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Abstract

Calibration of the molecular rate is one of the major challenges in marine population genet-

ics. Although the use of an appropriate evolutionary rate is crucial in exploring population

histories, calibration of the rate is always difficult because fossil records and geological

events are rarely applicable for rate calibration. The acceleration of the evolutionary rate for

recent coalescent events (or more simply, the time dependency of the molecular clock) is

also a problem that can lead to overestimation of population parameters. Calibration of

demographic transition (CDT) is a rate calibration technique that assumes a post-glacial

demographic expansion, representing one of the most promising approaches for dealing

with these potential problems in the rate calibration. Here, we demonstrate the importance

of using an appropriate evolutionary rate, and the power of CDT, by using populations of the

sandy beach amphipod Haustorioides japonicus along the Japanese coast of the northwest-

ern Pacific Ocean. Analysis of mitochondrial sequences found that the most peripheral pop-

ulation in the Pacific coast of northeastern Honshu Island (Tohoku region) is genetically

distinct from the other northwestern Pacific populations. By using the two-epoch demo-

graphic model and rate of temperature change, the evolutionary rate was modeled as a log-

normal distribution with a median rate of 2.2%/My. The split-time of the Tohoku population

was subsequently estimated to be during the previous interglacial period by using the rate

distribution, which enables us to infer potential causes of the divergence between local pop-

ulations along the continuous Pacific coast of Japan.

Introduction

Calibration of the molecular clock is one of the major challenges in marine population genet-

ics. It is undoubtedly crucial to use an appropriate evolutionary rate to obtain demographic

timelines as well as population parameters such as divergence time and migration rates [1, 2].

Although fossil records are most commonly used in phylogenetic rate calibration, they may
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not be applicable in population-level studies because little or no morphological difference

among fossils is expected for younger episodes [3]. Geological dating is also unrealistic for

some marine species because complete separation of populations is sometimes implausible

because of gene flow among populations via passive transport (e.g., larval and egg dispersal) or

active migration over long distances [4]. Phylogenetic evolutionary rates of related species are

sometimes applied, but this is controversial because of the variation in molecular rates among

organisms [5, 6].

Acceleration of the evolutionary rate is the other source of errors in molecular dating, and

is particularly emphasized in population studies. Ho et al. [7] first summarized ideas about

rate change by modeling the rate as an exponential function of time since calibration events

and empirical studies subsequently verified this behavior in molecular clocks [8–10] (reviewed

in [3]). This “time-dependency of the molecular clock” is partly explained by selection and

genetic drift after deep phylogenetic events, which leads to reduction of the molecular rate [3,

7]. Grant [2] recommended caution in using a phylogenetic rate for population studies, espe-

cially for demographic reconstruction, because it can causes overestimation of the coalescence

time, leading to misinterpretation of the results.

Calibration of demographic transition (CDT) [11] is one of the most promising techniques

currently available for overcoming difficulties in rate calibration. CDT is a generalization of

expansion dating [9] that assumes demographic expansion for some shallow-water inverte-

brate species in relation to an increase in habitat availability after the last glacial period. Both

CDT and expansion dating use a two-epoch coalescent model (TEM), which assumes an

ancient epoch of constant population size followed by a modern epoch of rapid population

increase [12]. In expansion dating, the initial dates of the habitat increase (19.6 and 14.6 kya,

based on two different assumptions) was used to obtain deterministic estimates of the evolu-

tionary rate. CDT also assumes a post-glacial expansion but uses temperature as a demo-

graphic proxy in a calibration of species genealogy and obtains a stochastic function for the

evolutionary rate. CDT is applicable for a wide range of species [11]. Regardless of its potential

usability very few studies have used CDT, probably because its power in marine population

genetics is currently not widely known.

We focused on the sandy beach amphipod Haustorioides japonicus Kamihira, 1977

(Amphipoda: Dogielinotidae) in the present study as a model for exploring population history

because its biological traits potentially allow for reconstruction of the population history from

molecular data. This species is characterized by an extremely low rate of effective migration

and thus limited gene flow between local populations [13] because of the lack of a planktonic

dispersal stage [14] and its specific habitat requirement for sandy beaches [15]. The species is

distributed along the Sea of Japan and Pacific coasts of Hokkaido Island, but has also been

recorded in the Tohoku region along the Pacific coast of northeastern Honshu Island, Japan

(Fig 1) [16]. Considering the extremely low migration activity of the species, the populations

in the Tohoku region are assumed to be genetically distinct from other known populations,

with a local population history that is linked to the paleoceanography of the area.

Here we incorporate CDT with a Bayesian Skyline Plot (BSP) [17] for the reconstruction of

genealogy of the sandy beach amphipod Haustorioides japonicus, and demonstrate the impor-

tance of an appropriate molecular rate calibration in marine population studies. We exhaus-

tively sampled the sandy beach amphipod in the Tohoku region to find the most peripheral

populations of the species and assigned them to currently recognized sandy beach amphipod

populations (Fig 1) [13]. We then inferred population histories by reconstructing demographic

timelines, estimating the split-time of the local populations, and considering the biological

traits of the species and the paleoceanography of the area.

Reconstructing the population history of the sandy beach amphipod
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Materials and methods

Field surveys and sample collection

A total of 32 specimens were collected from three sandy beaches in the Tohoku region and one

site along the coast of Hokkaido (Fig 1, Table 1). Specimens were collected by using a 1-mm-

mesh sieve, and parts or whole bodies of individuals were preserved in 6 M TNES (Tris HCl,

EDTA, NaCl, SDS) urea buffer [18] (hereafter, “urea buffer”). The urea buffer contains a high
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Fig 1. Map showing sampling sites for the sandy beach amphipod Haustorioides japonicus. Empty circles and numerals show

locations and ID numbers for sampling sites in the present study. Filled and colored circles indicate the population assignment of the

sites in a previous study (Takada et al. 2018 [13]; see also Fig 2). Shaded areas indicate the coastlines during the last glacial maximum

(–120 m). Map insert shows previously reported sites with H. japonicus (stars, Kamihira 2000 [16]; circles, Takada et al. 2015 [15]).

The map was created with QGIS v2.18.0 (http://www.qgis.org) using layers freely available at Natural Earth (https://www.

naturalearthdata.com/downloads/10m-physical-vectors/).

https://doi.org/10.1371/journal.pone.0223624.g001
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concentration of urea, which allows cell lysis and DNA extraction and preservation at ambient

temperature. Each specimen was identified to species in the laboratory according to Kamihira

[14] using a stereomicroscopy.

Laboratory procedures and data processing

Total DNA was extracted from the urea buffer-tissue lysate using a DNeasy Blood & Tissue Kit

(Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s instructions. Partial

sequences of the mitochondrial cytochrome c oxidase subunit I (COI) gene were amplified by

PCR using the primers LCO1490 and HCO2198 [19] (for details, see Takada et al. [13]). The

products were directly purified by ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) and

sequenced in both directions at Food Assessment & Management Center (FASMAC) Inc.

(Kanagawa, Japan).

The forward and reverse sequences were assembled by using Mesquite v3.01 [20] and visu-

ally inspected (accession numbers: LC474498–LC474506, also see S1 Table). The 105

sequences used by Takada et al. [13] (accession numbers LC224174–LC224278) were added to

the dataset and multiple sequence alignment was subsequently performed using MAFFT

v7.294 [21]. The best nucleotide substitution model for the dataset was determined using

MEGA7 [22]. The sequence dataset was then collapsed into haplotype using custom Perl

script.

To assign sequences from the Tohoku region to currently known sandy beach amphipod

populations, we constructed a minimum spanning tree using the software packages Arlequin

v3.5 [23] and SplitTree v4 [24]. Genetic differentiation between the populations was confirmed

by the pairwise Fst test. We also obtained standard genetic diversity indices (H, number of

haplotypes; h, haplotype diversity; π, nucleotide diversity) and neutrality indices (Tajima’s D
[25]; Fu’s Fs [26]; R2 [27]). These statistical tests were performed with Arlequin except for R2

test done on DnaSP v6 [28]; significance of the pairwise Fst and neutrality indices was assessed

with 1000 permutations.

Rate calibration using the CDT approach

Rate calibration was performed following standard CDT procedures [11], but with some

minor modifications (hereafter ‘rate’ means substitution rate, not ‘divergence’ rate). To mini-

mize coalescent errors and improve convergence, we built TEMs using all individuals from

Tohoku as well as its parental population among currently known sandy beach amphipod pop-

ulations. We created custom .xml files for BEAST v1.7 [29] for the combination of two clock

models (strict clock, log-normal and exponential relaxed) and two TEMs (exponential and

logistic; also see S1 Fig), referring to the example file of Hoareau [11] (Dryad Digital

Table 1. Sampling location, sample size (n), coordinates, collection date, and reference for sandy beach amphipod Haustorioides japonicus specimens used in this

study.

ID Location n Latitude Longitude Date Reference

1 Oshamanbe 24 42.526 140.393 May 2015 Takada et al. [13]

2 Hakodate 20 41.770 140.743 May 2015 Takada et al. [13]

3 Tomari 3 43.031 140.524 May 2015 Takada et al. [13]

4 Usu 11 42.512 140.780 May 2015 This study

5 Ogawara 3 40.923 141.393 July 2018 This study

6 Misawa 3 40.674 141.439 July 2018 This study

7 Shichigahama 15 38.289 141.066 July 2018 This study

https://doi.org/10.1371/journal.pone.0223624.t001
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Repository; http://dx.doi.org/10.5061/dryad.3q24t). A total of 10,000 out of 5.0 × 108 Markov

chain Monte Carlo (MCMC) steps were recorded by using BEAST. The results from the six

models were then compared by using the Bayes factor test implemented in Tracer v1.6 [30].

After discarding the first 1000 records (i.e., 10%) as a burn-in, 9000 values of the mutation-

scaled transition time from the best model were obtained. We subsequently downloaded

10,000 calendar years derived from the discretized change rate of temperature over the last 25

ky (Dryad Digital Repository; see Jouzel et al. [31] for original data) to obtain 9 × 107 muta-

tion-rate values. The density distribution of the mutation rate was then modeled using log-

normal and Gaussian functions, and the best model was selected based on the Akaike informa-

tion criterion (AIC). These statistical calculations were performed using MASS v7.3 package

[32] in R v3.4.3 [33].

Reconstruction of population history

We inferred the demographic history of the Tohoku and its parental population using a BSP

[17], and the genealogy derived from the Bayesian skyline model. We first built a BSP with a

total of 10,000 records out of 2.0 × 109 MCMC steps and discarded the first 1000 records (i.e.,

10%) as a burn-in. The number of groups was set to 10 and a piecewise-linear BSP model was

adopted. The molecular rate was modeled following the best clock model and statistical distri-

bution from CDT. We also built a BSP under a strict clock model with a conventional evolu-

tionary rate for crustacean mitochondrial genes of 0.7%/My [34] as a proxy of ‘general’ rate to

compare results from different molecular clock assumptions. The site model was set to the best

model inferred by MEGA. A generation time of one year [14] was assumed to convert genera-

tion time-scaled female effective population size into effective population size (Ne). The split-

time of the Tohoku population from the parental population was subsequently estimated

based on the genealogy of the mitochondrial COI and reconstructed along with the demo-

graphic changes in the BSP. TreeAnnotator v1.7 [28] was used for time-tree reconstruction.

We used 9000 trees after discarding the first 1000 trees out of 10,000 and obtained a maximum

clade credibility tree with a median node height. The posterior distribution of the split-time

between the Tohoku and northwestern Pacific (NWP) populations was then summarized

using TreeStat v1.7 [28].

Results

All of the 32 newly-obtained sequences were assigned to a group that is common along the

coast of the northwestern Pacific Ocean (Fig 2), and the following analyses were therefore per-

formed on 79 sequences for this genetic group, including the 47 previously reported (Table 1).

The final dataset comprises 608 bp of COI sequences from 79 individuals, which were col-

lapsed into 15 haplotypes defined by 17 polymorphic sites. The best-fit model was estimated to

be HKY + Γ [35, 36]. Frequencies and accession numbers for the 15 haplotypes are given in S1

Table.

Among 79 individuals of the NWP group, 15 from the southern Tohoku region (site 7, Fig

1) are genetically distinct from the other members of the NWP group (Fst = 0.75, P< 0.05; Fig

2). We therefore treat the group of 15 individuals from site 7 as a distinct population (hereafter

“Tohoku population”) and we explore its history in the following section. Table 2 includes

summary statistics for the two group of populations (NWP and Tohoku). Neutrality indices

for these populations were negative and significant except for the R2 value of Tohoku

population.

A logistic TEM with exponential relaxed clock (model 3, Table 3) was chosen as the best

model in the Bayes factor test, although there was no substantial difference between median
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https://doi.org/10.1371/journal.pone.0223624.g002
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estimates of transition time in the four models. For the exponential TEM with strict clock, we

could not obtain the result because the runs did not converge. Hereafter we used the best TEM

only. The density distribution of transition time was unimodal and the median estimate was

2.58 × 10−4 mutations/site in the TEM (Fig 3). We selected the log-normal model, which had a

lower AIC than the Gaussian model for the density distribution of evolutionary rate (S1 Fig);

LogMean and LogSD for the log-normal approximation were –3.89 and 0.53, respectively. The

median CDT rate was 2.2%/My.

The BSP was built with exponential relaxed clock using all sequences from NWP and

Tohoku populations and the CDT rate, revealed rapid growth after the last glacial period, coin-

ciding with warming temperatures, whereas the time of demographic expansion was estimated

to be during the last glacial maximum (20–40 kya) with a phylogenetic rate of 0.7% (Fig 4).

The divergence between NWP and Tohoku populations falls back to the previous interglacial

period (median = 97 kya, but with a 95% credibility interval of 11–360 kya; Fig 5) using the

CDT rate, whereas the estimate is 340 kya (95% credibility interval: 61–450 kya) based on the

phylogenetic rate.

Discussion

It is generally difficult to explore the histories of marine populations because vicariant events

and fossil records are rarely applicable to the rate calibration. Even if these calibration tech-

niques happen to be available for a target species, they can cause misinterpretation of the

results because of the time dependency of the molecular clocks [2]. The use of demographic

transition as a global rate calibration point enables us to overcome these difficulties in marine

population genetics and attribute recent coalescent events such as population splits to certain

geological episodes. In the following section, we elucidate the history of the sandy beach

amphipod population and compare our results from the CDT approach with those based on a

phylogenetic rate. We then discuss the limitations of the current approach.

Table 2. Genetic diversity and neutrality indices for two group of populations of the sandy beach amphipod Haustorioides japonicus.

Population Standard diversity indices Neutrality indices

N H h π D Fs R2

NWP 64 11 0.62 ± 0.05 0.0014 ± 0.0011 -1.92� -7.48� 0.042�

Tohoku 15 4 0.37 ± 0.15 0.0009 ± 0.0009 -1.82� -1.72� 0.143

n, number of individuals; H, number of haplotypes; h, haplotype diversity; π, nucleotide diversity; D, Tajima’s D; Fs, Fu’s Fs. Asterisks (�) indicate significance of tests at

P < 0.05.

https://doi.org/10.1371/journal.pone.0223624.t002

Table 3. Model comparison results. Listed are the model ID, type of two-epoch model (TEM) and clock model, transition time (TT, 10−3 mutations/site), median mar-

ginal likelihood (MML), and 2×log Bayes factors (2×lnBF) for the models. Parameters for the best-fit model are shown in bold type. The result for the exponential TEM

with strict clock is not shown because the run did not converged.

Model TEM Clock model TT MML 2×lnBF

#1 #2 #4 #5 #6

1 Exponential Exponential 2.60 -1012.3 7.2 -6.8 -4.8 8.0

2 Exponential Lognormal 2.51 -1015.9 -7.2 -12.0 -10.0 -8.0

3 Logistic Exponential 2.56 -1008.9 6.8 14 2.0 14.8

4 Logistic Lognormal 2.53 -1009.9 4.8 12.0 -2.0 12.8

5 Logistic Strict 2.59 -1016.3 -8.0 -0.8 -14.8 -12.8

https://doi.org/10.1371/journal.pone.0223624.t003
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Fluctuations of temperature as a proxy for demography

We observed a strong concordance between fluctuations in temperature and historical demog-

raphy of the sandy beach amphipod population (Fig 4). Post-glacial expansion in the NWP is

0.000

0.004

0.008

Ancient epoch (θ₁)

Transition time

Modern epoch (θ

P
os

te
rio

r d
en

si
ty

10-4

10-3

10-2

10-1

1

10

0 0.5 1.0 1.5 2.0 2.5

10-3 mutations/site

θ

0.012

0.000

0.004

0.008

Ancient epoch (θ₁)

nsition timeTran

Modern epoch (θ

P
os

te
rio

r d
en

si
ty

10-4

10-3

10-2

10-1

1

10

0 0.5 1.0 1.5 2.0 2.5

10-3 mutations/site

θ

0.012

Fig 3. Demographic timeline derived from the best two-epoch demographic model (model 3, Table 3). An ancient

epoch with a constant population size (θ1) is followed by the modern epoch of logistic population growth (θ2). The median

estimate of the transition time is shown as a vertical red line. Horizontal and vertical blue lines and the blue shaded area

show the median estimate for mutation-scaled female effective population size (θ), the time of the most recent common

ancestor, and the 95% credible interval, respectively. The histogram shows the posterior density distribution for the two-

epoch transition time.

https://doi.org/10.1371/journal.pone.0223624.g003

−10

10

Δ
T 

(°
C)

0

Fe
m

al
e 

eff
ec

�v
e 

po
pu

la
�o

n 
siz

e

103

104

105

107

109

108

106

Kya
0 50 100 150 200 250 300 350

CDT rate
0.7%/my

Fig 4. Bayesian skyline plots based on the calibration of demographic transition (CDT) rate and a conventional

mitochondrial evolutionary rate of 0.7%. Median estimates of female effective population size are shown as lines and

vertical lines show median estimates of the time of the most recent common ancestor. Global trends of historical

temperature are superimposed on the plots (Jouzel et al. [31]).

https://doi.org/10.1371/journal.pone.0223624.g004

Reconstructing the population history of the sandy beach amphipod

PLOS ONE | https://doi.org/10.1371/journal.pone.0223624 October 9, 2019 8 / 13

https://doi.org/10.1371/journal.pone.0223624.g003
https://doi.org/10.1371/journal.pone.0223624.g004
https://doi.org/10.1371/journal.pone.0223624


much more plausible than population growth throughout the last glacial maximum, consider-

ing the life-history traits of the species and the paleoceanography of the northwestern Pacific

Ocean. The sandy beach amphipod population grows rapidly in late spring to summer from a

small number of overwintering individuals [37]. The extended winter season during the last

glacial period probably shortened the reproductive season for the species, which could have

caused a serious decrease in effective population size. Sea-ice cover in the area expanded both

spatially and temporally during the last glacial period in this region [38], which could have also

altered the environmental conditions on sandy beaches. After the last glacial period, the popu-

lation seems to have rapidly recovered from the severe reduction in size in parallel with warm-

ing temperatures (Fig 4). Our results from the CDT rate seem quite reasonable considering

that the North Atlantic intertidal gastropod Littorina saxatilis Olivi, 1792 whose habitat condi-

tions are close to those of the sandy beach amphipod, also showed post-glacial expansion [11].

Divergence between the local populations

In the NWP, sea-level changes throughout glacial cycles have greatly influenced marine popu-

lations via changes in both inter-population connectivity and oceanographic conditions [39–

43]. Because the Tsugaru Strait connecting the NWP and the Sea of Japan was narrow and
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shallow during the last glacial period, the Tsushima Current from the Sea of Japan (Fig 1)

ceased [44], possibly causing lineage splits for marine species. Considering that the posterior

distribution of the split-time shows a peak during the last glacial period (Fig 5), it can be

assumed that gene-flow among the sandy beach amphipod populations was lost during the last

glacial period as a result of the change in oceanic currents, resulting in genetic differentiation

of the Tohoku population (Fig 1).

Alternatively, we also hypothesized that occasional migration events contributed to the

southward range expansion of the species. We note that tsunamis are one of the possible trans-

port mechanisms in the Tohoku region because they have repeatedly swept sandy beaches in

this area [45]. Most recently, a megathrust M9.0 earthquake generated a huge tsunami on 11

March 2011, which caused serious damage in shallow-water environments and greatly altered

benthic community structure in this region [46–49]. We discovered, however, that the local

sandy beach amphipod population in the Tohoku region persisted after the tsunami, which

strongly suggests the survival or resettlement of the local population. It is thus plausible that

there were occasional migrations between local sandy beaches driven by episodes such the

Great Tsunami. Unfortunately, it is difficult to attribute a population split to a specific geologi-

cal event, owing to the large credible interval (Fig 5). Increasing the number of individuals,

loci, and sites sampled would improve the precision of the split-time estimates and is thus a

promising avenue for further exploration of the population history of this species.

Limitations of the demographic rate calibration for the sandy beach

amphipod

Rapid growth of a population after the last glacial period is a fundamental assumption of CDT

[11]. Although we have discussed the plausibility of the post-glacial expansion hypothesis for

this species in the previous section, there still remains some uncertainty. The CDT rate from

the present study exceeds the phylogenetic rate of 1%, but is much slower than that from Hoar-

eau [11], possibly signaling an underestimation of the rate. We also note that there is a range

among observed rate for the crustacean species [9, 50, 51]. The difficulties are mainly caused

by the fact that ultimately it is impossible to know the real trigger for the population expansion.

A false assumption of post-glacial expansion is a potential limitation of the demography-based

rate calibration technique [9, 11], and this possibility must always be considered.

Additional sources of uncertainty in BSP and estimation of the divergence time are large

coalescent errors caused by a small number of sequences, loci, and polymorphic sites [2]. We

used only a single locus of COI with 608 bp from 79 individuals, which could lead to misinter-

pretation of the results. Also, using the probabilistic CDT approach increases the range of the

credible interval for the BSP and split-time, which makes it difficult to interpret the results, as

discussed in the previous section. The two-epoch demographic model is currently applicable

only for a single gene in BEAST, and this becomes a more practical problem when one wishes

to improve the credibility of the analysis by using a larger dataset. The implementation of

multi-locus data in the program will help to deal with this issue.

Conclusion

We have demonstrated the applicability of rate calibration with global demographic transition

by using the CDT approach. The median estimate of the CDT rate was approximately 2%/My

for COI sequences from the sandy beach amphipod, which exceeds the conventional phyloge-

netic rate of 0.7%/My. The BSP for the entire population was more realistic using the CDT rate

than the phylogenetic rate, which detected population growth throughout the last glacial maxi-

mum, in terms of the post-glacial expansion (Fig 4). We further inferred the drivers of the
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population split by estimating a divergence time from the CDT rate. Expanding the dataset

will enable further exploration of the population history of marine organisms such as the

sandy beach amphipod.

Supporting information

S1 Fig. Histogram showing the frequency distribution of evolutionary rate derived from

CDT. Log-normal and Gaussian approximations of the rate are also shown.

(PDF)

S1 Table. List of haplotypes. Haplotype ID, total number of individuals (n), number of indi-

viduals per site (Per site), and accession number are shown.

(PDF)

Author Contributions

Conceptualization: Kay Sakuma, Yoshitake Takada.

Data curation: Kay Sakuma, Risa Ishida.

Formal analysis: Risa Ishida.

Funding acquisition: Taketoshi Kodama.

Investigation: Kay Sakuma, Risa Ishida, Yoshitake Takada.

Methodology: Kay Sakuma.

Project administration: Yoshitake Takada.

Supervision: Kay Sakuma, Yoshitake Takada.

Visualization: Kay Sakuma.

Writing – original draft: Kay Sakuma.

Writing – review & editing: Taketoshi Kodama.

References
1. Ho SYW, Duchêne S. Molecular-clock methods for estimating evolutionary rates and timescales. Mol

Ecol. 2014; 23: 5947–5965. https://doi.org/10.1111/mec.12953 PMID: 25290107

2. Grant WS. Problems and cautions with sequence mismatch analysis and Bayesian skyline plots to infer

historical demography. J Hered. 2015; 106: 333–346. https://doi.org/10.1093/jhered/esv020 PMID:

25926628

3. Ho SYW, Lanfear R, Bromham L, Phillips MJ, Soubrier J, Rodrigo AG, Cooper A. Time-dependent

rates of molecular evolution. Mol Ecol. 2011; 20: 3087–3101. https://doi.org/10.1111/j.1365-294X.2011.

05178.x PMID: 21740474

4. Palumbi SR. Genetic divergence, reproductive isolation, and marine speciation. Annu Rev Ecol Syst.

1994; 25: 547–572. https://doi.org/10.1146/annurev.es.25.110194.002555

5. Kumar S. Molecular clocks: four decades of evolution. Nat Rev Genet. 2005; 6: 654–662. https://doi.

org/10.1038/nrg1659 PMID: 16136655

6. Bromham L. The genome as a life-history character: Why rate of molecular evolution varies between

mammal species. Phil Trans R Soc Lond B Biol Sci. 2011; 366: 2503–2513.

7. Ho SYW, Phillips MJ, Cooper A, Drummond AJ. Time dependency of molecular rate estimates and sys-

tematic overestimation of recent divergence times. Mol Biol Evol. 2005; 22: 1561–1568. https://doi.org/

10.1093/molbev/msi145 PMID: 15814826

8. Burridge CP, Craw D, Fletcher D, Waters JM. Geological dates and molecular rates: Fish DNA sheds

light on time dependency. Mol Biol Evol. 2008; 25: 624–633. https://doi.org/10.1093/molbev/msm271

PMID: 18281273

Reconstructing the population history of the sandy beach amphipod

PLOS ONE | https://doi.org/10.1371/journal.pone.0223624 October 9, 2019 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223624.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223624.s002
https://doi.org/10.1111/mec.12953
http://www.ncbi.nlm.nih.gov/pubmed/25290107
https://doi.org/10.1093/jhered/esv020
http://www.ncbi.nlm.nih.gov/pubmed/25926628
https://doi.org/10.1111/j.1365-294X.2011.05178.x
https://doi.org/10.1111/j.1365-294X.2011.05178.x
http://www.ncbi.nlm.nih.gov/pubmed/21740474
https://doi.org/10.1146/annurev.es.25.110194.002555
https://doi.org/10.1038/nrg1659
https://doi.org/10.1038/nrg1659
http://www.ncbi.nlm.nih.gov/pubmed/16136655
https://doi.org/10.1093/molbev/msi145
https://doi.org/10.1093/molbev/msi145
http://www.ncbi.nlm.nih.gov/pubmed/15814826
https://doi.org/10.1093/molbev/msm271
http://www.ncbi.nlm.nih.gov/pubmed/18281273
https://doi.org/10.1371/journal.pone.0223624


9. Crandall ED, Sbrocco EJ, DeBoer TS, Barber PH, Carpenter KE. Expansion dating: Calibrating molecu-

lar clocks in marine species from expansions onto the Sunda Shelf following the last glacial maximum.

Mol Biol Evol. 2012; 29: 707–719. https://doi.org/10.1093/molbev/msr227 PMID: 21926069

10. Grant WS, Liu M, Gao T, Yanagimoto T. Limits of Bayesian skyline plot analysis of mtDNA sequences

to infer historical demographies in Pacific herring (and other species). Mol Phylogenet Evol. Elsevier

Inc.; 2012; 65: 203–212. https://doi.org/10.1016/j.ympev.2012.06.006 PMID: 22750109

11. Hoareau TB. Late glacial demographic expansion motivates a clock overhaul for population genetics.

Syst Biol. 2016; 65: 449–464. https://doi.org/10.1093/sysbio/syv120 PMID: 26683588

12. Shapiro B, Drummond AJ, Rambaut A, Wilson MC, Matheus PE, Sher A V, et al. Rise and fall of the Ber-

ingian steppe bison. Science. 2004; 306: 1561–1565. https://doi.org/10.1126/science.1101074 PMID:

15567864

13. Takada Y, Sakuma K, Fujii T, Kojima S. Phylogeography of the sandy beach amphipod Haustorioides

japonicus along the Sea of Japan: Paleogeographical signatures of cryptic regional divergences. Estuar

Coast Shelf Sci. 2018; 200: 19–30. https://doi.org/10.1016/j.ecss.2017.10.012

14. Kamihira Y. Ecological studies of sand-burrowing amphipod Haustorioides japonicus (Dogielinotidae),

on the south-western Hokkaido, Japan. Rev Hakodate Univ. 1992; 1: 1–106 (in Japanese).

15. Takada Y, Kajihara N, Mochizuki S, Murakami T. Effects of environmental factors on the density of

three species of peracarid crustaceans in micro-tidal sandy shores in Japan. Ecol Res. 2015; 30: 101–

109. https://doi.org/10.1007/s11284-014-1215-5

16. Kamihira Y. Geographic distribution of Dogielinotidae amphipods in the Northwest Pacific. The Rev

Hakodate Univ. 2000; 31: 91–99 (in Japanese).

17. Drummond AJ, Rambaut A, Shapiro B, Pybus OG. Bayesian coalescent inference of past population

dynamics from molecular sequences. Mol Biol Evol. 2005; 22: 1185–1192. https://doi.org/10.1093/

molbev/msi103 PMID: 15703244

18. Asahida T, Kobayashi T, Saitoh K, Nakayama I. Tissue preservation and total DNA extraction form fish

stored at ambient temperature using buffers containing high concentration of urea. Fish Sci. 1996; 62:

727–730. https://doi.org/10.2331/fishsci.62.727

19. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for amplification of mitochondrial cyto-

chrome c oxidase subunit I from diverse metazoan invertebrates. Hansson B, editor. Mol Mar Biol Bio-

technol. 1994; 3: 294–9. PMID: 7881515

20. Maddison DR, Maddison WP. MacClade 4: Analysis of phylogeny and character evolution. Version 4.0.

2000. Sinauer Associates, Sunderland, Massachusetts.

21. Katoh K, Standley DM. MAFFT Multiple sequence alignment software version 7: improvements in per-

formance and usability. Mol Biol Evol. 2013; 30: 772–780. https://doi.org/10.1093/molbev/mst010

PMID: 23329690

22. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for Big-

ger Datasets. Mol Biol Evol. 2016; 33: 1870–1874. https://doi.org/10.1093/molbev/msw054 PMID:

27004904

23. Excoffier L, Lischer HEL. Arlequin suite ver 3.5: a new series of programs to perform population genet-

ics analyses under Linux and Windows. Mol Ecol Resour. 2010; 10: 564–567. https://doi.org/10.1111/j.

1755-0998.2010.02847.x PMID: 21565059

24. Huson DH, Bryant D. Application of phylogenetic networks in evolutionary studies. Mol Biol Evol. 2006;

23: 254–267. https://doi.org/10.1093/molbev/msj030 PMID: 16221896

25. Tajima F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genet-

ics. 1989; 123: 585–595. PMID: 2513255

26. Fu YX. Statistical tests of neutrality of mutations against population growth, hitchhiking and background

selection. Genetics. 1997; 147: 915–925. PMID: 9335623

27. Ramos-Onsins SE, Rozas J. Statistical properties of new neutrality tests against population growth. Mol

Biol Evol. 2002; 19: 2092–2100. https://doi.org/10.1093/oxfordjournals.molbev.a004034 PMID:

12446801

28. Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, et al.

DnaSP 6: DNA sequence polymorphism analysis of large data sets. Mol Biol Evol. 2017; 34: 3299–

3302. https://doi.org/10.1093/molbev/msx248 PMID: 29029172

29. Drummond AJ, Suchard M a., Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST

1.7. Mol Biol Evol. 2012; 29: 1969–1973. https://doi.org/10.1093/molbev/mss075 PMID: 22367748

30. Rambaut A, Suchard MA, Drummond AJ. Tracer v1.6. 2013. Available from http://tree.bio.ed.uk/

software/tracer/

Reconstructing the population history of the sandy beach amphipod

PLOS ONE | https://doi.org/10.1371/journal.pone.0223624 October 9, 2019 12 / 13

https://doi.org/10.1093/molbev/msr227
http://www.ncbi.nlm.nih.gov/pubmed/21926069
https://doi.org/10.1016/j.ympev.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22750109
https://doi.org/10.1093/sysbio/syv120
http://www.ncbi.nlm.nih.gov/pubmed/26683588
https://doi.org/10.1126/science.1101074
http://www.ncbi.nlm.nih.gov/pubmed/15567864
https://doi.org/10.1016/j.ecss.2017.10.012
https://doi.org/10.1007/s11284-014-1215-5
https://doi.org/10.1093/molbev/msi103
https://doi.org/10.1093/molbev/msi103
http://www.ncbi.nlm.nih.gov/pubmed/15703244
https://doi.org/10.2331/fishsci.62.727
http://www.ncbi.nlm.nih.gov/pubmed/7881515
https://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
https://doi.org/10.1093/molbev/msj030
http://www.ncbi.nlm.nih.gov/pubmed/16221896
http://www.ncbi.nlm.nih.gov/pubmed/2513255
http://www.ncbi.nlm.nih.gov/pubmed/9335623
https://doi.org/10.1093/oxfordjournals.molbev.a004034
http://www.ncbi.nlm.nih.gov/pubmed/12446801
https://doi.org/10.1093/molbev/msx248
http://www.ncbi.nlm.nih.gov/pubmed/29029172
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
http://tree.bio.ed.uk/software/tracer/
http://tree.bio.ed.uk/software/tracer/
https://doi.org/10.1371/journal.pone.0223624


31. Jouzel J, Masson-Delmotte V, Cattani O, Dreyfus G, Falourd S, Hoffmann G, et al. Orbital and millennial

Antarctic climate variability over the past 800,000 years. Science. 2007; 317: 793–796. https://doi.org/

10.1126/science.1141038 PMID: 17615306

32. Venables WN, Ripley BD. Modern Applied Statistics with S. Fourth Edition. 2002. Springer, New York.

33. R Core Team. R: A language and environment for statistical computing. R foundation for statistical

computing. 2018. Vienna, Austria. URL https://www.R-project.org/.

34. Knowlton N, Weigt LA. New dates and new rates for divergence across the Isthmus of Panama. Proc R

Soc London Ser B Biol Sci. 1998; 265: 2257–2263. https://doi.org/10.1098/rspb.1998.0568

35. Hasegawa M, Kishino H, Yano TA. Dating of the human-ape splitting by a molecular clock of mitochon-

drial DNA. J Mol Evol. 1985; 22: 160–174. https://doi.org/10.1007/bf02101694 PMID: 3934395

36. Yang Z. Estimating the pattern of nucleotide substitution. J Mol Evol. 1994; 39: 105–111. https://doi.org/

10.1007/bf00178256 PMID: 8064867

37. Suzuki Y, Yamahira K, Kajihara N, Takada Y. Spatial variation in population dynamics of the sand-bur-

rowing amphipod Haustorioides japonicus. Popul Ecol. 2013; 55: 107–119. https://doi.org/10.1007/

s10144-012-0358-x

38. Harada N, Sato M, Seki O, Timmermann A, Moossen H, Bendle J, et al. Sea surface temperature

changes in the Okhotsk Sea and adjacent North Pacific during the last glacial maximum and deglacia-

tion. Deep Res Part II. 2012; 61–64: 93–105. https://doi.org/10.1016/j.dsr2.2011.12.007

39. Kojima S, Segawa R, Hayashi I, Okiyama M. Phylogeography of a deep-sea demersal fish, Bothrocara

hollandi, in the Japan Sea. Mar Ecol Prog Ser. 2001; 217: 135–143. https://doi.org/10.3354/

meps217135

40. Kokita T, Nohara K. Phylogeography and historical demography of the anadromous fish Leucopsarion

petersii in relation to geological history and oceanography around the Japanese Archipelago. Mol Ecol.

2011; 20: 143–164. https://doi.org/10.1111/j.1365-294X.2010.04920.x PMID: 21062386

41. Sakuma K, Ueda Y, Hamatsu T, Kojima S. Contrasting population histories of the deep-Sea demersal

fish, Lycodes matsubarai, in the Sea of Japan and the Sea of Okhotsk. Zoolog Sci. 2014; 31: 375–82.

https://doi.org/10.2108/zs130271 PMID: 24882098

42. Sakuma K, Ueda Y, Ito M, Kojima S. Demographic histories of two deep-sea eelpouts, Lycodes japoni-

cus and Lycodes ocellatus: paleoenvironmental implications of the western North Pacific deep waters.

Ichthyol Res. 2015; 62: 363–367. https://doi.org/10.1007/s10228-014-0441-8

43. Hirase S, Takeshima H, Nishida M, Iwasaki W. Parallel Mitogenome Sequencing Alleviates Random

Rooting Effect in Phylogeography. Genome Biol Evol. 2016; 8: 1267–1278. https://doi.org/10.1093/gbe/

evw063 PMID: 27016485

44. Koizumi I, Tada R, Narita H, Irino T, Aramaki T, Oba T, et al. Paleoceanographic history around the Tsu-

garu Strait between the Japan Sea and the Northwest Pacific Ocean since 30 cal kyr BP. Palaeogeogr

Palaeoclimatol Palaeoecol. 2006; 232: 36–52. https://doi.org/10.1016/j.palaeo.2005.09.003

45. Sawai Y, Namegaya Y, Okamura Y, Satake K, Shishikura M. Challenges of anticipating the 2011

Tohoku earthquake and tsunami using coastal geology. Geophys Res Lett. 2012; 39: n/a–n/a. https://

doi.org/10.1029/2012GL053692

46. Seike K, Shirai K, Kogure Y. Disturbance of shallow marine soft-bottom environments and mega-

benthos assemblages by a huge Tsunami induced by the 2011 M9.0 Tohoku-Oki Earthquake. PLoS

One. 2013; 8: e65417. https://doi.org/10.1371/journal.pone.0065417 PMID: 23762365

47. Seike K, Kitahashi T, Noguchi T. Sedimentary features of Onagawa Bay, northeastern Japan after the

2011 off the Pacific coast of Tohoku Earthquake: sediment mixing by recolonized benthic animals

decreases the preservation potential of tsunami deposits. J Oceanogr. 2016; 72: 141–149. https://doi.

org/10.1007/s10872-015-0297-1

48. Goto R, Sakamoto S, Hayakawa J, Seike K. Underwater observations of the giant spoon worm Ikeda

taenioides (Annelida: Echiura: Ikedidae) in a subtidal soft-bottom environment in northeastern Japan,

which survived tsunamis of the 2011 off the Pacific Coast of Tohoku Earthquake. J Oceanogr. 2017; 73:

103–113. https://doi.org/10.1007/s10872-016-0380-2

49. Sakanishi Y, Kurashima A, Dazai A, Abe T, Aoki M, Tanaka J. Long-term changes in a kelp bed of Eise-

nia bicyclis (Kjellman) Setchell due to subsidence caused by the 2011 Great East Japan Earthquake in

Shizugawa Bay, Japan. Phycol Res. 2018; 66: 253–261. https://doi.org/10.1111/pre.12331

50. Audzijonyte A, Vainola R. Phylogeographic analyses of a circumarctic coastal and a boreal lacustrine

mysid crustacean, and evidence of fast postglacial mtDNA rates. Mol Ecol. 2006; 15: 3287–3301.

https://doi.org/10.1111/j.1365-294X.2006.02998.x PMID: 16968271

51. Copilaş-Ciocianu D, Sidorov D, Gontcharov A. Adrift across tectonic plates: molecular phylogenetics

supports the ancient Laurasian origin of old limnic crangonyctid amphipods. Org Divers Evol. 2019; 19:

191–207. https://doi.org/10.1007/s13127-019-00401-7

Reconstructing the population history of the sandy beach amphipod

PLOS ONE | https://doi.org/10.1371/journal.pone.0223624 October 9, 2019 13 / 13

https://doi.org/10.1126/science.1141038
https://doi.org/10.1126/science.1141038
http://www.ncbi.nlm.nih.gov/pubmed/17615306
https://www.R-project.org/
https://doi.org/10.1098/rspb.1998.0568
https://doi.org/10.1007/bf02101694
http://www.ncbi.nlm.nih.gov/pubmed/3934395
https://doi.org/10.1007/bf00178256
https://doi.org/10.1007/bf00178256
http://www.ncbi.nlm.nih.gov/pubmed/8064867
https://doi.org/10.1007/s10144-012-0358-x
https://doi.org/10.1007/s10144-012-0358-x
https://doi.org/10.1016/j.dsr2.2011.12.007
https://doi.org/10.3354/meps217135
https://doi.org/10.3354/meps217135
https://doi.org/10.1111/j.1365-294X.2010.04920.x
http://www.ncbi.nlm.nih.gov/pubmed/21062386
https://doi.org/10.2108/zs130271
http://www.ncbi.nlm.nih.gov/pubmed/24882098
https://doi.org/10.1007/s10228-014-0441-8
https://doi.org/10.1093/gbe/evw063
https://doi.org/10.1093/gbe/evw063
http://www.ncbi.nlm.nih.gov/pubmed/27016485
https://doi.org/10.1016/j.palaeo.2005.09.003
https://doi.org/10.1029/2012GL053692
https://doi.org/10.1029/2012GL053692
https://doi.org/10.1371/journal.pone.0065417
http://www.ncbi.nlm.nih.gov/pubmed/23762365
https://doi.org/10.1007/s10872-015-0297-1
https://doi.org/10.1007/s10872-015-0297-1
https://doi.org/10.1007/s10872-016-0380-2
https://doi.org/10.1111/pre.12331
https://doi.org/10.1111/j.1365-294X.2006.02998.x
http://www.ncbi.nlm.nih.gov/pubmed/16968271
https://doi.org/10.1007/s13127-019-00401-7
https://doi.org/10.1371/journal.pone.0223624

