
Northern Sea of Japan and the other populations, 
while the second axis represented geographic 
genetic differences among the north to south 
clusters within the Sea of Japan. 

A population structure consistent with the popula-
tion-based clustering analysis was also detected 
through individual-based clustering analysis using 
PopCluster. The analysis based on the ALL dataset 
showed that the DLK2 value was maximized at K = 2 
and the FSTIS value was maximized at K = 5 (Fig. 5D). 
Based on the results of assignment by the admixture 
model and k-means clustering, each cluster at K = 2 
was mainly associated with populations in the Sea of 
Japan and the Pacific Ocean (Fig. 5A). The Abashiri 
sample population in the Sea of Okhotsk had many 
individuals with characteristics of both clusters. 
When K = 5 (Fig. 5B), individuals from Akkeshi and 
Muroran in the Pacific Ocean (corresponding to the 
SH group, Shirai et al. 2006; Fig. 1, Table 1 in this 
article) were assigned to Cluster 1 with high probabil-
ity. Individuals from Abashiri were primarily assigned 
to Cluster 2, with some belonging to Clusters 1, 3 or 4. 
Clusters 3, 4, and 5 primarily characterized individ-
uals from the Sea of Japan. Specifically, individuals 
from Atsuta mainly belonged to Cluster 3. Cluster 4 
was characteristically detected in the Northern Sea of 
Japan, including Hachimori and Funagawa, while 
Cluster 5 was predominantly found in the Western 
Sea of Japan, including Wakasa, Oki, and Mishima. In 
the PO dataset analysis, both DLK2 and FSTIS values 
reached their maximum at K = 2 (Fig. 5E). The Akke-
shi sample population was predominant in Cluster 1-
1 and the Muroran sample population was predomi-
nant in Cluster 1-2 (Fig. 5C). 

A consistent genetic population structure was ob-
served for the above cluster analysis and 6 subgroups 

140

Clusters     Akkeshi  Muroran  Abashiri       WJ    Mishima 
 
Akkeshi                         <0.001      <0.001      <0.001   <0.001 
Muroran    0.05223                       <0.001      <0.001   <0.001 
Abashiri     0.15351    0.09082                       <0.001   <0.001 
WJ               0.46291    0.42667    0.17948                     <0.001 
Mishima    0.26281     0.2183     0.04801    0.07734

Table 3. Genetic divergence among the 5 clusters suggested 
by SAMOVA clustering. Below diagonal: pairwise ΦST; 
above diagonal: p-values. Statistical significance was tested 
by permutation tests (10 000 permutations), and p-values 
were corrected by sequential Bonferroni. WJ: West coast of 
Japan, which includes Hachimori, Funagawa, Wakasa, and  

Oki samples
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were identified (Fig. 4C): Akkeshi, Muroran, Abashiri, 
Atsuta, the Northern Sea of Japan (Hachimori and Fu-
nagawa), and the Western Sea of Japan (Wakasa, Oki, 
and Mishima). The fixation index between subgroups 
showed statistically significant genetic differentiation 
in all combinations except for some RST values 
(Table 4). The fixation index tended to indicate 
greater genetic differentiation between subgroups in 
different sea areas than between subgroups within the 
same sea area. When the variance components were 

examined at the sea area level by AMOVA, the vari-
ance between subgroups across sea areas (Va = 0.139, 
p = 0.014) was larger than that within subgroups of 
the same sea area (Vb = 0.052, p < 0.001; Table 5). 
When the variance components of the detected sub-
groups were examined by AMOVA, the variance be-
tween groups (Va = 0.154, p < 0.001) was significant, 
while the within-group variance between sample pop-
ulations (Vb = –0.005, p = 0.718) was statistically 
zero, and no further group structure was supported. 
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Subgroups              Akkeshi                Muroran                  Abashiri                        Atsuta               Northern Sea         Western Sea  
                                                                                                                                                                               of Japan                   of Japan 
 
Akkeshi                                              0.03107 (0.048)      0.05542 (0.004)       0.41408 (<0.001)   0.35069 (<0.001)  0.21994 (<0.001) 
Muroran          0.02833 (<0.001)                                   –0.00078 (0.414)      0.31337 (<0.001)   0.28157 (<0.001)  0.15771 (<0.001) 
Abashiri           0.02157 (<0.001)  0.02593 (<0.001)                                        0.23943 (<0.001)   0.21929 (<0.001)  0.10615 (<0.001) 
Atsuta               0.07562 (<0.001)  0.04018 (<0.001)   0.05188 (<0.001)                                       0.00219 (0.681)      0.03474 (0.051) 
Northern        0.05924 (<0.001)  0.05012 (<0.001)   0.03667 (<0.001)   0.02165 (<0.001)                                       0.03491 (0.010) 
 Sea of Japan 
Western          0.06549 (<0.001)  0.05251 (<0.001)   0.03789 (<0.001)   0.02209 (<0.001)   0.00947 (<0.001) 
 Sea of Japan

Table 4. Genetic divergence among the 6 subgroups of Arctoscopus japonicus around Japan. Below diagonal: pairwise FST; 
above diagonal: pairwise RST. Statistical significance was tested by permutation tests (10 000 permutations), and p-values (in 
parentheses) were corrected by sequential Bonferroni. The Northern Sea of Japan includes Hachimori and Funagawa, and the  

Western Sea of Japan includes Wakasa, Oki, and Mishima samples
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3.3.  Demographic history of the groups 

Neutrality indices for the WJ group all showed sig-
nificantly negative values, indicating an expansion of 
population size in the past (Tajima’s D = –2.20, p = 
0.002; Fu’s FS = –25.64, p < 0.001). However, al though 
both neutrality indices for the SH group were negative, 
Tajima’s D did not show significance (Tajima’s D = 
–0.71, p = 0.229; Fu’s FS = –24.71, p < 0.001); there-
fore, only weak support for population expansion was 
obtained for this group. 

The phylogenetic analysis based on mitochondrial 
genome datasets, a time-calibrated tree of the subor-
der Cottoidei, was estimated (Fig. S1). The same topo -
logy was reconstructed across different datasets and 
partitioning schemes, confirming that these analysis 
conditions did not affect the tree topology. The 
results of each analysis are shown in Table S5. The 
molecular evolutionary rate of the cytb region esti-
mated from this analysis was 0.0352 changes per site 
per million years (95% HPD: 0.0184–0.0535; Fig. S2). 
This molecular evolutionary rate was used in the fol-
lowing analysis. 

The possible scenarios were evaluated using ABC. 
For Scenarios 1, 2, 3, 4, 5, and 6, the posterior probabil-
ities were 0.0000 (95% CI = 0.0000–0.0127), 0.0144 
(0.0000–0.0295), 0.0000 (0.0000–0.0120), 0.1909 
(0.1403–0.2416), 0.0049 (0.0000–0.0175), and 0.7891 
(0.7376–0.8406), respectively (tolerance rate: 0.001), 
and Scenario 6 had the highest posterior probability. 
Changing the tolerance rate from 0.001 to 0.01 did not 
alter the selected scenario, and there was no overlap 
in the confidence intervals with other scenarios 
(Fig. 6B). The reliability of this scenario selection was 
evaluated by predicting the true scenario from simu-
lated data, and the probability of correctly predicting 
the scenario from simulated data was 80.0% when the 
true scenario was Scenario 6. However, when the true 
scenario was Scenario 4, there was only a 68.9% 
chance of predicting Scenario 6 instead of 4, and it 

was difficult to distinguish between these 2 scenarios. 
Scenario 4 is a special case of Scenario 6 with r = 0 
(admixture proportion) and differs in that it does not 
consider secondary contact between groups during 
the post-glacial period. In Scenario 6, most of the 
summary statistics of the simulation data did not devi-
ate significantly from the observed values, which 
were within the prior distribution in the PCA (Fig. S3). 
The best scenario, Scenario 6, suggests that the WJ 
and SH group diverged at time t2 = 49 250 (95% 
HPD = 23 300–139 000) yr ago, before the LGM, fol-
lowed by a population expansion of the WJ group at 
time t1 = 13 925 (6175–18 725) yr ago during the post-
glacial period, and secondary contact between the SH 
and WJ groups occurred at time t0 = 164 (25–5525) yr 
ago (r = 0.0186, 0.0003–0.2710; Fig. 6A). Other esti-
mated parameters are listed in Table S6. 

A skyline plot was constructed using MIGRATE. 
The fNe of the SH group remained nearly constant 
throughout the period, while the Ne of the WJ group 
in creased rapidly from about 20 kya (Fig. 6C). The 
estimated m value suggests that the forward female 
migration rate from the WJ group to the SH group has 
in  creased since about 25 kya (Fig. 6D). 

4.  DISCUSSION 

4.1.  Fine-scale genetic population structure  
within each sea area 

We revealed significant genetic population struc-
ture between spawning areas in Arctoscopus japo -
nicus. This structure has a hierarchical character. 
Specifically, analysis of both mtDNA and msDNA in -
dicated significant differentiation between major sea 
areas (Pacific Ocean, Sea of Japan, and Sea of Ok-
hotsk, Va; Tables 2 & 5). In addition, A. japonicus is dif-
ferentiated at a fine scale within each sea area, even in 
continuous habitats without geographic barriers. 
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Hierarchical model     Source of variation                                 df       Variance components (p-value)       Percentage of variation 
 
Separated sea areas    Among sea areas (Va)                             2                         0.1393 (0.014)                                        3.44 
                                         Within sea areas (Vb)                              6                        0.0521 (<0.001)                                      1.29 
                                         Within sample populations (Vc)       531                      3.8575 (<0.001)                                     95.27 
Six subgroups               Among subgroups (Va)                          5                        0.1514 (<0.001)                                      3.78 
                                         Within subgroups (Vb)                           3                       –0.0050 (0.781)                                      –0.13 
                                         Within sample populations (Vc)       531                      3.8575 (<0.001)                                     96.34

Table 5. AMOVA based on microsatellite loci. The genetic variance was obtained when dividing the population into 3 groups 
for the Sea of Japan, the Pacific Ocean, and the Sea of Okhotsk, as well as when dividing the population into 6 subgroups 

identified through cluster analysis
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These results are broadly consistent with those of Shi-
rai et al. (2006). However, our study further elucidates 
the genetic characteristics of the Sea of Okhotsk pop-
ulation and provides new insights into the fine-scale 
population structure within each sea area. 

4.1.1.  Genetic population structure  
within Pacific Ocean 

Concerning the population structure along the Paci-
fic coast of Hokkaido, the PopCluster analysis based 
on the PO dataset and DAPC revealed that the 
Akkeshi and the Muroran populations included in the 
SH group are differentiated genetically and therefore 
likely to exhibit a level of demographic independence 
(Figs. 4D & 5C). These populations are independently 
managed as the Kushiro (Akkeshi) and the Funka Bay 
(Muroran) stocks (Hoshino 2011), respectively, and 
ex hibit significant differences in morphology (Koba -
yashi & Kaga 1981), and rate of copepod parasitism 
(Yanagimoto & Konishi 2004). This difference suggests 
that the feeding migration areas of the 2 stocks are dif-

ferent. The results presented in the present study sup-
port the hypothesis that both stocks are independent 
populations that are well differentiated both geneti-
cally and ecologically. The Pacific coast of Hokkaido, 
where both populations are distributed, is served by 
both the Oyashio Current (cold current) and the Tsu-
garu Warm Current (cf. Fig. 1), resulting in different 
winter water temperatures between the spawning 
grounds. This environmental difference may have 
contributed to the divergence of these 2 populations. 

4.1.2.  Genetic population structure within  
the Sea of Japan 

With regard to the Sea of Japan, our results indicate 
there are at least 3 genetically and geographically dis-
tinct populations: Atsuta, the Northern Sea of Japan, 
and the Western Sea of Japan. This adds significant 
de tail to the results presented previously by Shirai et 
al. (2006) which reported 2 genetic groups: one pri-
marily derived from spawning grounds along the 
coast of  Akita prefecture  and Atsuta in Ishikari Bay 
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(WJ group) and the other mainly from spawning 
grounds along the eastern coast of the Korean Penin-
sula (EK group). In the present study, we observed 2 
mtDNA cytb lineages corresponding to the haplo-
groups reported by Shirai et al. (2006): Clades A and 
C (Fig. 3A), with the same group structure detected 
by SAMOVA clustering (Table 2). In addition, our 
analysis based on msDNA variations revealed genetic 
differences between 2 spawning schools (Atsuta and 
the Northern Sea of Japan) within the WJ group that 
could not be detected by mtDNA analysis (Figs. 4 & 5, 
Table 4). The former corresponds to the stock of Ishi-
kari Bay and the latter to the Northern Sea of Japan. 

4.1.3.  Correspondence between genetic results  
and tag release data 

According to tagging surveys and fishery records, 
individuals released in the spawning grounds of Ishi-
kari Bay (Atsuta) tend to be caught in the northern 
Teuri basin, north of the spawning grounds (Hoshino 
& Mihashi 2011). In contrast, individuals released in 
Akita Prefecture (Northern Sea of Japan) tend to be 
recaptured in southern parts of the spawning grounds, 
such as off Sado Island and the adjacent coast of Nii-
gata, suggesting they migrate southward from their 
spawning grounds (Okiyama 1970). Our results are 
consistent with this; however, the relatively low fixa-
tion indices between them suggest that they are not 
completely independent but are connected through 
migration. 

4.1.4.  Genetic characteristics of the Sea of  
Okhotsk population 

The cluster analysis based on msDNA revealed 
unique genetic characteristics of the previously un -
explored Sea of Okhotsk (i.e. Abashiri) population. 
In the PopCluster analysis assuming K = 2, individ-
uals were distinguished as either belonging to the 
Pacific-type cluster (Cluster 1) or exhibiting an ad -
mixed pattern between the Pacific-type and Sea of 
Japan-type clusters (Clusters 1 and 2). When K = 5 
was assumed, the admixed individuals were assigned 
to a unique cluster (Fig. 5). The DAPC analysis indi-
cated that many individuals from this population 
exhibited geno types intermediate between those of 
the Sea of Japan and the Pacific individuals, with 
some indistinguishable from the Pacific individuals 
(Fig. 4D). These findings suggests that the Abashiri 
population comprises hybrid individuals from the 

Sea of Japan and the Pacific, as well as migrants from 
the Pacific. 

The morphological study supports these findings. 
According to the cluster analysis conducted by Koba -
yashi & Kaga (1981), samples from the Sea of Japan, 
the Pacific, and the Sea of Okhotsk form distinct mor-
phological clusters, with the Sea of Okhotsk cluster 
being closer to the Pacific cluster than to the Sea of 
Japan cluster. These morphological characteristics 
further support the notion that the Abashiri popula-
tion consists of individuals with admixed features and 
migrants from the Pacific. 

4.2.  Demographic history of the Sea of Japan  
and Pacific Ocean groups 

The results of our analyses based on the mtDNA 
and msDNA variations have clarified the detailed 
historical genetic relationship between the Sea of 
Japan (WJ) and Pacific Ocean (SH) groups, as re -
ported by Shirai et al. (2006). The demographic his-
tory of these groups appears to have been influenced 
by climate change during the Pleistocene. Our ana -
ly sis suggests that the divergence of these groups 
can be explained by the fragmentation of regional 
populations due to changes in connectivity between 
sea areas caused by sea level decline during the 
LGM. Furthermore, fluctuations in population size 
may be related to changes in habitat conditions in 
each sea area since the last glacial period. In the fol-
lowing sections, we present detailed evidence sup-
porting these conclusions. 

4.2.1.  Historical relationship between the groups 

Through the mtDNA and msDNA variations analy-
ses conducted in the present study, relatively large 
genetic differences were observed between A. japoni-
cus populations in the Sea of Japan and the Pacific 
Ocean. Different mtDNA clades were dominant in 
sample populations in their respective locality, and 
the ΦST values between local populations across dif-
ferent localities were high (Fig. 3A, Table 3). Ad -
ditionally, RST values based on variations showed sig-
nificant differentiation between local populations 
across different localities, and it was found that not 
only allele frequencies but also allele size ranges 
were different between populations from different 
groups (Table 4). These findings suggest that since 
the ancestral populations of the Sea of Japan and the 
Pacific Ocean diverged, step-wise mutations have 
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accumulated in their daughter populations, and it is 
highly likely that they were historically isolated from 
each other. However, the phylogenetic relationships 
of mtDNA haplotypes were not reciprocally mono-
phyletic for each locality (Fig. 3A; ‘Phylogeographic 
category II’ in Avise 2000). This branching pattern in 
the gene tree may be caused by incomplete lineage 
sorting, recent gene flow between the Japan Sea and 
Pacific populations, or both. 

Based on ABC and MIGRATE analysis, it is esti-
mated that the divergence between the WJ (Sea of 
Japan) and SH (Pacific Ocean) groups in the 2 sea 
areas occurred at least before the LGM, and that there 
was secondary contact between them after the post-
glacial period (Fig. 6A,D, Table S6). During the Qua-
ternary glacial periods, global cooling occurred and 
polar ice sheets developed, causing a decrease in sea 
level. Conversely, during warm interglacial periods, 
sea levels rose, and these sea level fluctuations re -
sulted in repeated transgressions and regressions, 
changing the connectivity between the sea areas 
around the Japanese archipelago (Oba et al. 1991, 
Tada et al. 1999, Itaki et al. 2004; Fig. 1). The Sea of 
Japan, which is connected to other seas only by shal-
low straits (about 13 to 130 m depth), is thought to 
have historically experienced repeated connections 
and disconnections with the Pacific Ocean and the 
Sea of Okhotsk (Nishimura 1990). The estimated rela-
tionship between the WJ and SH groups could have 
been caused by the geographic isolation and sub-
sequent reconnection of the 2 sea areas during the 
glacial period. 

The Tsugaru Strait (about 125 to 130 m depth, cf. 
Yashima & Miyauchi 1990) may be involved in the 
geographical isolation of the 2 groups, considering 
the current geographic distribution of this species 
(Matsubara & Ochiai 1965, Okiyama 1990, Shirai et 
al. 2007). During the LGM, sea level was 120 to 
130 m below present level (Miller et al. 2005, Yoko -
yama et al. 2018). While the formation of the Tsu-
garu land bridge is debated (Yashima & Miyauchi 
1990), the strait likely narrowed to at least about 
2 km wide and 10 m deep during the LGM. For 
adults of this species, which live at the sea bottom 
at a temperature of 5°C or lower and 200 to 400 m 
depths during the migration season, this sea level 
regression was probably sufficient to limit gene 
flow be tween populations in these regions, leading 
to their divergence. Additionally, secondary contact 
be tween the 2 groups after their divergence, around 
10 kya, is likely due to post-glacial sea level rise 
and the subsequent removal of geographical isola-
tion barriers. 

4.2.2.  Population size history and climate change 

Sea level changes during glacial–interglacial cycles 
not only altered the connectivity between sea areas 
but also led to subsequent changes in the marine envi-
ronment within these areas (Nishimura 1990). During 
the LGM, the cessation of the Tsushima Warm 
Current led to stratification and oxygen depletion in 
the deep regions of the Sea of Japan due to the influx 
of freshwater from the continent (Oba et al. 1991, Tada 
et al. 1999). In contrast, during the interglacial period, 
the influx of the Tsushima Warm Current improved 
the living environment. In particular, it is estimated 
that the deep anoxic state was rapidly resolved after 
the LGM, at around 14 kya (Itaki et al. 2004). The pop-
ulation of A. japonicus in the Sea of Japan is thought 
to have repeatedly declined or be come locally extinct 
due to the dramatic environmental changes that oc-
curred during the Pleistocene. The negative Tajima’s 
D and Fu’s FS values, the best scenario selected by 
ABC, and the skyline plot constructed by MIGRATE 
support population size ex pansion of the WJ group 
and an increase in the migration rate from the WJ to 
the SH group after the LGM (Fig. 6A). Such contrast-
ing population size histories between the Sea of Japan 
and other sea areas have been reported not only for 
this species but also for other deep sea demersal fish 
(e.g. Lycodes matsubarai; Sakuma et al. 2014). This 
can be interpreted as indicating (1) the isolation of the 
Sea of Japan population in a refuge during the LGM 
and (2) an increase in the carrying capacity due to im-
provement in the living environment after the LGM. 

4.3.  Implications for conservation and  
management strategies 

The analysis based on microsatellite DNA loci 
bridged the gap in the understanding of the popula-
tion structure of A. japonicus between previous mor-
phometric and genetic studies. Each spawning school 
appears to have a unique migration range, with lim-
ited migration of individuals between spawning 
schools. This finding is crucial for maintaining the 
genetic diversity of regional populations and ensur-
ing the future adaptive potential of the species 
(Moritz 1994, Palsbøll et al. 2007). From this perspec-
tive, the current resource management strategy, 
which has set conservation management units for 
each spawning school and focused conservation ef -
forts accordingly, is considered appropriate. 

The Sea of Japan and Pacific Ocean groups of this 
species have historically distinct evolutionary demo -
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graphy. Gene flow between these groups is likely to 
have occurred after the geographic barriers were re -
moved at the end of the LGM. Whether these groups 
will eventually fuse or maintain their distinct lineages 
despite the presence of gene flow depends signifi-
cantly on whether they have undergone local adapta-
tion to their respective environments. 

On the other hand, in the present study, we were un-
able to elucidate the evolutionary background be hind 
the formation of the Sea of Okhotsk population. This 
limitation is due to the limitations of the genetic 
markers used, which are not suitable for analyzing pop-
ulation demography involving hybridization. Specifi-
cally, while mtDNA sequence data provide genealogical 
information, these sequences are maternally inherited 
and unsuitable for analyzing population demography 
involving hybridization and high-level geneflow. In 
contrast, msDNA data are well-suited to detecting hy-
bridization, but are challenging to use for estimating 
historical demography due to the high evolutionary 
rates and complex mutational processes (Morin et al. 
2004). The historical background of the Sea of Okhotsk 
population, as well as the degree of local adaptation to 
the respective environments in each population, are ex-
pected to be clarified by future population genomic 
analyses based on genome-wide SNPs. 

Regarding this species, artificial seed has been pro-
duced in the past to enhance natural resources (Sugi-
yama & Morioka 2002). If such projects are resumed 
in the future, to avoid the risk of reducing adaptive 
potential due to genetic disruption, it would be ideal 
for the release sites of juveniles to match, at mini-
mum, the capture locations of the parent at the 
spawning school (population) level, and preferably at 
the sea area (genetic group) level. 

5.  CONCLUSIONS 

Our analyses of mtDNA and msDNA have revealed 
that Arctoscopus japonicus is composed of at least 6 
genetically differentiated populations with a hierar-
chical structure. The genetic groups differentiated in 
the Sea of Japan and the Pacific Ocean are likely to 
have been influenced by changes in coastal topo -
graphy and marine environments associated with sea 
level fluctuations since the last glacial period. The 
population in the Sea of Okhotsk, investigated for the 
first time in this study, possesses distinctive genetic 
characteristics, suggesting that hybridization be tween 
populations from the Sea of Japan and the Pacific 
Ocean may have played a role in its formation. These 
findings provide important information not only for 

formulating resource management strategies for this 
species, but also for understanding the natural history 
of marine fishes inhabiting the seas around Japan. 
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