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Abstract The Asian brush-clawed shore crab Hem-

igrapsus takanoi is a non-indigenous species along the

Northern European coast. Although the history of

range expansion of European H. takanoi has been

well-documented, little is known about the genetic

compositions of either the introduced European pop-

ulations or the native Asian ones. We therefore

collected H. takanoi broadly from their native Asian

sites and introduced European ranges, and genotyped

them by sequencing the mitochondrial 16S RNA gene

and by analyzing nuclear microsatellite loci. Our

results revealed that the H. takanoi Bay of Seine

(France) populations consisted of a genetic admixture

between populations in Japan and those in the Yellow

Sea region. These French populations should be

carefully monitored in the future, since the genetic

admixture of multiple source populations may

accelerate range expansion in non-indigenous organ-

isms. Our results also suggested that shipping lines

from East Asia were more probable vectors than

historical juvenile oyster transportations from Japan

for the foundation of present European H. takanoi

populations. Interestingly, gene flow between popula-

tions in Japan and those in the Yellow Sea region (i.e.,

domestic invasion) was not observed despite the

higher potential for artificial translocations via ship-

ping lines in the native Asian range compared with

those from Asia to Europe. The lack of domestic

invasions implied that intra-specific priority effects of

the resident H. takanoi populations played an impor-

tant role in preventing the successful colonization of

artificially-transferred individuals.

Keywords Colonization � Dispersal � Genetic
admixture � Intra-specific priority effects � Multiple

introductions

Introduction

Evidence of the artificial translocation of organisms

beyond their native ranges has become apparent in the

last several decades (e.g., Miura 2007; Blakeslee et al.

2010; Cristescu 2015). During the course of artificial

translocation, non-indigenous species must experi-

ence founding events in the introduced range, and

many studies of biological invasions have examined
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founding events from the standpoint of losing/gaining

genetic variations. Specifically, the genetic variation

of a founding population of a species would decrease

for a genetic bottleneck, while multiple anthropogenic

transports from disparate parts of its native range

might result in increased genetic variation of the

founding population due to genetic admixture (see

Miura 2007; Rius et al. 2015). Such genetic admixture

may promote invasiveness by increasing the velocity

of range expansion following introduction (Simon-

Bouhet et al. 2006; Rius et al. 2015) through adaptive

evolution and/or heterosis (see Wagner et al. 2017).

Thus the comparison of genetic compositions between

native and introduced ranges is useful for forecasting

the fate of a non-indigenous species.

The Asian brush-clawed shore crab Hemigrapsus

takanoi Asakura and Watanabe, 2005 (Brachyura:

Varunidae) is a crab species with a native geographical

range in East Asia including Far East Russia (Marin

2013), the Korean Peninsula (Lee et al. 2013; Marin

2013) and Japan (Asakura and Watanabe 2005;

Mingkid et al. 2006; Yamasaki et al. 2011). Along

the Northern European coast H. takanoi is a non-

indigenous species (see Asakura andWatanabe 2005):

their reproducing population was found for the first

time in 1994 along the French Bay of Biscay (Noël

et al. 1997). The European H. takanoi population has

expanded its range broadly from the Spanish and

French Bays of Biscay (Noël et al. 1997) to the

German North Sea (Markert et al. 2014). Their range

has continued to expand, with populations recently

observed in the Kiel Fjord of the Baltic Sea in 2014

(Geburzi et al. 2015) and the southeast coast of Great

Britain in 2013–2014 (Wood et al. 2015). Although

the history of range expansion of European H. takanoi

has been well-documented, little is known about the

genetic compositions of either the introduced Euro-

pean populations or the native Asian populations,

including the presence or absence of genetic admix-

ture in the introduced range.

It is generally thought that European H. takanoi

were likely introduced with Asian oysters and/or by

shipping lines (e.g., Noël et al. 1997; Gollasch 1999)

possibly via multiple independent introductions into

French Atlantic, French British Channel, and the

Netherland coast (Markert et al. 2014). Shipping

seems to be the most common pathway for the

introduction of marine species at a global scale

(Molnar et al. 2008; Blakeslee et al. 2017). A recent

assessment of the biological invasion risk of marine

organisms via global shipping suggested that major

international ports in Japan, including those in Tokyo

Bay, and in areas around the Yellow Sea were high

risk ports for invasions toward Northern European

coasts due to heavy traffic (Seebens et al. 2013).

Multiple chances of introduction are generally thought

to increase the probability of successful colonization

of non-indigenous organisms (Katsanevakis et al.

2013; Nunes et al. 2014). Thus shipping may have

allowed H. takanoi to establish their populations in

Europe from multiple, disparate Asian populations. In

the case of Asian oysters, on the other hand, French

oyster farms imported juvenile oysters (Crassostrea

gigas) from Miyagi Prefecture, Japan (see Kogane-

zawa 1984; Yamamoto 2003; Hatakeyama 2006) back

in the 1970s when severe disease killed nearly all

European oysters in French aquaculture (Grizel and

Héral 1991; Zibrowis 1991). Thus the historical

import of juvenile oysters may not have direct links

to the range expansion of European H. takanoi in the

1990s and thereafter. Still, if juvenile oyster transfers

had been an effective vector for European H. takanoi

populations, their source may have been geographi-

cally very limited, because juvenile oysters imported

to France were largely collected in the Matsushima

Bay area, including Mangoku-ura (Koganezawa 1984;

Yamamoto 2003; Hatakeyama 2006). In sum, the

often-mentioned two possible vectors of European H.

takanoi may have produced populations with very

different genetic compositions in Europe, but this idea

has not been examined to date.

In the present study, we collected H. takanoi

broadly from its native range in Japan, Korea and

northern China, and from its introduced range in

France, the Netherlands and Germany, and genotyped

them by sequencing the mitochondrial 16S RNA gene

(hereafter mt16S) and analyzing nuclear microsatellite

loci. Nuclear microsatellite markers were applied to

investigate more contemporary patterns in population

history relative to patterns in the mt16S, which

generally reflect processes occurring over longer

evolutionary timescales. By comparing these data

between native and introduced areas, we sought to

identify signs of genetic admixture in the introduced

European range, and also tried to determine the

relative importance of shipping lines and juvenile

oyster translocations to the foundation of current

European H. takanoi populations. Finally, our data
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analyses suggested the potential importance of intra-

specific priority effects in the context of biological

invasions, as also recently suggested by Fraser et al.

(2015).

Materials and methods

Sample collection and identification

In Japan, 448 individuals of Hemigrapsus takanoi

were collected from locations throughout the four

major islands over the period from June 2012 toMarch

2014 (Fig. 1, Supplemental Table S1). Some of these

individuals were also included in a previous study

(Makino et al. 2015), where detailed information on

the sampling methods can be found. From the area

around the Yellow Sea, 46 individuals of the Korean

H. takanoi population were hand-collected from the

intertidal flats during low-tide from three different

sites in 2013–2014 (Fig. 1, Supplemental Table S1).

The crabs were fixed in 99% ethanol on site. We also

purchased 20 individuals of H. takanoi that were

collected from an undisclosed coastal area of the

Shandong Peninsula in China, i.e., the other side of the

Yellow Sea coastal area, and exported to Japan as live

fishing bait (see Niwa et al. 2012) in November 2013.

The crabs were fixed in 99% ethanol immediately

upon arrival. It has been suggested that H. takanoi

might be distributed in the southern Japanese islands

and Taiwan (see Asakura and Watanabe 2005). Thus

we also collected samples from Amami Oshima

Island, Japan and Taiwan. As for the introduced

European H. takanoi populations, 133 specimens

collected from the French Bay of Biscay, the Bay of

Seine, the Scheldt Estuary, the Elbe Estuary, Hel-

goland Island, and Sylt Island (Supplemental

Table S1) in 2013–2015 were used. The crabs were

fixed in ethanol on site. All of the ethanol-fixed

samples were kept at 6 �C until use.

In their native geographical range H. takanoi often

coexist with H. penicillatus (Asakura and Watanabe

2005; Yamasaki et al. 2011; Lee et al. 2013; Makino

et al. 2015). It has been shown that the mt16S sequence

can distinguish these two morphologically-similar

species with 100% accuracy (Yamasaki et al. 2011;

Markert et al. 2014; see also Supplemental Text 1).

Thus we adopted this methodology to guarantee that

the specimens examined in the present study were

indeed H. takanoi. Specifically, we also sequenced the

mt16S of H. penicillatus collected in Matsushima and

Tokyo Bays, Japan according to the method men-

tioned below. These H. penicillatus were also used to

characterize the newly developed microsatellite loci,

as explained in Supplemental Text 1. The phylogeny

of mt16S sequences from both H. penicillatus and H.

takanoi (462–464 bp, mostly 463 bp) was illustrated

using a neighbor-joining (NJ) tree, which was con-

structed in MEGA 6.06 (Tamura et al. 2013) by

applying Kimura 2 parameter (K2P) pairwise genetic

distance and pairwise gap deletions.

Mt16S analysis

Total genomic DNA was extracted individually from

muscle tissue using either a DNeasy tissue kit or a

Sigma GenElute Mammalian Genomic DNA Mini-

prep Kit. We then amplified the mt16S gene with the

primers HP16s55F and HP16s55R (Yamasaki et al.

2011). Each 15 lL polymerase chain reaction (PCR)

cocktail contained 1 lL of DNA template solution,

0.1 lL of EX Taq DNA polymerase (TaKaRa Bio,

Otsu, Japan), 1.5 lL of 10X EX Taq buffer, 1.5 lL of

dNTP (2.5 mM each), and 0.75 lL of each primer

(2.5 lM). The PCR conditions consisted of 1 min of

initial denaturation at 94 �C followed by 35 cycles of

30 s at 95 �C, 30 s at 50 �C, and 30 s at 72 �C, with a
final extension of 5 min at 72 �C. After cleaning the

PCR products with an ExoSap IT kit we carried out

cycle-sequencing with a BigDye Terminator sequenc-

ing kit. Then sequencing was executed in both the

forward and reverse directions with an ABI PRISM

3100-Avant Genetic Analyzer.

We checked all of the mt16S sequences from both

directions with FINCH TV (Geospiza). The complete

sequences from both directions, which were

mostly 463 bp (range 462–464 bp), were aligned

with CLUSTAL X (Thompson et al. 1997). There

were three mt16S sequences of European H. takanoi,

namely Accession Nos. AJ278835 (Schubart et al.

2001), KF982836 and KF982837 (Markert et al.

2014), in the genetic databases. We aligned these

haplotypes with those recovered by our own sequenc-

ing so as to examine whether there were haplotypes

that matched completely with the three previously

known European haplotypes. The aligned sequences

had 464 bp in total, including three 1-base indels.

Using TCS 1.21 (Clement et al. 2000), we also drew an
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mt16S haplotype network that illustrates all connec-

tions having 95% or greater probability of being the

most parsimonious, so as to visually represent the

relationship among haplotypes recovered from native

and introduced areas of H. takanoi.

Haplotype and nucleotide diversities in sampling

localities were estimated by using ARLEQUIN 3.5

(Excoffier and Lischer 2010). In order to seek the

grouping populations defined as the having the highest

differentiation among the groups, analysis of molec-

ular variance (AMOVA) was performed using

SAMOVA 2.0 (Dupanloup et al. 2002) without

geographical information of the localities. This anal-

ysis was conducted separately for (1) exclusively

Fig. 1 a A neighbor-

joining tree showing the

relationship between the

mt16S haplotypes obtained

from Hemigrapsus takanoi

and H. penicillatus in the

present study, and those

obtained from Hemigrapsus

crabs on Amami Oshima

Island and in Taiwan.

Obtained sequences were

submitted to DNA Data

Bank of Japan under the

Accession Nos. LC004189–

LC004196 and LC333046–

LC333093. The aligned

sequences had 464 bp in

total, including three 1nt

gaps; however, there was no

gap-only site. b A map

showing the sampling

locality in Amami Oshima

Island (28.295�N,
129.451�E) and Taiwan

(25.082�N, 121.915�E). c
Morphological inspections

for the Hemigrapsus crabs

collected on Amami Oshima

Island (red circles) and in

Taiwan (red triangles).

Panels show relationships

between the carapace width

and either the relative area

of the setal patch on the

outer face of male chelae or

the spot size on the ventral

surface of the cephalothorax

in both sexes. Open and

closed circles in gray

represent data from H.

takanoi and H. penicillatus,

respectively, collected from

the four major Japanese

islands (after Makino et al.

2015)
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native Asian populations and (2) native Asian and

introduced European populations together. In addi-

tion, differences in haplotype and nucleotide diversi-

ties between the native and introduced populations

were statistically treated with a Welch two-sample

t test. Furthermore, standardized haplotype richness in

native and introduced areas, respectively, was esti-

mated using the rarefaction method implemented in

the software ESTIMATES 9.1 (Colwell 2013), and the

results were compared to evaluate the reduction of

haplotype richness due to bottleneck effects in the

introduced area.

Microsatellite analysis

Prior to the present study, we developed 21 new

microsatellite markers for H. takanoi and H. penicil-

latus based on specimens collected in Japan (see

Supplemental Text 1). Using 12 of these 21 markers,

namely hp01577, hp11192, hp06147, hp13931,

hp05535, ht07118, ht19971, ht16728, ht15057,

ht14947, ht14226, and ht16035, we conducted

microsatellite genotyping in 17 native populations

and 8 introduced populations of H. takanoi (Supple-

mental Table S1).

The native populations included 13 Japanese

localities as well as 4 localities of Korea and China

around the Yellow Sea (Supplemental Table S1),

resulting in genotyping of 299 individuals. The

introduced European population included all of the 8

localities, resulting in genotyping of 133 individuals.

Using the software package GenAlEX 6.5 (Peakall

and Smouse 2012), we calculated on a per-population

basis 12 loci-average number of effective (Ne) and

private alleles (Np), and expected (He) and observed

(Ho) heterozygosity and inbreeding coefficient (FIS),

and tested for departure from Hardy–Weinberg equi-

librium (HWE).

Using the 12 loci, we evaluated the genetic

differentiation among populations by pairwise FST

values with 1023 permutations using Arlequin 3.5.

Pairwise FST values corrected for the presence of null

alleles were also estimated with the aid of FreeNA

(Chapuis and Estoup 2007). In addition, in order to

visualize between-population differentiation in our

microsatellite analysis, we performed a discriminant

analysis of principal components (DAPC; Jombart

et al. 2010), which extracts information from data by

first performing a principal component analysis (PCA)

on user-defined populations, and then using the PCA

factors as variables for a discriminant analysis (DA) to

maximize the inter-population component of varia-

tion. The analysis was conducted by using the

‘‘adegenet’’ package (Jombart 2008) for the statistical

platform R (R Core Team 2015). Differences in mean

numbers of per-population basis Ne, Np, and He

between the native and introduced populations were

statistically examined with a Welch two-sample t-test.

Also, the standardized allelic richness in both the

native and the introduced areas was estimated for each

of the 12 loci; to test the reduction of richness in the

introduced area due to bottleneck effects, the rarefac-

tion method implemented in the software ADZE was

used (Szpiech et al. 2008).

Results

Native Asian populations

The mt16S sequences clearly separated H. takanoi

from the morphologically-similar H. penicillatus

(Fig. 1a and Supplemental Text 1). The mt16S

haplotypes obtained from Hemigrapsus crabs on

Amami Oshima Island and Taiwan Island (Fig. 1b)

were very different from those of not only H. takanoi

but also H. penicillatus (Fig. 1a). Based on morpho-

logical inspections using the relative size of the setal

patch on the outer face of male chelae (Takano et al.

1997), these Hemigrapsus crabs were assigned to H.

takanoi (Fig. 2c and Table 2); however, inspections

based on the spot size on the ventral surface of the

cephalothorax (Makino et al. 2015) assigned the

Taiwan specimens to H. penicillatus (Fig. 1c and

Table 2). Thus the taxonomy of specimens collected

in Amami Oshima Island and Taiwan is currently

unclear, and in the present study these specimens are

collectively referred to as Hemigrapsus spp.

H. takanoi sensu stricto was distributed in the four

major islands of Japan and the area around the Yellow

Sea on the Asian Continent, and we recovered 44

mt16S haplotypes from 514 individuals of these H.

takanoi (Fig. 1a). All of the mt16S haplotypes were

close to each other as shown in the haplotype network;

however, there was no shared haplotype between the

Japanese H. takanoi population and that of Korea and

China, i.e., around the Yellow Sea (Fig. 2). In the

latter region, the haplotype HTAC002 (pale green in

Evidence of multiple introductions and genetic admixture 829
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Fig. 2) was numerically dominant in all 4 localities,

and was possessed by 53 of 66 individuals examined.

In Japan, the haplotypes HTJP002, HTJP001 and

HTJP005 (dark red, dark blue and gray, respectively,

in Fig. 2) were numerically dominant and possessed

by 62, 25 and 4% of individuals examined there,

respectively. While the haplotype HTJP002 was found

in all of the Japanese localities examined, the

Fig. 2 Pie charts representing the frequency distribution of

mitochondrial mt16S haplotypes for H. takanoi populations in

their native Asian and introduced European ranges. The locality

code in Table 1 is shown inside the chart. The number in

parenthesis after the locality name denotes the number of

individuals sequenced at each sampling site. The colors in the

pie charts are identical to those in the mt16S haplotype network,

where the area of the circle corresponds to the number of

individuals that possessed the haplotype and the smallest circle

corresponds to one individual. Missing intermediate haplotypes

are colored in black. Also included in the map is information on

the mt16S haplotypes of H. takanoi recovered previously from

France (Accession No. 278835, deposited as H. penicillatus;

Schubart et al. 2001) and Germany (Accession Nos. KF982836

and KF982837; Markert et al. 2014). In addition, the haplotype

HTAC002 from continental Asia matched the mt16S sequence

of H. takanoi from China (sensu Markert et al. 2014) with

Accession No. GU731424 (Xu unpublished)
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haplotype HTJP001 was mostly found along the

Pacific coast of Honshu Island. The haplotype

HTJP005 was found mainly on the northern part of

Honshu Island including the Pacific coastal areas of

Miyagi Prefecture. There was no significant difference

either in the haplotype diversity or nucleotide diversity

(Table 1) betweenH. takanoi populations in Japan and

the area around the Yellow Sea (Welch two sample

t-test, P[ 0.05). According to AMOVA, the results of

grouping where genetic differentiation among the

groups became maximal indicated a combination of

four groups, which separated populations around the

Yellow Sea (locality code 33–36) as one group from

populations in Japan that were divided into three

groups (Table 3).

Microsatellite analysis was conducted only for H.

takanoi sensu stricto collected in the four major

islands of Japan and the area around the Yellow Sea

(Table 1). Pairwise FST values, both with and without

considering the effects of null allele presence, tended

to be high between populations in Japan excluding

Hokkaido Island and populations in Hokkaido Island

plus the area around the Yellow Sea (Table S2). In the

DAPC analysis, according to the scatter plot of the first

two components of DA, the first axis separated

populations in Japan excluding Hokkaido Island from

populations in Hokkaido Island (locality code 1, 2, and

5) plus those in the area around the Yellow Sea

(Fig. 3a). The second axis of DA seemed to further

separate populations in Hokkaido Island from those in

the area around the Yellow Sea.

Introduced European populations,

and comparisons with the native populations

From the 133 European H. takanoi specimens, only

four mt16S haplotypes, namely HTJP001, HTJP002,

HTJP005 and HTAC002, were recovered (Fig. 2,

Supplemental Table S1). Thus all of these specimens

were H. takanoi sensu stricto, and the haplotypes

recovered from Hemigrapsus spp. on Amami Oshima

Island and Taiwan were not found in Europe at all.

The mt16S haplotype HTAC002, i.e., the most

dominant one in the area around the Yellow Sea, was

found only in the two populations along the Bay of

Seine, France, where all four haplotypes mentioned

Table 3 The result of locality grouping to maximize the genetic variation explained by variation among the groups for the mt16S

data

Geographical

range

No. of

groups

Grouping represented by the locality codes in

Fig. 2

Percentage of variation

Among

groups

Among populations

within groups

Within

populations

Native 4 (33–36), (1–5, 15, 17–32), (6, 8, 16), (7, 9–14) 56.6 3.2 40.2

Native and

introduced

5 (33–36), (1–5, 15, 17–32), (6, 8, 16), (7, 9–14,

37–41, 44), (42–43)

57.6 2.6 39.8

Table 2 Results of the quadratic discriminant analysis (QDA)

based on the carapace width and either spot size on the ventral

face of the cephalothorax or the relative size of hair patch on

the outer faces of male chelae for Hemigrapsus specimens

collected in Amami Oshima Island and Taiwan

Region Locality Sex of specimen QDA

Spot size, ventral face of the

cephalothorax

Relative size of hair patch, outer faces of

male chelae

NHT NHP NHT NHP

Asia Amami Oshima Male 8 1 9 0

Female 1 2 – –

Taiwan Male 0 4 4 0

NHT and NHP denote the number of individuals that were assigned to H. takanoi and H. penicillatus, respectively
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above were found. The population in the French Bay

of Biscay possessed three Japanese haplotypes, while

only HTJP001 and HTJP002 were found from

populations in the Netherlands and Germany. Accord-

ing to an AMOVA that searched for the grouping

having the maximal genetic differentiation among

Fig. 3 Plots of the first two axes obtained by Discriminant

analysis of Principal Components (DAPC) of H. takanoi

populations in a the native Asian range and b both the native

and introduced European ranges. Analyses were conducted with

data on the 12 microsatellite loci. To avoid putting too much

information in a panel, the same analytical results are drawn in

the right and left panels, where individuals of each population

are represented with a population-specific symbol (see the

legend between the panels). In the right panels, locality codes

(see Table 1 and Fig. 2) are placed at the center of each

population, and a minimum spanning tree based on the distances

between populations within the entire space is shown. In the left

panels, individuals of each population are connected with

vectors from the center of the population, and populations are

delineated by inertia ellipses. Further, eigenvalues of the PCA

and DA are displayed in the insets
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groups (Table 3), the Bay of Seine populations

(locality code 42–43) were suggested as an indepen-

dent group while other European populations (locality

code 37–41 and 44) were merged into one of the

groups of the Japanese populations. In the microsatel-

lite analysis, the average pairwise FST values related to

the Bay of Seine H. takanoi populations [shaded in

grey in Table S2, 0.062 ± 0.017 (SD) or

0.057 ± 0.018 without or with consideration for the

effects of null allele presence, respectively] were ca.

three-fold higher than the average value for the rest of

the population pairs (0.027 ± 0.015 or 0.023 ± 0.016

without or with consideration for the effects of null

allele presence, respectively). In the DAPC analysis,

the Bay of Seine populations were clearly separated

from the rest of the populations by the first two DA

axes (Fig. 3b).

We statistically compared genetic numerical vari-

ables (Table 1) between native and introduced H.

takanoi populations. Differences neither in mt16S

haplotype diversity nor nucleotide diversity were

statistically significant, while in the microsatellite

genotyping the number of effective and private alleles,

and expected heterozygosity were significantly smal-

ler in the introduced populations compares with the

native populations (Table S3). The rarefaction anal-

ysis showed that the standardized numbers of both

mt16S haplotypes and alleles among the 12

microsatellite loci in the European H. takanoi popu-

lation were smaller than those in the native popula-

tions (Fig. 4; see also Table S4).

Discussion

Evidence of multiple discrete sources for European

H. takanoi populations, and possible explanations

for the geographic structure in native East Asia

We genotyped both native and introduced H. takanoi

populations using mitochondrial DNA sequences and

nuclear microsatellite loci. In their native area, we

surveyed two potential donor regions of European H.

takanoi, namely Japan and the area around the Yellow

Sea on continental Asia. There was no shared mt16S

haplotype in H. takanoi between Japan and the area

around the Yellow Sea. Our microsatellite genotyping

also revealed the presence of genetic discontinuity

between the two donor areas, especially between the

Honshu, Shikoku and Kyushu H. takanoi populations

and those around the Yellow Sea. The population

differentiation based on our microsatellite data was

also visualized using a Bayesian clustering algorithm

implemented in the software package STRUC-

TURE 2.3.3 (Pritchard et al. 2000; Supplemental Text

2), and the obtained result was very similar to that of

DAPC. Therefore, our results suggest that there is little

gene flow, and thus little genetic admixture, across the

Fig. 4 The results of rarefaction analysis, showing the stan-

dardized number of mt16S haplotypes and that of alleles among

the 12 microsatellite loci at each sample size. Error bars

represent the standard deviation
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123



East China Sea and the Tsushima Straits. Interestingly,

in the Bay of Seine H. takanoi populations, we found

mt16S haplotypes that were numerically dominant in

Japan as well as in the area around the Yellow Sea,

implying the sympatric distribution of individuals/

descendants from these different native areas. Given

that there is little gene flow across the East China Sea

and the Tsushima Straits in native H. takanoi popu-

lations, our results from the Bay of Seine clearly

demonstrate that the current European H. takanoi

populations were at least partly formed by multiple

introductions from genetically-differentiated, discrete

native populations.

We could consider that the genetic differentiations

in H. takanoi populations between Japan and the area

around the Yellow Sea may have emerged via events

on a geographical/evolutionary time scale. Indeed,

oscillatory changes in the marine environments would

have been severe in East Asia, especially in locations

between Continental Asia and Japan, where the Japan

Sea is currently, because of glacial–interglacial cycles

following the Pleistocene. Specifically, the Japan Sea,

which is connected to other seas through shallow and

narrow straits, might have been isolated from other

surrounding seas for regression during glacial periods,

and its salinity might have been drastically decreased

by a massive influx of freshwater from Continental

Asia (e.g., Ohba et al. 1991; Tada 1994). H. takanoi

populations would have been evacuated from the

Japan Sea during such suboptimum periods of time. It

could therefore be possible that the range ofH. takanoi

was severely contracted and fragmented during the

glacial periods compared with the current range, and

that the present genetic structure of H. takanoi in the

native area still holds the pattern of historical habitat

contractions.

The H. takanoi populations on Hokkaido were

somewhat exceptional compared with other Japanese

populations, because the microsatellite genotyping

suggested a higher similarity with populations around

the Yellow Sea rather than geographically-close

populations on the major islands of Japan. Note,

however, that there was no shared mt16S haplotype

between Hokkaido H. takanoi populations and those

around the Yellow Sea. If there was any contemporary

gene flow, there should also have been shared mt16S

haplotypes; otherwise we would need to hypothesize

sex-specific differences in colonization success (i.e.,

zero for females), which would be difficult to accept.

Note that there is a possibility that H. takanoi was not

distributed in Hokkaido during the glacial periods, not

only because the salinity of the Japan sea would have

been very low but also because sea temperature in the

northern area would have been lower than the current

temperature. If these possibilities were the case, we

could further consider that, in the early expansion

stage of fragmented H. takanoi populations following

the recovery of environmental conditions, introgres-

sive hybridization between the Japanese population

and Continental Asian population could have

occurred. The current H. takanoi Hokkaido popula-

tions might have been a descendant from such

introgressive hybridization.

Importance of shipping lines as invasion vectors

Since the 1997 report of Noël et al., it has generally

been thought that H. takanoi populations were intro-

duced with Asian oysters and/or by shipping lines into

Europe. In the case of Asian oysters, juvenile oysters

attached to scallop shells were carried airborne from

Japan to France without soaking in seawater (Ko-

ganezawa 1984; Yamamoto 2003). This process

would have enabled the juvenile and adult individuals

of H. takanoi to be transferred, rather than their

planktonic larvae. Thus, the founder H. takanoi

population may have had a rapid start in increasing

their population size. If so, European scientists may

have found this alien species much earlier than

1993–1994 (Noël et al. 1997; Gollasch 1999), because

juvenile oyster transportations to France peaked in

1972 (Koganezawa 1984; Yamamoto 2003). It is also

noted that the juvenile oyster transfer eventually

stopped in 1980 (Koganezawa 1984; Yamamoto

2003). These pieces of circumstantial evidence sug-

gest that the juvenile oyster translocations cannot be a

synchronous vector with the spread of H. takanoi in

Europe over the last two decades. As explained below,

the present study also found no evidence strongly

supporting the idea that the introduction of oysters

played an ‘‘indispensable’’ role for the current Euro-

pean H. takanoi populations.

A large portion of the juvenile oysters exported

to France in the 1970s were collected in Miyagi

Prefecture, especially the area around Matsushima

Bay (locality code 9–10; Koganezawa 1984; Yama-

moto 2003; Hatakeyama 2006). If the current

European H. takanoi populations had been founded
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mainly by this route, their genetic compositions

would be expected to strongly reflect those of

populations in the area around Matsushima Bay. Our

results, especially the mt16S data (Table 3) on

European H. takanoi (excluding the Bay of Seine

populations), seem to support this idea. Unfortu-

nately, however, the mt16S data were not without

some noise, since the related group in Japan

(Table 3) included localities other than the area

around Matsushima Bay, such as Tokyo Bay

(locality code 14). Our microsatellite data were also

not able to separate the Tokyo Bay populations from

those in the area around the Matsushima Bay

(Fig. 3a, Supplemental Text 2). Taken altogether,

therefore, these results do not provide definitive

evidence of an indispensable role of juvenile oyster

transportation.

It is important that H. takanoi populations in the

area around the Yellow Sea were one of the sources of

H. takanoi populations in the Bay of Seine, because

there is no solid record showing that live oysters were

shipped from the area around the Yellow Sea to

Europe. Rather, according to Seebens et al. (2013),

some of the ports in the area around the Yellow Sea

present a high risk for the invasion of marine

organisms to Northern European coasts via heavy

shipping. Their estimates (Seebens et al. 2013) focus

on the transportation of organisms in ballast water,

which is effective at transporting invertebrate larvae

having a relatively long larval period (e.g., several

weeks; see Rius et al. 2015), such as those of H.

takanoi, which are thought to have a larval duration of

1 month (Okamoto and Kurihara 1987). In addition to

ballast water, transportation via the hulls of ships

(Gollasch 1999) and sea-chests (Coutts et al. 2003;

Coutts and Dodgshun 2007; Frey et al. 2014) could

also be factors. This leads us to conclude that shipping

lines were indeed effective vectors for the current H.

takanoi populations in the Bay of Seine.

According to Seebens et al. (2013), major

international ports in Japan such as those in Tokyo

Bay were also high risk ports for invasions toward

Northern European coasts due to heavy traffic. Back

in 1993, Gollasch (1999) found live H. takanoi in

hull-fouling on the automobile-carrying ship SPICA

when the vessel was docked at the port of Bremer-

haven, Germany. On its way from Asia to Europe,

interestingly, SPICA docked at both Japanese ports,

including those in Tokyo Bay, and Korean ports (see

Gollasch 1999), implying the possibility that a

single ship departing from East Asia received

propagules from multiple ports across the native

range of H. takanoi. As mentioned above, the

present genetic analyses did not separate H. takanoi

populations in Tokyo Bay (representative of the

shipping line hypothesis) from those in the area

around Matsushima Bay (representative of the Asian

oyster hypothesis); however, there are at least pieces

of circumstantial evidence suggesting direct links to

the range expansion of European H. takanoi in the

1990s and thereafter in the shipping line hypothesis.

Thus we argue that shipping lines from Japan

(presumably Tokyo Bay) were also effective vectors

for the current H. takanoi populations in not only

the Bay of Seine but also other European localities

investigated in the present study.

Evidence of genetic admixture of discrete source

populations in the introduced European range

In the introduced European range, our rarefaction

analyses revealed a reduced genetic variability in the

H. takanoi population compared with the native area,

probably due to the effects of genetic bottleneck

during the course of artificial translocation (Miura

2007; Dlugosch and Parker 2008). As for the genetic

composition of each European H. takanoi population,

we obtained two kinds of results. In the Bay of Seine

populations, on the one hand, we found mt16S

haplotypes that were numerically dominant in Japan

as well as in the area around the Yellow Sea, implying

the sympatric distribution of individuals/descendants

from these different native areas. In the remainder of

the European H. takanoi populations, on the other

hand, we found mt16S haplotypes that were recovered

only in Japan. Then, our DAPC analysis (and a

supplemental STRUCTURE analysis as well; see

Supplemental Text 2) suggested that while the allelic

compositions of European H. takanoi populations

excluding the Bay of Seine ones were similar to those

of Japanese populations, the allelic compositions of

the Bay of Seine H. takanoi populations were very

different not only from those of the Japanese popula-

tions but also from those of populations in the area

around the Yellow Sea. Based on these results, we

consider that individuals of H. takanoi from Japan and

those from the area around the Yellow Sea may have

indeed been interbreeding in the Bay of Seine,
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resulting in the ‘‘different’’ genetic compositions in

terms of both mt16S and the 12 microsatellite loci.

Thus we argue that genetic admixture of H. takanoi

populations across the East China Sea and the

Tsushima Straits has been realized in the introduced

European range.

Possible mechanisms for the lack of genetic

admixture across the East China Sea

and the Tsushima Straits: the role of ‘‘blocking’’

effects

International trading via shipping has been intensive

not only between European and Asian countries but

also across Asian countries, i.e. across the native

ranges of H. takanoi. There are at least three pieces of

evidence suggesting that the chance of artificial

translocation via shipping may be rather higher across

the native East Asian ranges of H. takanoi, i.e.,

domestic invasion (e.g., Hudson et al. 2016), com-

pared with the case from East Asia to Europe. The first

piece of evidence is based on the balance of ballast

water, which is one of the most notorious vectors for

marine non-indigenous species (e.g., Carlton and

Geller 1993). Omura et al. (2014) estimated the

volume of ballast water transferred to/from 23 major

international ports in Japan (mostly in the Honshu and

Kyushu Islands) in the year 2012. The volume of

ballast water transferred from Japan to Europe

(Atlantic, North Sea and Mediterranean coasts) was

119,762 tons. On the other hand, the volume of ballast

water transferred from Japan to East Asia was

76,648,694 tons, and thus 640 times larger than the

volume from Japan to Europe. Also, the volume of

ballast water transferred to Japan from East Asia was

5428,768 tons, which was 45 times larger than the

volume of ballast water transferred from Japan to

Europe. If we take the volume of ballast water from

Japan to Europe as the invasion potential ofH. takanoi

toward Europe, we can say that the potential of their

domestic invasion to/from Japan was 1–3 orders of

magnitude larger than the invasion potential toward

Europe. Similarly, Kikuchi (2001) also showed that

East Asia was the most frequent source of ballast water

coming into Japan in the year 1997, suggesting that the

estimates of Omura et al. (2014) were not a byproduct

of chance. Thus we may confidently consider that

shipping has indeed been active across the native

range of H. takanoi, and that propagule pressure via

shipping may be greater in the case across the native

range compared with the case toward Europe. The

second piece of evidence is related to the geographical

distances to be carried for H. takanoi, which are much

shorter in the case across the native Asian range

compared with the case toward Europe. It is therefore

expected that H. takanoi are translocated across their

native range much more quickly than they are

translocated toward Europe. Thus the survivorships

of H. takanoi during the anthropogenic translocation

would be higher in the former case than the latter case.

The high individual survivorship may result in the

high colonization success in the new locality. Finally,

the third piece of evidence is based on the current

situation: even though the propagule pressure is small

and the travel time is long, artificial translocation has

already enabledH. takanoi populations to successfully

colonize in a remote European area, possibly multiple

times (Markert et al. 2014). Thus domestic invasion of

H. takanoi may have occurred more frequently

compared with invasions toward Europe, given the

large propagule pressure and short traveling time in

the native range of H. takanoi.

However, the present results did not support this

expectation due to the lack of contemporary gene flow

between Japan and the area around the Yellow Sea. In

other words, we may say that H. takanoi individuals

from Japan cannot colonize successfully in the area

around the Yellow Sea and vice versa. This result

might be explained from the perspective of the

dispersal–gene flow paradox (e.g., Boileau et al.

1992; De Meester et al. 2002). In short, founding

populations of a species may rapidly increase their

abundance in the new habitats, resulting in the

blocking of successful colonization of the same

species in later arrivals (see Fraser et al. 2015). This

‘‘blocking’’ process, hereinafter referred to as intra-

specific priority effects, may occur with (e.g., monop-

olization hypothesis; De Meester et al. 2002) or

without (e.g., persistent founder effect hypothesis;

Boileau et al. 1992) the rapid local adaptation to biotic/

abiotic environments there, and in either case gene

flow between the dispersers and resident individuals

should not become visible. By this rationale, we could

argue that the intra-specific priority effects of resident

H. takanoi populations may have overwhelmed the

effects of artificial translocation between Japan and

the area around the Yellow Sea (as shown in Fig. 5a, in

contrast to Fig. 5b). As a result, genetic admixture
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across the East China Sea and the Tsushima Straits

may not have become visible. It has been shown that

H. takanoi have ecological characteristics such as

early sexual maturity (ca. 10–11 months after larval

settlement; Okamoto and Kurihara 1987), high fecun-

dity (up to 60,000 eggs per brood; Okamoto and

Kurihara 1987), and long reproductive period

(6 months; Gothland et al. 2014) for multiple breeding

(Pillay and Ono 1978). These characteristics could be

strong enough to produce intra-specific priority effects

in the neutral sense (Boileau et al. 1992) in the native

Asian range. Alternatively but not exclusively, the

fitness of H. takanoi individuals in a local population

might greatly decline when they are translocated to a

different local population due to maladaptation to the

recipient habitat (De Meester et al. 2002).

Future directions

One of the most important findings in the present study

is the genetically new, ‘‘man-made’’ lineages of H.

takanoi in the Bay of Seine. They should be carefully

monitored in the future, since genetic admixture of

multiple source populations may accelerates range

expansion in non-indigenous organisms (e.g., Simon-

Bouhet et al. 2006; Wagner et al. 2017). In addition,

further insights into the founding process of these

lineages would upgrade our understanding of biolog-

ical invasions. The founding events of a species in the

introduced range are very different from those within

the species’ native range, because in the introduced

range individuals are translocated to a place where

there are no or almost no established conspecific

populations. Thus the relative importance of intra-

specific priority effects (i.e., blocking processes) for

founding populations may be strongly decreased

bFig. 5 Scheme showing the balance between artificial translo-

cation and intra-specific priority effects in H. takanoi in their

introduced and native ranges. Rectangles denote hypothetical

ranges, and T0, T1, …, denote the elapsed time. Dots in the

rectangles denote a group of small numbers ofH. takanoi, whose

genetic cluster is represented by the dot color. The genetic

clusters of the native populations 1 and 2 are expressed in white

and black, respectively, and ‘‘gray’’ dots emerge as the result of

genetic admixture between the two native populations. aWithin

the native Asian range, geographical distances to be carried by

artificial translocation are much shorter than the distances for the

translocation to Europe, implying that artificial translocation

would have frequently transported H. takanoi across their Asian

native ranges. However, if the strength of artificial translocation

is weaker than that of intra-specific priority effects of a recipient

population, the artificially-transported individuals would not be

able to successfully settle into the recipient population. As a

result, genetic admixture would not become visible. b Alterna-

tively, within the native range, if the strength of artificial

translocation of H. takanoi is stronger than the intra-specific

priority effects of a recipient population, the sign of genetic

admixture might become visible at the time of this study. c In the
introduced European range, the relative importance of intra-

specific priority effects on the colonization success of artifi-

cially-transferred H. takanoimay have been strongly decreased,

because the crabs had been transferred to an area where there

had been no established H. takanoi populations. As a result, the

sign of genetic admixture might become visible at the time of

this study
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outside of the native range. If this is the case, genetic

admixture might occur smoothly during the founding

process (e.g., the case in Fig. 5c), and this mechanism

might be applicable to the ‘‘man-made’’ lineages ofH.

takanoi in the Bay of Seine. We could also consider

that weakened intra-specific priority effects in the

introduced range might also result in increased genetic

variations there (but not necessarily in an additive

manner), if individuals from discrete source popula-

tions arrive somewhat simultaneously. Such ideas

have not been specifically examined because the role

of intra-specific priority effects is rarely considered in

studies of biological invasions (see Fraser et al. 2015).

Thus further studies are clearly warranted.

Finally we should also mention uncertainty in the

geographical distribution of H. takanoi. The present

study found Hemigrapsus crabs whose morphological

features did not fully match those of H. takanoi from

Taiwan. Not only Hemigrapsus crabs on Taiwan but

also those on the Amami Oshima Island possessed

very distinct mt16S haplotypes compared with those

of H. takanoi. It may be important that we did not

collect H. takanoi on either island despite the fact that

these islands are within the assumed geographical

range ofH. takanoi (see Asakura andWatanabe 2005).

Although a decade has passed since the description of

H. takanoi, their geographical distributions are not

understood completely, and further efforts are still

needed to obtain this very basic information, espe-

cially in the southern region. In such future works, the

relevance of past oscillatory changes in the marine

environments at the evolutionary time scale to the

diversification between H. takanoi sensu stricto and

closely-related Hemigrapsus crabs would also be of

significant importance.
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