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fidelity creates weak but significantly differentiated stable 
population structure. This process can allow restoration 
of the genetic characteristics of damaged populations over 
many generations and can thereby promote the long-term 
viability of marine fishes that have high gene flow.
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Introduction

Environmental disturbance is a major driver of popula-
tion dynamics that has shaped the diversity of many of 
the world’s ecosystems (Sousa 1984; Turner 2010; Banks 
et  al. 2013). The genetic diversity within species influ-
ences biodiversity because of its relationship to individual 
fitness and viability, population adaptation, and the evo-
lution of new species/subspecies (Sousa 1984; Hughes 
et  al. 2008). Therefore, a natural disturbance that affects 
genetic diversity can have pervasive ecological and evo-
lutionary consequences (Banks et  al. 2013). Disturbances 
of spatial population structure may also influence the via-
bility of populations. Previous studies have evaluated the 
genetic impacts of the Chi–Chi Earthquake in Taiwan on 
an endangered plant species (Hung et al. 2005), floods on 
an abundant gastropod species (Evanno et  al. 2009) and 
mice (Vignieri 2010), forest fires on a tailed frog (Spear 
and Storfer 2010) and a bird species (Suárez et al. 2012), 
volcanic eruptions on a tailed frog (Spear et al. 2012), and 
hurricanes on a coastal fish species, sailfin molly (Apo-
daca et al. 2013). All of these studies reported a decrease 
or increase in genetic diversity after a natural disturbance, 
but only one study, of the sailfin molly, detected a change 
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in population structure. Evidence of such effects is sparse 
because the data are difficult to obtain (Apodaca et  al. 
2013); thus the influence of natural disturbances on the pat-
terns and distribution of genetic diversity is poorly under-
stood (Banks et  al. 2013). The Great Tohoku earthquake 
(magnitude 9.0), which occurred on March 11, 2011 (Sato 
et al. 2011; Mori et al. 2011; Tsuji et al. 2014), represents 
an opportunity to evaluate the effect of a rare natural distur-
bance event on the genetic diversity and population struc-
ture of marine organisms.

Pacific herring was a commercially important species 
for Japan in the 19th and first half of the twentieth cen-
turies (Watanabe et  al. 2008). The Pacific herring catch 
(MAFF 1979) peaked at 787,000 t in 1913, but declined 
steadily thereafter and was negligible in the late 1950s 
(Fig. S1). The highest proportion of the harvest was from 
the Hokkaido-Sakhalin population, which spawned in high-
salinity coastal waters (32–34‰) and migrated across a 
large range. This oceanic wide-migration-type herring 
lives 13–16 years and has an age at maturity of 4–5 years 
(Kobayashi 1993). Currently, herring fisheries target sev-
eral local stocks that spawn in coastal waters and brack-
ish lagoons along the Pacific coast of northern Japan. The 
catch began to increase in the 2000s and the present level 
of harvest is ~4000 t in the major fishing areas of Hok-
kaido, Aomori, Iwate, and Miyagi Prefectures (MAFF 
1967–2016) (Fig. S1). These local herring are classified 
into spawning ecotypes, including an oceanic small-migra-
tion type (hereafter, sea-spawning type) and lagoon small-
migration type (lagoon-spawning type), both of which have 
a shorter lifespan (~8 years) and younger age at maturity of 
2–3 years than the oceanic wide-migration type (Kobayashi 
1993). Pacific herring spawn exclusively in shallow near-
shore habitats and females deposit adhesive eggs directly 
on the bottom or on vegetative substrata (Haegele and Sch-
weigert 1985). The spawning activity is conspicuous: milt 
turns the water milky-white (Hay et  al. 2009), which had 
not been observed in Japanese coastal waters since the col-
lapse of the so-called “Hokkaido-Sakhalin spring spawn-
ing herring” in late 1970s (Fig. S1), but in recent years it 
has occurred in Ishikari Bay, Hokkaido. Japanese herring 
spawn only in spring, and the peak spawning period varies 
between January and May depending on the spawning site. 
Return to natal spawning areas (natal homing) and return 
of spawning fish to the same spawning area (spawning 
fidelity) have been documented in Pacific herring in Brit-
ish Columbia (Hay et al. 2001) and in Japan (Okouchi et al. 
2008).

The funnel-shaped bays along the Pacific coast in the 
Tohoku region, Honshu Island, amplified the tsunami 
waves of the Great Tohoku earthquake, generating exten-
sive run-up (Seike et al. 2013). Tohoku consists of six pre-
fectures, of which Aomori, Iwate, Miyagi, and Fukushima 

prefectures border the Pacific coast. The observed tsu-
nami height distribution (Japan Meteorological Agency 
2012) indicates that Iwate and Miyagi Prefectures were at 
the center of the tsunami (Fig. 1a). The maximum run-up 
height was over 20 m (Tsuji et  al. 2014) and was as high 
as 39.7  m (Mori 2011) in Miyako Bay, Iwate Prefecture. 
The peak spawning period of the Pacific herring is January 
to early April in the Tohoku area. Therefore, herring had 
likely already spawned large quantities of fertilized eggs on 
seaweed beds or the bottom when the mega-thrust earth-
quake occurred. It is highly unlikely that the eggs or lar-
vae were able to survive the tsunami. After the earthquake, 
the catch declined in the major fishing areas of Tohoku, 
including in Aomori, Iwate, and Miyagi prefectures (Fig. 
S1). Thus, the reproductive success of the herring popula-
tions in damaged areas may have been seriously affected. 
In contrast, catch volumes increased in Hokkaido after the 
earthquake.

We evaluated the effect of the Great Tohoku earthquake 
on Pacific herring populations using samples collected 
before and after the earthquake throughout the range of dis-
tribution in Japan. We used our historical datasets of micro-
satellite genotypes of Pacific herring (Clupea pallasii) 
(Sugaya et al. 2008; Nemoto et al. 2008, and unpublished 
data) collected in the range of Pacific herring distribution 
in Japan over a period of 10 years prior to the earthquake, 
including in the area affected by the tsunami. Additionally, 
we collected new samples after the earthquake and geno-
typed them at the same microsatellite loci. We show that 
the population structure is spatiotemporally stable even 
after the megathrust earthquake, except in the center of the 
area affected by the tsunami. Our results demonstrate how 
a megathrust earthquake influences the patterns and distri-
butions of genetic diversity and population structure of a 
marine fish. Our results highlight the importance of the sta-
ble population structure, which may contribute to the sus-
tainability of widely distributed marine fish populations.

Materials and methods

Sample collection and biological measurements

We used a before–after control-impact (BACI) design 
(Smith 2002) to isolate the effect of the tsunami. We col-
lected samples of herring (n = 4466 individual fish) during 
20 sampling events spread among nine major spawning 
grounds in Japan during peak spawning periods between 
2003 and 2014. Fisheries target mature herring migrating 
to spawn in bays and lagoons by using gill nets and set nets. 
Therefore, we could collect samples from the spawning 
grounds correctly by purchasing herring at the fish markets 
where the spawning herring landed and/or directly from 
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fishermen. The sampling sites included six locations in 
Hokkaido, and three locations in Tohoku district (Table 1; 
Fig. 1a).

Before the Great Tohoku earthquake, we collected sam-
ples during 17 sampling events between 2003 and 2008. 
Samples were collected from landings in Ishikari Bay (IK), 
Lake Saroma (SR) and Lake Notoro (NT) in 2006, Lake 
Akkeshi (AK03 and AK06) in 2003 and 2006, Lake Yudo 
Numa (YD03 and YD07) and Funka Bay (FK) in 2003 on 
Hokkaido Island, and Lake Obuchi-numa in Aomori Pre-
fecture (OB04, OB05, OB06, and OB07), Miyako Bay in 
Iwate Prefecture (MY04, MY05, MY07, and MY08) and 
Matsushima Bay in Miyagi Prefecture in 2005 (MT) in the 
Tohoku district on Honshu Island. These samples represent 
the controls as they were collected before the earthquake, 
including in the affected areas. Additionally, we used sam-
ples of recaptured hatchery-reared fish from Lake Akkeshi 
(AKH) collected in 2003 and Miyako Bay (MYH) in 2005. 
The otoliths of all hatchery fish were chemically marked 
before release.

After the earthquake, we collected herring in the spawn-
ing season from spawning ground at the center of the 
area affected by the tsunami, including from Miyako Bay 
(MY13) in 2013 and Lake Obuchi-numa (OB14) in 2014, 
and one sample from Lake Akkeshi (AK13). Very few her-
ring spawned in Miyako Bay in 2013, and only 657 fish 
were caught between late January and early April. Based 
on otolith aging, these were primarily 2- and 3-year-old 
fish. We selected all 93 2-year-old individuals (MY13) 
caught between January 29 and March 7 for genotyping to 
examine the effect of the earthquake on the 2011 spawn-
ing population because these individuals were spawned the 
year of the earthquake and first spawned at age 2 years in 
2013. The muscle tissues of MY13 samples were kindly 
provided from Miyako Station, Tohoku National Fisher-
ies Research Institute. We also selected 118 2-year-old fish 
caught in Lake Akkeshi and Akkeshi Bay between April 24 
and May 8 (AK13) for genotyping. In Lake Obuchi-numa, 
only five fishermen catch herring in a very short fishing 
period of a week-10 days before herring go out from the 
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Fig. 1   Spatiotemporal population structure of Japanese Pacific her-
ring. a Sampling sites in the major spawning grounds in Hokkaido 
and Tohoku district with the tsunami height distribution. b STRUC-
TURE bar plot (K = 7) given the location information of the spawning 

grounds. c Neighbor-joining tree based on the pairwise FST values. 
Numbers after the sample abbreviations indicate sampling year for 
temporal samples (Table 1). (Color figure online)
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lake after spawning. We purchased herring caught in Lake 
Obuchhi-numa during April March 17–18, 2014 (OB14) 
when they first migrated into the lake not to miss not to 
miss the chance of sampling. All fish had mature gonads 
and were 2 or 3 years old; thus, we used all of these fish for 
genotyping to evaluate the direct effects of the tsunami on 
the population structure of fish in the spawning grounds in 
2013 and the possible remaining effects in 2014. The peak 
spawning period is late January to early April in Miyako 
Bay, mid-April to mid-May in Lake Akkeshi and Akke-
shi Bay, and late February to mid-March in Lake Obuchi-
numa where herring can only migrate into the lake after the 
adjoining creek thaws and the lake is connected to the sea. 
Taking onto account the spawning periods and the tsunami 
height distribution (Fig. 1), we categorized AK13 as a con-
trol sample and MY13 and OB14 as impact samples.

For each individual, we measured total length (TL) 
and/or fork length or body length (BL), body weight 

(BW), and gonad weight (GW) (n = 4466). The mean 
body length ± standard deviation (SD) of our samples 
was 26.5 ± 2.8  cm, and BW was 168.7 ± 62.2 g (Fig. S2). 
Additionally, we calculated the gonadosomatic index 
(GSI = GW/BW × 100) and the condition factor (CF = BW/
TL3 × 100) for each individual. Almost all fish had mature 
gonads, but some were already spent (Fig. S2, Table S1). 
The female ratio was 0.47 ± 0.10. The mean gonad weight 
was 14.2 ± 7.8  g, and GSI was 14.8 ± 7.8. The mean CF 
was 0.86 ± 0.11. Ages were determined by examining oto-
liths (n = 4410), except for the samples collected in Lake 
Obuchi-numa in 2014 (OB14) for which the age was deter-
mined based on comparison of BL with the BL/age distri-
bution relationship of historical samples, which consisted 
of 2- and 3-year-old fish. The age composition was: 0.3% 
1-year-old fish (13 immature fish in YD03 samples), 67.3% 
2-year-old fish, 29.8% 3-year-old fish, and 2.6% 4-year-old 
fish.

Table 1   Sample collection information, including location, peak spawning period, spawning ground ecotype [brackish lagoon (B) or coastal sea 
water (S)], and salinity during the spawning period

Ages were determined by otolith examination
*Recaptured hatchery-reared fish
a Sugaya et al. (2008)
b Nemoto et al. (2008)
c Including 13 1-year-old fish

Sample Sampling location Abbrev. Year Date Peak spawning Ecotype Salinity Age Number 
geno-
typed

Hokkaido
 1 Ishikari Bay IK 2006 Feb.13–Mar.28 Late Jan.–Early Apr. S 33 2–4 142b

 2 Lake Saroma SR 2006 Apr.11–24 Apr.–May B 9–22 2–4 145b

 3 Lake Notoro NT 2006 May.3 Late Apr.–Late May B 16–27 2–3 148b

 4 Lake Akkeshi AK03 2003 Apr.11–22 Mid Apr.–Mid May B 15–22 2–3 338a

 5 AKH* 2003 Apr.11–May 14 B 2–3 93a

 6 AK06 2006 Apr.20–May 28 B 2–4 369
 7 AK13 2013 Apr.24–May 8 B 2 99
 8 Lake Yudo-numa YD03 2003 Apr.20–May 18 Late Apr.–Mid May B 2c 221a

 9 YD07 2007 Apr.–May B 2–4 330
 10 Funka Bay FK 2003 Mar.17–June 6 Mid Mar.–Mid Apr. S 33 2–3 354a

Tohoku
 11 Lake Obuchi-numa OB05 2005 Mar.24 Late Feb.–Mid Mar. B 9–11 2–3 34a

 12 OB06 2006 Mar.3–6 B 2–3 58b

 13 OB07 2007 Feb.19 B 2 98
 14 OB14 2014 Mar.17–18 B 2–3 112
 15 Miyako Bay MY05 2005 Jan.18–Apr.12 Late Jan.–Early Apr. S 31 2–3 378a

 16 MYH* 2005 Jan.18–Apr.12 S 2–4 91a

 17 MY07 2007 Feb.5–Mar.5 S 2–3 146
 18 MY08 2008 Feb.22–Mar. 21 S 2–3 388
 19 MY13 2013 Jan.29–Apr.2 S 2 90
 20 Matsushima Bay MT 2005 Feb.22 Jan.–Mar. S 30 2–3 150a

Total 3784
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Genotyping and quality check

Muscle tissue from each specimen was stored in 99.5% 
ethanol for DNA extraction. Genomic DNA was extracted 
following the standard phenol–chloroform procedure and/
or use of the QuickGene Mini-80 (Wako Pure Chemical, 
Osaka, Japan), according to the manufacturer’s instruc-
tions. We genotyped all DNA samples (n = 3784) at five 
microsatellite loci (Cha17, Cha20, Cha63, Cha113, and 
Cha123) (O’Connell et  al. 1998). The annealing tempera-
tures were 57 °C for Cha17, Cha20, and Cha63, and 52 °C 
for Cha113 and Cha123. For the historic samples, we used 
observed allele scores (bp) of AK03, AKH, YD03, and FK 
(first group, n = 1006), which we genotyped using an ABI 
3100 Genetic Analyzer (Sugaya et al. 2008). We also used 
those of IK, SR, NT, AK06, YD07, OB05, OB06, OB07, 
MY05, MYH, MY07, MY08, and MT from 2006 to 2008 
(second group, n = 2477), which we genotyped using an 
ABI 3130xl (Nemoto et al. 2008). Among these historical 
genotypes, 54% were unpublished (n = 1331). We geno-
typed individuals for the after-impact samples from AK13, 
OB14, and MY13 (n = 301) with the same protocol using 
an ABI 3130xl. To standardize allele size-shifts observed 
in the allele size distributions between the new and his-
toric samples, we conducted an inter-laboratory standardi-
zation (Ellis et  al. 2011). We used the second group as a 
standard because the sample size (n = 2477) was the larg-
est among groups (65%), which should provide confidence 
modes in the allele distributions. We added 1.6 and 10.6 to 
raw allele scores of the first group and the new samples at 
Cha17, 1.8 and 5.0 at Cha20, 2.8 and 8.0 at Cha63, 2.0 and 
7.8 at Cha113, and 4.0 and 2.0 at Cha123. The calibration 
provided consistent allele score distributions for the three 
groups at each locus, from which we fixed allele sizes for 
all individuals. Genotype data quality was evaluated using 
Microchecker (Van Oosterhout et al. 2004) to detect scor-
ing errors and null alleles. All genotypes used in this study 
were deposited on the DRYAD (doi:10.5061/dryad.jm60b).

Population genetics analyses

Linkage disequilibrium was tested using GENEPOP 4.2 
(Raymond and Rousset 1995) with a 5000 dememoriza-
tion number, 100 batches, and 5000 iterations per batch. 
Hardy–Weinberg equilibrium (HWE) was tested using 
GENEPOP with 10,000 dememorizations, 100 batches, 
and 10,000 iterations. In these tests, we controlled family-
wise error rate (FWER) by Bonferroni correction. Allelic 
richness and heterozygosity were calculated for each locus 
and population using FSTAT 2.9.3.2 (Goudet 1995) and 
Arlequin 3.5.1.3 (Excoffier et al. 2005), respectively. Sam-
ples were rarefied to the smallest sample size to determine 
allelic richness (n = 34). The exact test for differences in 

allele frequencies was performed using the Markov chain 
procedure (5,000 dememorization number, 100 batches, 
and 5,000 iterations), as implemented in GENEPOP.

We estimated the maximum likelihood global FST over 
all populations using EBFST1.2 (http://www.g.kaiyodai.
ac.jp/cmls1/Conservation) (Kitada et al. 2007), from which 
we calculated the rate of gene flow for the Wright island 
model as: 𝜃 = 1∕F̄ST − 1 (Wright 1951), where F̄ST is the 
simple mean FST over all loci and θ is the scale parameter of 
a Dirichlet distribution. For diploid populations, � = 4N

e
m. 

Here, N
e
 is the effective population size and m is the migra-

tion rate in each generation. The composite parameter N
e
m 

indicates the number of individuals replaced by migrants 
per population per generation. Therefore, θ represents the 
rate of gene flow. We tested the null hypothesis H0: homo-
geneity of FST among loci against the alternative hypoth-
esis H1: heterogeneity of FST among the loci (Kitada et al. 
2007). In this test, we excluded hatchery fish populations 
(AKH and MYH) to avoid the possible effect of artificial 
selection.

We ran STRUCTURE 2.3.4 (Pritchard et al. 2000) with 
the admixture linkage disequilibrium model (Falush et  al. 
2003) using a burn-in of 100,000 iterations followed by 
500,000 Monte Carlo–Monte Carlo repetitions for the num-
ber of putative original populations K = 1–10. We then ran 
STRUCTURE using the LOCPRIOR option, which con-
siders geographical information (Hubisz et  al. 2009). As 
natal homing and spawning fidelity are known in herring, 
and all samples were collected from the spawning popula-
tions, the nine sampling localities would provide meaning-
ful information on population differentiation. Therefore, 
we assigned the integers 1–9 to the nine sampling loca-
tions. We estimated FST between pairs of populations using 
EBFST to obtain precise FST estimates for high gene flow 
species such as marine fish. We drew a neighbor-joining 
unrooted phylogenetic tree (Saitou and Nei 1987) using 
FigTree (http://tree.bio.ed.ac.uk/software/figtree/) based on 
the pairwise FST values.

We estimated the effective population size (N
e
) based on 

the temporal change in allele frequencies (Nei and Tajima 
1981; Pollak 1983; Waples 1989) for Lake Akkeshi, Lake 
Obuchi-numa, and Miyako Bay using NeEstimator (Do 
et  al. 2014). The multilocus Fk (Pollak 1983) was used 
for the F-statistic. If N

e
 changes with time, the estimate 

is the harmonic mean of the effective population sizes in 
the individual generations (Nei and Tajima 1981; Pollak 
1983). We calculated the mean age at spawning from indi-
vidual ages determined by otolith examination of all sam-
ples, excluding the AK13, OB14, and MY13 after-impact 
samples because we selected 2-year-old fish for AK13 and 
MY13, and 2–3-year-old age fish for AK13. The 13 1-year-
old immature fish in the YD03 sample were also excluded. 
The mean age at spawning was 2.35 ± 0.53 (SD) (n = 4410, 

http://dx.doi.org/10.5061/dryad.jm60b
http://www.g.kaiyodai.ac.jp/cmls1/Conservation
http://www.g.kaiyodai.ac.jp/cmls1/Conservation
http://tree.bio.ed.ac.uk/software/figtree/
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otolith examined 2–4-year-old fish), which was used as the 
generation time (t). The generation length (GL) between 
samples was calculated (GL = years between samples/t). 
Generation time (t) is the crucial parameter in estimat-
ing GL. In our case, t = 2.35, whereas t = 5.25 for Atlantic 
herring (Larsson et  al. 2010) that have much greater lon-
gevity (~22  years) and older ages at maturity (3–9  years) 
(Beverton et al. 2004) than the Japanese local herring (~8 
and 2  years) (Kobayashi 1993). Our data show that the 
age at maturity of the Japanese local herring was 2 years 
(Table  S1), and no fish older than 4  years were collected 
over the last decade. Our GL values based on the mean age 
at spawning should not have serious bias.

To evaluate the effect of the Great Tohoku earthquake 
on the herring population in the center of the tsunami, we 
estimated the mixing proportions of local populations in 
Miyako Bay and in Lake Obuchi-numa before and after the 
earthquake using ONCOR (Kalinowski et al. 2007), which 
was used in a study of Atlantic herring (Bekkevold et  al. 
2011). We assumed nine baseline populations in the major 
spawning grounds as shown in the “Results”: IK, SR, NT, 
AK, YD, FK, OB, MY, and MT. For the pre- and post-tsu-
nami samples from MY and OB we used all samples avail-
able from previous years, to determine which populations 
were contributing to the spawning aggregations. The 95% 
confidence intervals (CI) for the mixing proportion esti-
mates were calculated with 1000 bootstraps in ONCOR. 
We then estimated the change in the commercial catch 
composition of the original MY and OB populations before 
and after the earthquake. We multiplied the commercial 
catch of 1.495 t for 2008 (0.215 t for 2013) in Miyako Bay 
by the estimated mixing proportions for the MY08, and 
MY13 samples. We used commercial catch values of 0.850 
t for 2007 and 2.175 t for 2014 to estimate the catch com-
positions in Lake Obuchi-numa in these years. Using this 
information, we calculated the catch by weight for indi-
viduals coming from the original baseline populations in 
Miyako Bay and in Lake Obuchi-numa before and after the 
earthquake. The calculated catches estimate the changes in 
the number of individuals come from the baseline popula-
tions, which can be used to infer rates of gene flow between 
local populations.

Results

We obtained the genotypes of 3,784 fish collected during 
20 sampling events spread among nine major spawning 
grounds in Japan during peak spawning periods between 
2003 and 2014 (Table  1). A total of 157 alleles were 
found at the five microsatellite loci, and no evidence was 
detected for scoring errors caused by stuttering, large 
allele dropout, or null alleles. All pairs of loci were in 

linkage equilibrium in all samples, except for some pairs 
of loci after Bonferroni correction (Table S2).

The global FST values for the overall population at each 
locus were 0.0171 ± 0.0014 (Cha 17), 0.0168 ± 0.0019 
(Cha 20), 0.0152 ± 0.0016 (Cha 63), 0.0229 ± 0.0024 
(Cha 113), and 0.0198 ± 0.0015 (Cha 123), respec-
tively. The Cha 113 locus had a higher value than those 
of other loci, and the homogeneity of FST was rejected 
(� = 9.4982, P = 0.0498). However, when we excluded the 
after-impact sample collected from Miyako Bay (MY13), 
FST homogeneity was supported (� = 8.0811, P = 0.0887).

A cluster analyses suggested that the most likely 
number of putative original populations was K = 7 with 
location information of the spawning grounds, but K = 6 
without it (Table  S3, Fig.  1b, S3). The bar plots for 
both models revealed a similar pattern among the major 
spawning grounds, with unique admixture proportions 
of the original populations. All local populations were 
in HWE (Fig. 2, Table S4). As discussed in Discussion, 
K = 7 was supported by earlier studies. The FST val-
ues between pairs of populations were 0.0120 ± 0.0052 
(SD) (Table  2), and the neighbor-joining unrooted trees 
revealed three large clusters representing Hokkaido, 
Lake Obuchi-numa (OB), and Miyako Bay (MY)/Mat-
sushima Bay (MT) (Fig. 1c). The Hokkaido cluster con-
sisted of six HWE populations, Ishikari Bay (IK), Lake 
Saroma (SR), Lake Notoro (NT), Lake Akkeshi (AK), 
Lake Yudo-numa (YD), and Funka Bay (FK). YD and 
FK looked very distinct from the other populations. The 
clockwise geographic structure beginning with Ishikari 
Bay was connected first to the Lake Obuchi-numa cluster, 
and then to those of Miyako Bay and Matsushima Bay. 

Fig. 2   Significance levels (P-values) for the Hardy–Weinberg equi-
librium test at each locus for the Pacific herring from each sampling 
location. The dotted line indicates 5%. (Color figure online)
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The population structure and admixture patterns of local 
populations were stable in Hokkaido and Lake Obuchi-
numa, even after the tsunami (Fig.  1). However, MY13, 
collected from the area at the center of the tsunami, had a 
different admixture proportion from those of the before-
impact samples in Miyako Bay, though it was similar to 
those from Lake Obuchi-numa (Fig.  1b, S3), and was 
included in the Lake Obuchi-numa cluster (Fig. 1c).

The allele frequencies differed significantly between 
populations, except for comparisons between before-impact 
MY and MT, and NR and SR samples, and within the 
before-impact samples from Lake Obuchi-numa, Miyako 
Bay, and Lake Akkeshi (Table  2). The allele frequencies 
of the after-impact AK13 sample did not differ from the 
before-impact AK06 sample. In contrast, allele frequencies 
from MY13 and OB14 clearly differed from their respec-
tive before-impact samples (Table  2, Fig. S4). Interest-
ingly, the MY13 allele frequencies were not different from 
those of the OB05, OB06, and OB07 before-impact sam-
ples, but differed slightly from those of OB14, although the 
distributions of allele frequencies were similar. The allele 

frequency distribution was consistent with the population 
structure (Fig. 1b, c).

Genetic diversity was consistently high in fish from 
Hokkaido but low in those from Tohoku, as shown by 
the allelic richness values, which were 16.58 ± 4.64 and 
11.67 ± 2.61 (Table 3). Allelic richness and observed het-
erozygosity were not different in Lake Akkeshi and in Lake 
Obuchi-numa between samples collected before and after 
the earthquake. Unexpectedly, heterozygosity increased 
in Miyako Bay after the earthquake and allelic richness 
tended to increase but was not significant. The N

e
 estimates 

for local populations were generally small, ranging from 37 
[26, 51] to 746 [341, 4,450] (Table  4). The N

e
 increased 

in Lake Akkeshi after the earthquake, from 124 [87, 178] 
to 746 [341, 4450]. Conversely, there was a substantial 
decrease in N

e
 in Miyako Bay from 261 [149, 504] to 37 

[26, 51] (14%) but an increase in N
e
 in Lake Obuchi-numa 

from 114 [60, 254] to 183 [97, 405].
In Miyako Bay, the mixing proportion estimate of the 

original Miyako Bay population (sea-spawning type) 
decreased substantially from 79.0% (2008) to 4.4% 

Table 3   Mean diversity indices 
over the five Pacific herring 
microsatellite loci

n number of individuals genotyped, A number of alleles, Ar allelic richness, He expected heterozygosity, 
Ho observed heterozygosity
a Welch t-test (t = 6.528, P = 0.0000)

Sample Location n Diversity index

A Ar He Ho

Hokkaido
 1 IK 142 20.0 14.35 0.85 0.83
 2 SR 145 23.4 16.40 0.88 0.87
 3 NT 148 25.8 17.86 0.90 0.89
 4 AK03 338 25.0 15.81 0.88 0.87
 5 AKH 93 20.8 15.85 0.87 0.88
 6 AK06 369 28.4 16.96 0.88 0.88
 7 AK13 99 21.2 16.28 0.89 0.84
 8 YD03 221 26.2 16.95 0.88 0.88
 9 YD07 330 25.4 16.70 0.88 0.90
 10 FK 354 30.6 18.68 0.90 0.91

Mean 24.7 16.58a 0.88 0.87
Tohoku
 11 OB05 34 11.8 11.80 0.87 0.83
 12 OB06 58 14.4 12.70 0.88 0.89
 13 OB07 98 14.8 12.18 0.88 0.90
 14 OB14 112 13.8 11.48 0.86 0.87
 15 MY05 378 16.8 10.72 0.81 0.81
 16 MYH 91 12.4 10.37 0.81 0.83
 17 MY07 146 15.8 11.78 0.82 0.81
 18 MY08 388 18.2 11.59 0.82 0.81
 19 MY13 90 17.4 13.82 0.88 0.91
 20 MT 150 13.6 10.22 0.81 0.82

Mean 14.9 11.67a 0.84 0.85
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after the earthquake (2013). Similarly, the estimate for 
the Matsushima Bay population (sea-spawning type) 
also decreased from 13.7 to 2.4%. In contrast, the esti-
mate from Lake Obuchi-numa (lagoon-spawning type) 
increased significantly from 6.9 to 78.5% (Fig.  3a Left, 
Table  5). We observed low frequency, but consistent 
migration from Ishikari Bay and from Lake Akkeshi 
(10.4%, 456  km linear distance) after the earthquake. 
Commercial catch decreased from 1.495 t (2008) to 0.215 
t (2013) in Miyako Bay. The estimated catch data sug-
gests that the original Miyako Bay population (1.180 
t in 2008) had a very low contribution to catch in 2013 
(0.009 t) (Fig.  3a, Middle, Table  S5). A similar pattern 
was observed for the original Matsushima Bay popula-
tion, which decreased from 0.205 t to 0.005 t. Conversely, 
the catch of individuals from the original Lake Obuchi-
numa population (160  km) was relatively constant, but 
increased from 0.103 t to 0.169 t.

The catch proportion of the local populations were sta-
ble in Lake Obuchi-numa even after the earthquake, with 
84–90% being the original Obuchi-numa population with 
small but consistent immigration from Miyako Bay (1–3%) 
and Lake Akkeshi (7–11%) (Fig.  3b Left, Table  6). The 
commercial catch doubled from 0.850 t (2007) to 2.175 
t (2014) in Lake Obuchi-numa, resulting in a 2.4 fold 
increase in the catch of individuals from the original Lake 
Obuchi-numa population from 0.763 t in 2007 to 1.827 t 
in 2014 (Fig.  3b, Middle, Table  S5). However, immigra-
tion from the original Lake Obuchi-numa population 
into Miyako Bay was relatively stable at ~9–14% before 
(0.135 = 0.103 t/0.763 t) and after (0.093 = 0.169 t/1.827 t) 
the earthquake.

Discussion

We found that the Japanese herring population consisted 
of three genetically distinct large clusters: Hokkaido, Lake 
Obuchi-numa, and Miyako Bay/Matsushima Bay. The pat-
tern of gene flow between local populations was temporar-
ily stable even after the earthquake and exhibited a unique 
admixture proportion. Our analyses also revealed that 
the sea-spawning population in Miyako Bay, the area at 
the center of the tsunami, was almost extirpated and was 
replaced by a genetically distinct lagoon-spawning herring 
population in the adjacent brackish Lake Obuchi-numa.

Estimated number of putative original populations with 
spawning location information (K = 7) was supported by 
earlier studies using allozymes. Kobayashi (1993) reported 
two wide-migration types of herring in the coasts of Hok-
kaido; Hokkaido-Sakhalin (wide-migration-sea-spawning 
type), and DeKastri in Sakhalin (wide-migration-lagoon-
spawning type) populations. Our results suggest that 
these two Sakhalin populations admixed in Hokkaido (IK, 
SR, NT, AK, and YD) as shown in red and blue colors 
(Fig. 1b). The distinct admixture patterns in YD (as shown 
in orange) and FK (light blue) suggest two putative original 
populations in Eastern and Western Pacific coast of Hok-
kaido. YD was isolated AK and populations in the adjacent 
Nemuro Straight (Hotta et al. 1999). In Honshu Island, the 
admixture proportions in OB, MY and MT imply three 
putative original populations of Aomori (yellow), Iwate-
Miyagi (green), and the southern Tohoku population 
(pink), which was well supported by Kijima et al. (1992), 
who found that samples collected from MY and three loca-
tions in Miyagi prefectures included in a cluster, and iso-
lated from Lake Hinuma population (Ibaraki prefecture). 
This small population was the southern limit of this spe-
cies with the catch ranged 10–72 t in 1960s, but no catch 
has been reported since 1999 and might be extinct (MAFF 
1967–2016). There might be small spawning in coastal 
areas between MY and OB, but major spawning grounds 
have not been observed. Therefore, we did not consider 
unsampled populations in Honshu. Thus, we concluded that 
the seven putative original populations were admixed in the 
spawning grounds, and create Japanese local populations. 
The low level of genetic diversity of the Tohoku popula-
tions should cause three large clusters (Hokkaido, OB, and 
MY/MT), which was consistent with our previous results 
(Sugaya et al. 2008; Nemoto et al. 2008).

The FST value in the Japanese herring populations 
(FST = 0.0184) was one order higher than that of other 
Pacific and Atlantic herring populations as shown below 
(FST = 0.002–0.008). As megathrust earthquakes occur at 
intervals of 500–800  years in northeastern Japan (Sawai 
et al. 2012), Japanese herring in the Tohoku Pacific coast 
have likely experienced repeated disturbances by tsunamis. 

Table 4   Effective population sizes (N
e
) with 95% confidence inter-

vals for local herring populations

n sample size, GL generation length

Location Samples (n) GL Ne

Lake Akkeshi AK03 (338)–AK06 
(369)

1.28 124 [87, 178]

AK03 (338)–AK13 (99) 4.26 298 [190, 488]
AK06 (369)–AK13 (99) 2.98 746 [341, 4450]

Lake Yudo–numa YD03 (221)–YD07 
(330)

1.70 199 [129, 318]

Lake buchi–numa OB05 (34)–OB14 (112) 3.83 114 [60, 254]
OB06 (58)–OB14 (112) 3.40 178 [92, 434]
OB07 (98)–OB14 (112) 2.98 183 [97, 405]

Miyako Bay MY05 (378)–MY08 
(388)

1.28 261 [149, 504]

MY05 (378)–MY13 (90) 3.40 48 [34, 66]
MY07 (146)–MY13 (90) 2.55 41 [28, 59]
MY08 (388)–MY13 (90) 2.13 37 [26, 51]
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We speculate that the higher level of genetic differentiation 
of the Tohoku populations and their lower genetic diversity 
(Table  3) may be a result of recurring megathrust earth-
quakes. Japanese herring are at the southern periphery of 
the range of this species, and our effective population size 
estimates (N

e
) were one order of magnitude or greater 

below estimates for the major populations of Atlantic her-
ring (Larsson et  al. 2010). The causal mechanisms for 
population structuring are migration and genetic drift, and 
the magnitude of differentiation depends on the number of 
migrants (N

e
m) (Hauser and Calvalho 2008; Waples and 

Gaggiotti 2006). A smaller N
e
 is subject to larger genetic 

drift and lower numbers of migrants, resulting in larger FST 
values. Bias in the N

e
 estimate for species with overlap-

ping generations can be substantial, but in many cases bias 

largely disappears if samples are taken 5–10 generations 
apart (GL = 5–10) (Waples and Yokota 2007). In our analy-
sis, GL = 1.28–4.26. Based on Fig. 4 of Waples and Yokota, 
the bias was negative (~12.5–20%) for a one to four genera-
tion interval when 100 barnacles were randomly collected 
at each sampling event, conditions that match those in our 
study. We may have underestimated N

e
 values by, at most, 

~20%; however, this margin would not be enough to change 
the overall conclusions of the study.

Our results suggest that the pattern of gene flow was 
stable in Japanese herring populations even after the meg-
athrust earthquake. Such stable but high gene flow popu-
lation structures were found in Atlantic herring in Swed-
ish waters (FST = 0.002–0.003, Larsson et al. 2010) and in 
Pacific herring in British Columbia and adjacent regions 
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(FST = 0.003, Beacham et al. 2008). Slightly larger genetic 
differentiation was found in North Sea-Baltic Sea Atlantic 
herring (FST = 0.008, Bekkevold et al. 2005, FST = 0.0073; 
Jørgensen et al. 2005). Temporally stable and significantly 
differentiated structures with high gene flow were also 
found in major Atlantic cod (Gadus morhua) populations 
(FST = 0.0012–0.0400, Poulsen et al. 2006) even over small 
geographic scales (FST = 0.0023, Knutsen et  al. 2003) as 
reviewed by Hauser and Calvalho (2008). Chemical mark-
ing of otoliths previously revealed that 53–70% of herring 
that migrate to Miyako Bay for spawning were hatchery-
reared progeny of wild herring that migrated to Miyako 
Bay and were released at a TL of 5  cm in Miyako Bay 
(Okouchi et al. 2008). Additionally, our analysis of otolith 
marks revealed that the hatchery fish samples (AKH and 
MYH) were released and recaptured as mature fish (aged 

Table 5   Temporal changes in the mixing proportions of Pacific her-
ring in Miyako Bay (MY)

Mixed popula-
tion (sample 
size)

Baseline populations 
(sample size)

Mixing proportion

Estimate 95%CI

Before the earthquake
 MY08 (388) IK (142) 0.0027 (0.000, 0.017)

SR (145) 0 (0.000, 0.003)
NT (148) 0 (0.000, 0.007)
AK03 + 06 (707) 0 (0.006, 0.026)
YD03 + 07 (551) 0.0015 (0.000, 0.022)
FK (354) 0 (0.000, 0.009)
OB05 + 06 + 07 (190) 0.0691 (0.040, 0.102)
MY05 + 07 (524) 0.7898 (0.608, 0.887)
MT (150) 0.1368 (0.035, 0.306)

After the earthquake
 MY13 (90) IK (142) 0.0140 (0.000, 0.065)

SR (145) 0.0000 (0.000, 0.062)
NT (148) 0.0286 (0.000, 0.098)
AK03 + 06 + 13 (806) 0.1044 (0.000, 0.231)
YD03 + 07 (551) 0.0000 (0.000, 0.007)
FK (354) 0.0000 (0.000, 0.064)
OB05 + 06 + 07 (190) 0.7847 (0.623, 0.876)
MY05 + 07 + 08 (912) 0.0441 (0.000, 0.159)
MT (150) 0.0242 (0.000, 0.105)

Table 6   Temporal changes in the mixing proportions of Pacific her-
ring in Lake Obuchi-numa (OB)

Mixed popula-
tion (sample 
size)

Baseline populations 
(sample size)

Mixing proportion

Estimate 95%CI

Before the earthquake
 OB07 (98) IK(142) 0 (0.000, 0.065)

SR (145) 0 (0.000, 0.060)
NT (148) 0.0095 (0.000, 0.066)
AK03 + 06 (707) 0.0726 (0.008, 0.203)
YD03 + 07 (551) 0 (0.000, 0.003)
FK (354) 0.0081 (0.000, 0.039)
OB05 + 06 (92) 0.8974 (0.720, 0.928)
MY05 + 07 (524) 0.0123 (0.000, 0.104)
MT (150) 0 (0.000, 0.011)

After the earthquake
 OB14 (112) IK (142) 0.0188 (0.000, 0.089)

SR (145) 0 (0.000, 0.118)
NT (148) 0 (0.000, 0.029)
AK03 + 06 + 13 (806) 0.1139 (0.008, 0.227)
YD03 + 07 (551) 0 (0.000, 0.047)
FK (354) 0 (0.000, 0.000)
OB05 + 06 + 07 (190) 0.8401 (0.663, 0.925)
MY05 + 07 + 08 (912) 0.0272 (0.000, 0.124)
MT (150) 0 (0.000, 0.024)
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2–4 years) in Lake Akkeshi and Miyako Bay. Previous tag-
ging experiments using external tags also found that wild 
herring that spawned in Miyako Bay in February migrated 
to Funka Bay (linear distance: 352  km) in June–Septem-
ber for feeding and returned to Miyako Bay in the next 
spawning season; though the same experiments found that 
some fish strayed into other spawning grounds in Iwate 
and Miyagi Prefectures (Okouchi et  al. 2008). Together, 
these observations suggest a high degree of natal homing 
and spawning fidelity, but not necessarily to natal spawn-
ing areas (Beacham et al. 2008), and some fish do stray to 
other spawning grounds. Evidence for spawning fidelity in 
marine fish has been reported in Atlantic cod (Green and 
Wroblewski 2000; Wright et  al. 2006; Skjæraasen et  al. 
2011) even for long distance (Bonanomi et al. 2016), North 
Sea plaice (Pleuronectes platessa) (Hunter et  al. 2003), 
and bluefin tuna (Thunnus thynnus thynnus) in the western 
Atlantic (Nemerson et  al. 2000). All of our samples were 
collected in the spawning grounds and almost all fish were 
mature, suggesting that the stable pattern of gene flow 
was the result of straying of spawning fish. Levels of natal 
homing, straying, and spawning fidelity should define the 
migration rate, which can vary over generations, but will 
converge to the population mean when the number of gen-
erations approaches infinity by the law of large numbers, 
providing a constant gene flow. This may be a mechanism 
for temporally stable structure in marine fishes with high 
gene flow.

Differences in the effect of the tsunami on herring at 
different sites may be a function of the geography of the 
spawning grounds. Miyako Bay (24 km2, maximum depth, 
60 m) is a funnel-shaped, semi-open bay with a 4-km-wide 
bay mouth (Fig. 3), which likely amplified the height of the 
tsunami. In contrast, Lake Obuchi-numa is a closed lagoon 
(3.7  km2, maximum depth, 4.5  m) connected to the sea 
by a 20-m-wide and 1.5-km-long creek. The water level 
increased ~ 1  m in Lake Obuchi-numa during the tsunami 
but there was no substantial damage to the fishery (Rok-
kasho-mura Fisheries Cooperative, Pers. Comm.). There-
fore, even if herring were spawning on March 11 or had 
spawned eggs in Lake Obuchi-numa, they were probably 
protected from a damaging tsunami by the geography of 
the lake. Thus, these herring may have acted as a source 
for rebuilding the Miyako Bay herring population. In con-
trast, Lake Akkeshi is a lagoon (32 km2, maximum depth: 
11 m) that is directly connected to the Akkeshi Bay through 
a 500-m-wide lake mouth. The maximum tsunami height 
was 3.5 m in the bay, which was sufficient to destroy manila 
clam (Venerupis philippinarum) and Japanese oyster (Cras-
sostrea gigas) aquaculture facilities in the lake. The size 
of the tsunami was sufficient to affect survival of herring 
eggs; however, it occurred before the peak spawning period 
in Lake Akkeshi (mid-April to mid-May) and is therefore 

unlikely to have had a large effect on the reproductive suc-
cess of the Akkeshi herring. Indeed, the catch of herring 
in the spawning season increased from 27 t in 2010 to 116 
t in 2011 in Lake Akkeshi, and reached a post-1970 maxi-
mum of 1,240 t in 2016 (Fig. 4). Consistent with this, our 
N
e
estimate (746) increased six-fold over this period. The 

rapid increase in harvest volume suggests that the tsunami 
may have had a positive effect on the spawning ground hab-
itat, though it is unclear why the effective population size 
increased. In contrast, harvest decreased by ~50% (from 
2.9 t in 2010 to 1.5 t in 2012) in Lake Obuchi-numa, but 
rebounded (2.6 t) in 2015 and remained high (2.3 t) in 2016 
(Fig.  4). The catch in Miyako Bay increased to 0.40 t in 
2014 but then decreased to 0.12 t in 2015. Fishing opera-
tions resumed 1 month after the earthquake in Miyako Bay, 
and the number of small set nets targeting several fish spe-
cies, including herring, was similar to pre-earthquake lev-
els by 2015. Thus, we speculate that this substantial fishing 
pressure contributed to the decline in the recovering pop-
ulation after 2014. However, catch rebounded to 0.47 t in 
2016 (Fig. 4), suggesting the tsunami had a positive effect 
on spawning ground habitat.

The admixture proportion in Miyako Bay (sea-spawning 
type) suggests there was constant migration of spawners 
from Lake Obuchi-numa (lagoon-spawning type) before 
the earthquake (Fig. 1b). We genotyped MY13 in 2013, and 
OB14 in 2014. Therefore, there was no chance for substi-
tution or contamination of these samples. Our mixed catch 
analysis revealed that stable gene flow (~9–14%) from Lake 
Obuchi-numa into the decimated Miyako Bay population 
resulted in the substantially altered admixture proportion in 
MY13. The sample we used for the calculation of mixed 
catches were collected in several landing days during the 
spawning season in MY; MY08 (Feb. 22–Mar. 21), and 
MY13 (Jan. 29–Apr. 2) (Table  S1). The spawning period 
is very short (a week-10  days) in Obuchi-numa, and we 
bought all fish caught by a fisherman in a short period; 
OB07 (Feb. 19, n = 98), and OB14 (Mar. 17–18, n = 112). 
However, HWE was hold in all populations. Therefore, 
we could assume that our samples represented genotypes 
of the populations, and be reasonable to use for the mixed 
catch analysis.

The N
e
 estimate in Miyako Bay decreased substantially 

after the earthquake. This should be caused by altered allele 
frequencies due to population decimation and the constant 
gene flow from Lake Obuchi-numa. Therefore, the esti-
mate suggested a decrease in the effective population size 
in Miyako Bay. Our N

e
 estimate in Lake Obuchi-numa was 

158 ± 38 (SD), of which 9–14% of gene flow accounts for 
14–22 individuals per generation, which is consistent with 
our N

e
m estimate (~14 = 54.5/4). The Miyako Bay and Mat-

sushima Bay populations remained, and the gene flow from 
Hokkaido was low but consistent even after the earthquake 
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(Fig. 3a). Therefore, a full recovery of the admixture pro-
portion may be expected in Miyako Bay; however, it may 
take many generations. Conversely, the temporarily stable 
admixture proportion (Fig.  1b) and the stable pattern of 
mixing proportion (Fig.  3b) in Lake Obuchi-numa indi-
cates there was constant gene flow from Miyako Bay, even 
after the earthquake. Given that the earthquake decimated 
the Miyako Bay population, this gene flow may be a result 
of the spawning fidelity of fish straying from Miyako Bay 
before the earthquake (previous generations). Our results 
suggest that this constant gene flow can restore the genetic 
characteristics of damaged populations over many genera-
tions. The time until recovery from the most recent dis-
turbance (2011) will depend on the rate of gene flow, with 
higher gene flow resulting in a shorter time for recovery. 
The stable spatial structure of populations and the stable 
pattern of gene flow may represent a mechanism for the 
long-term viability of fish populations by allowing marine 
fishes with high gene flow to exhibit plasticity in their 
response to environmental disturbances.

Salinity and sea temperature during the spawning sea-
son were 9–11‰ and 6 °C in Lake Obuchi-numa, whereas 
they were 30.8‰ and 8.1 °C in Miyako Bay. Sea-spawning-
type herring spawn in Ishikari Bay (33‰, 6–7 °C) (Kob-
ayashi 1993). In contrast, lagoon-spawning-type herring 
spawn simultaneously in Akkeshi Bay and Lake Akkeshi. 
Salinity is generally low in Lake Akkeshi during the peak 
spawning season in April (15–22‰, 8–12 °C) because of 
sea thawing, but high (30–32‰) outside the lake (Kakuda 
1997). Similarly, Lake Notoro (16–27‰, 5–18 °C) and 
Lake Saroma (19–22‰, 9–10 °C) (Kobayashi 1993) have 
low salinities in the spawning season, but high salinities at 
other times because of their direct connection to the sea. 
In contrast, the salinity is very low (~4‰) in Lake Yudo-
numa, which is usually closed to the sea because of a 4-km 
sand bar, but does connect occasionally during sea thaws 
or heavy rains. Pacific herring have a lower level salinity 
tolerance (0–6‰) during early development (McMynn and 
Hoar 1953). Lowered salinity caused by sea thaws may be 
a driver of spawning behavior of Pacific herring. Salinity 
ranges for the lagoon-spawning (9–27‰) and sea-spawning 
(31–33‰) herring in Japan are consistent with estimates 
for Pacific herring (8–28‰) in North America (Alderd-
ice and Velsen 1971). Atlantic herring spawn in a wider 
range of salinity, including in the Baltic Sea (3.5–9.7‰), 
the Baltic–North Sea transition area (16.0–31.2‰), and the 
North Sea (34.0–35.2‰) (Bekkevold et al. 2005; Gaggio-
tti et al. 2009; Limborg et al. 2012). The Northeast Atlan-
tic herring form three, large, divergent genetic clusters, 
which have been detected even when using the putatively 
neutral 265 SNP markers (Limborg et  al. 2012). Our FST 
homogeneity test suggests that altered allele frequencies in 
MY13 inflated heterogeneity of the FST, and indicates that 

the microsatellite loci used in this study may be neutral but 
not involve locally adaptive genes. Our results show that 
Pacific herring in Japan spawn in a range of salinities and 
exchange genes between local populations, regardless of 
whether they are lagoon-spawning or sea-spawning.
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