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Abstract
Genetic studies of introduced non-native species are a valuable tool to investigate invasion history and pathways, source 
populations and multiple introductions of alien species, as well as evolutionary genetic changes following establishment 
in a new environment. We used a set of nine polymorphic microsatellites to analyse the population genetic structure of the 
introduced Asian shore crab Hemigrapsus takanoi along European coasts. Our dataset covered the complete known European 
range of the species, including the most recent records from Great Britain and the southwestern Baltic Sea. The results showed 
a similarly high genetic diversity of H. takanoi throughout Europe, and no indication of genetic bottlenecks during second-
ary spread, even in the most recently established populations. Analyses for population structure along geographic regions 
gave support for a separation between the Bay of Seine populations (northern France) and all other populations. Genetic 
differentiation within the North and Baltic Seas was more subtle and patchy, hinting to potential unrecognised introduction 
events, dispersal barriers and anthropogenic vector activity. The populations from the Baltic Sea and Great Britain clustered 
with the Wadden Sea populations, suggesting secondary introductions from the southeastern North Sea as likely invasion 
pathways. In summary, we suggest that a combination of anthropogenic secondary spread and the species’ reproductive biol-
ogy have prevented a loss of genetic diversity during its ongoing expansion. We argue that genetic data depicting population 
status shortly after an introduction event—like the British and Baltic Sea populations of H. takanoi—may provide important 
baseline data for investigations of genetic changes during establishment and adaptation processes.

Introduction

Continuously rising numbers of human-mediated introduc-
tions of species into areas far beyond their native ranges are 
increasingly recognised as an important dimension of global 
change, especially in coastal and marine ecosystems (Ruiz 
et al. 2000; Chan and Briski 2017). Alien species are consid-
ered a major threat to native biodiversity and can profoundly 
alter invaded ecosystems (e.g., Bax et al. 2003; Molnar et al. 
2008; Simberloff et al. 2013), warranting scientific attention 
towards new records of alien species and range expansions 
of established invaders.

Genetic markers are powerful tools to investigate biologi-
cal invasions. They allow for the identification of source pop-
ulations, invasion routes and the number of invasion events, 
as well as to understand dynamics of isolation, admixture 
and secondary spread in invaded ranges (Geller et al. 2010; 
Cristescu 2015). This is, in turn, valuable information for 
management strategies and invasion risk assessments (Kolar 
and Lodge 2001; Geller et al. 2010; Kulhanek et al. 2011). 
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Furthermore, invasion genetics can provide insight into evo-
lutionary processes following invasion and establishment in 
new ecosystems (Sakai et al. 2001; Lee 2002; Facon et al. 
2008; Rius et al. 2015). In the latter context, genetic data 
from early invasion stages can provide important baselines 
for follow-up studies on longer time scales.

Multiple invasions, either from different areas in a spe-
cies’ native range or repeatedly from the same source, as 
well as cryptic invasions, particularly the unrecognised 
introduction of novel genetic lineages, may play an impor-
tant role for invasion success. Multiple introductions can 
alleviate detrimental effects of genetic drift and small 
founder populations on genetic diversity during invasion 
processes (Lockwood et al. 2005; Roman and Darling 2007; 
Geller et al. 2010; Lawson Handley et al. 2011). Admixture 
of genetically divergent lineages in invaded ranges can fur-
thermore promote adaptation and accelerate range expan-
sion (Rius and Darling 2014; Wagner et al. 2017). These 
phenomena appear to be rather common among marine inva-
sive species. For example, the gastropod Cyclope neritea 
likely expanded along the French Atlantic coast as a result of 
multiple introductions from several regions within its native 
range since the 1970s (Simon-Bouhet et al. 2006). Simi-
larly, Lejeusne et al. (2014) found no evidence of founder 
effects, but higher genetic diversity in invasive compared to 
native populations of the shrimp Palaemon macrodactylus, 
which they attributed to a combination of introductions from 
both native and already established invasive populations. 
The European shore crab Carcinus maenas, an infamous 
global invader, provides another prominent example: ini-
tially introduced to the NW Atlantic in the early 1800s, a 
rapid northward expansion and population growth along the 
Canadian Atlantic coast was observed since the 1980s, pre-
sumably as a consequence of multiple introductions from 
the northern native range (Roman 2006). The two distinct 
introduced lineages of C. maenas are now hybridising in the 
Canadian maritimes, potentially leading to increased thermal 
tolerance and overall increasing invasive potential (Jeffery 
et al. 2017; Lehnert et al. 2018). Genetic data also indicated 
recurring introductions of the Asian shore crab Hemigrapsus 
sanguineus in the NW Atlantic, and high genetic diversity of 
expanding invasive populations (Lord and Williams 2016; 
Blakeslee et al. 2017). The case of H. sanguineus further 
highlights the importance of intercontinental shipping as a 
vector for marine alien species (compare Gollasch 2006; 
Katsanevakis et al. 2013; Seebens et al. 2013), as intense 
ship traffic and the release of unexchanged ballast water from 
the native range coincided with the region of highest genetic 
diversity of H. sanguineus in the invaded range (Blakeslee 
et al. 2017).

Here, we explore the invasion genetics of Hemigrap-
sus takanoi, a recent invader of European coasts—in parts 
jointly with its congener H. sanguineus. Both Hemigrapsus 

spp. are highly successful marine invaders, even outnum-
bering and outcompeting C. maenas in its native and intro-
duced range (Jensen et al. 2002; van den Brink et al. 2012; 
O’Connor 2014; Geburzi et al. 2018), as well as affecting 
the abundance of other benthic species (Kraemer et  al. 
2007; Brousseau et al. 2014). The native range of H. taka-
noi stretches along the coasts of the northwestern Pacific 
from southern Russia to China, including Japan and Taiwan 
(Asakura and Watanabe 2005; Yamasaki et al. 2011; Lee 
et al. 2013; Marin 2013). It inhabits the intertidal and shal-
low subtidal zones and also occurs in estuaries (Asakura and 
Watanabe 2005; Mingkid et al. 2006). Hemigrapsus taka-
noi was recorded in Europe for the first time in 1993 (then 
identified as H. penicillatus) in the hull fouling of a vessel 
docked at Bremerhaven in the Weser estuary/northern Ger-
many (Gollasch 1999). While H. takanoi apparently failed 
to establish in the region at that time (Markert et al. 2014), a 
reproducing population was found at La Rochelle, France, in 
1994 (Noël et al. 1997). By 1996, H. takanoi was recorded 
along the Bay of Biscay coast from northern Spain to the 
Loire estuary (Noël et al. 1997; Noël and Gruet 2008). In 
1997, it was reported from Le Havre, northern France, and 
subsequently spread along the French coast of the English 
Channel (Breton et al. 2002; Dauvin 2009; Dauvin et al. 
2009; Dauvin and Delhay 2010). In the North Sea, H. taka-
noi appeared for the first time in 2000 in the Dutch Delta 
(Nijland and Beekman 2000; Wolff 2005), followed by fur-
ther records documenting a rapid spread along the Wadden 
Sea coast between 2006 (Texel/The Netherlands) and 2008 
(Sylt/Germany) (Obert et al. 2007; Gittenberger et al. 2010; 
Landschoff et al. 2013). In 2014 and 2015, respectively, 
H. takanoi was reported from the southwestern Baltic Sea 
(Kiel Bight) and from southeastern Great Britain (Geburzi 
et al. 2015; Wood et al. 2015; Ashelby et al. 2017), and 
single individuals have been reported from the west coast 
of Sweden since 2017 (Karlsson et al. 2019), indicating an 
ongoing dynamic range expansion of this species. Markert 
et al. (2014) suggested three independent introductions of 
H. takanoi to Europe, to the Bay of Biscay, the French coast 
of the English Channel and the Dutch delta/southern North 
Sea. A recent study by Makino et al. (2018) found evidence 
for multiple introductions of this species, with the popula-
tion in the Bay of Seine (northern France) being a genetic 
admixture of Chinese/Korean and Japanese origin, while the 
remaining European populations investigated were assigned 
exclusively to Japanese origin.

The recent invasion of the Baltic Sea by H. takanoi 
deserves particular attention, as this naturally species-poor, 
unique brackish water ecosystem is already strongly affected 
by alien species, which dominate benthic communities 
(Leppäkoski et al. 2002; Jazdzewski and Grabowski 2011; 
Ojaveer and Kotta 2015). For example, the crabs Eriocheir 
sinensis and Rhithropanopeus harrisii have strong ecological 
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impacts (Rudnick and Resh 2005; Forsström et al. 2015). 
Considering the invasion potential and ecological impacts 
Hemigrapsus spp. has shown in other invaded regions (see 
above), the arrival of H. takanoi in the Baltic Sea warrants 
close monitoring.

We sampled H. takanoi populations throughout the spe-
cies’ European range and used microsatellites for a regional-
scale investigation of genetic structuring, with a special 
focus on shedding light on the pathways of the most recent 
expansions to Great Britain and the Baltic Sea, and on sec-
ondary dispersal within Europe in general. Based on the 
localities of initial introductions of H. takanoi suggested 
by Markert et al. (2014), we hypothesise that (i) popula-
tions from the North Sea, the French Bay of Biscay and 
English Channel coast will be genetically distinct, and (ii) 
the recently established populations in Great Britain and the 
Baltic Sea will be genetically similar to their geographically 
closest populations in the southwestern and southeastern 
North Sea, respectively. Within the Baltic Sea, we hypoth-
esise (iii) to find genetic signatures of a stepwise expansion 
from the initial introduction site in Kiel Fjord (i.e., decreas-
ing genetic diversity from west to east). Furthermore, we 
aim to gain insight in the mode and extent of secondary 
spread of H. takanoi within Europe (natural/larval dispersal 
vs. human-mediated spread) by investigating the geographic 
distribution of fine-scale genetic patterns.

Materials and methods

Sample collection and geographic information

A total of 405 specimen of Hemigrapsus takanoi were col-
lected from 13 sites along the coasts of the Wadden Sea 
(Germany/Netherlands), the southwestern Baltic Sea (Ger-
many), the southwestern North Sea (United Kingdom) and 
the Bay of Biscay and Bay of Seine (France) between 2014 
and 2018 (Table 1, Fig. 1). Sampling sites include the oldest 
known European population of H. takanoi in La Rochelle, 
France (site LRO), as well as the most recent reports from 
the Mecklenburg Bight in the German part of the Baltic 
Sea: Poel island near Wismar (site GOL, detected in autumn 
2016, pers. comm. W. Wranik, University of Rostock), Neu-
stadt/Holstein and the mouth of the Trave river near Lübeck 
(sites NEU and PRI, detected in summer 2017, this study). 
Crabs were hand collected between cobbles or mussels at 
low tide, or caught with a scoop from mussel clumps or 
underneath boulders in the shallow subtidal. All specimens 
were euthanised by rapid cooling (−80 °C for 15 min) and 
preserved as whole crabs in 96% ethanol. For better preser-
vation of muscle tissue, the chelae and largest walking legs 
were perforated with a thin needle.

DNA isolation, PCR amplification and microsatellite 
genotyping

Genomic DNA was extracted from pereiopod or chela 
muscle tissue using the Invisorb Spin Tissue Mini or Invi-
sorb Spin Forensic kit (Stratec Molecular, Berlin, Ger-
many). Eleven tri-nucleotide microsatellite loci (Ht02, 

Table 1   Geographic information, population codes and number of sampled individuals (N) for European H. takanoi populations included in this 
study; negative longitude values refer to locations west of the Greenwich meridian

Sea Region Site Site code Coordinates Sampling date N

Latitude Longitude

North Sea Northern Wadden Sea List LIS 55.0286 8.4349 12/2015 32
Central Wadden Sea Cuxhaven CUX 53.8926 8.6864 02/2016 32

Wilhelmshaven WHV 53.5038 8.1030 12/2015 32
Bensersiel BEN 53.6815 7.5675 12/2015 36

Western Wadden Sea Mokbaai/Texel TEX 53.0063 4.7667 04/2016 36
Southern Bight Harwich HAR 51.9387 1.2905 02/2018 10

Baltic Sea Kiel Bight Kiel Fjord KIE 54.3287 10.1481 10/2017 33
Mecklenburg Bight Neustadt NEU 54.0964 10.8145 10/2017 7

Priwall PRI 53.9589 10.8836 06 & 10/2017 25
Gollwitz/Poel GOL 54.0241 11.4813 06 & 10/2017 38

Atlantic Ocean Bay of Seine Ouistreham OUI 49.2811 -0.2473 08/2016 47
Honfleur HON 49.4282 0.2298 08/2016 39

Bay of Biscay La Rochelle LRO 46.1385 -1.1742 03/2017 38
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Ht08, Ht12, Ht14, Ht20, Ht22, Ht28, Ht29, Ht34, Ht39, 
Ht47; Poux et al. 2015) were amplified in three multiplex 
sets by PCR in 15 µL volumes containing final concen-
trations of 0.9× PCR Buffer (Promega), 3.5 mM MgCl, 
0.4 mM each dNTP (Roth), 0.3 µM each primer, 0.8 U 
GoTaq Polymerase (Promega) and 0.7–3 µL DNA template 
(depending on template concentration). PCR conditions 
were as follows: initial denaturation for 4 min at 95 °C, 
30 cycles of denaturation for 30 s at 94 °C, annealing for 
90 s at 57 °C, extension for 60 s at 72 °C, and a final exten-
sion of 20 min at 60 °C. PCR products were run on an AB 
3730xl DNA Analyser (Applied Biosystems) with GeneS-
can 600 LIZ v2.0 size standard (Applied Biosystems) for 
fragment length analysis. Peaks were called and binned 
using the package Fragman 1.0.9 (Covarrubias-Pazaran 
et al. 2016) within R 3.4.2 (R Core Team 2017).

Analysis of genetic diversity and population 
structure

Genetic diversity in the samples was assessed by calculat-
ing the number of alleles per locus, observed and unbi-
ased expected heterozygosity (HO and HE, Nei 1978), and 
allelic richness (Ar), the average number of alleles per 
population normalised to the smallest population size. 
Ar was calculated using the function ‘allel.rich’ of the 
R package PopGenReport 2.2.0 (Adamack and Gruber 
2014). Deviations from Hardy–Weinberg equilibrium 
(HWE) were tested for each locus, both for each popula-
tion separately and pooled over all populations, using the 
function ‘hw.test’ of the R package pegas 0.10 (Paradis 
2010), with 1’000 Monte Carlo permutations. To cor-
rect for multiple comparisons, p values were corrected 

Fig. 1   Expansion of H. takanoi in Europe and sampling sites used 
in this study. a Overview map with independent initial introductions 
(open circles) and expansion pathways (arrows) as hypothesised by 
Markert et al. (2014) and Geburzi et al. (2015, for the Baltic Sea). b–
e Sampling sites by geographical region (see Table 1 for details and 

locality codes), with known years of first records. Colors for sampling 
sites correspond to Figs.  2, 3; colors are grouped by geographical 
region. The black star (d) indicates the location of the first ship-hull 
record in Europe (see “Introduction” for details)
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using the Benjamini–Hochberg method (Benjamini and 
Hochberg 1995). Frequency of null alleles for each locus 
was estimated based on the method of Brookfield (1996). 
Number of private alleles (i.e. alleles that occur only in 
one population) was calculated with the function ‘pri-
vate_alleles’ implemented in the R package poppr 2.5.0 
(Kamvar et al. 2014).

We assessed population structure by a multivariate dis-
criminant analysis of principal components (DAPC, Jom-
bart et al. 2010), implemented in the R package adegenet 
2.1.2 (Jombart et al. 2008), and the Bayesian clustering 
algorithm STRU​CTU​RE (Pritchard et al. 2000). The DAPC 
approach combines a principal component analysis (PCA) 
of the genotype data, which in a first step identifies alleles 
that best differentiate genotypes, and a discriminant analy-
sis (DA), which in a second step uses the identified factors 
to maximise the variation between preassigned groupings. 
These groupings can be either defined by external criteria 
(i.e. biologically/geographically), or by clusters which are 
inferred directly from the data without any preliminary 
assumptions on population subdivision. The identification of 
the clusters is achieved by running k-means algorithm after 
PCA-transformation of the data. In adegenet, this is realised 
interactively by the function ‘find.clusters’. We conducted 
DAPCs following both approaches to assess if differences 
in the genotype data reflect geographic partitioning, and 
to detect possible genetic differentiation based on a priori 
unrecognised factors, respectively. Based on the retained 
discriminant functions, DAPC also calculates group mem-
bership probabilities for each individual. We used group 
membership probabilities from the DAPC approach with 
predefined groupings (i.e., sampling populations), to assess 
how clear-cut, or admixed, these populations genetically are.

Bayesian clustering was performed with STRU​CTU​RE 
2.3.4 (Pritchard et al. 2000; Falush et al. 2003, 2007; Hubisz 
et al. 2009), using the admixture ancestry model and the 
correlated allele frequency model. The sampling location 
was used as a prior in all analyses (‘LOCPRIOR’ function), 
as this improves the detection of clusters when the genetic 
structure is weak (Hubisz et al. 2009). We conducted the 
analysis hierarchically, examining the entire dataset (all 13 
sampled populations) first, followed by two further levels of 
independent analyses of the clusters identified in the previ-
ous step. Each analysis was repeated 10 times for a number 
of clusters K, ranging from 1 to 1 + the number of popula-
tions in cluster, with 200′000 iterations after a burnin period 
of 20′000 iterations. We estimated the most likely numbers 
of clusters K based on the Evanno method (Evanno et al. 
2005), as implemented in STRU​CTU​RE HARVESTER 
0.6.94 (Earl and VonHoldt 2012). Results of the replicated 
analyses were aligned using CLUMPP 1.1.2 (Jakobsson and 
Rosenberg 2007), and graphical output was produced using 

DISTRUCT 1.1 (Rosenberg 2004), both implemented in 
CLUMPAK (Kopelman et al. 2015).

To assess genetic differentiation between geographic and 
genetic groupings, we conducted an analysis of molecular 
variance (AMOVA, Excoffier et al. 1992), which is based 
on genetic distances between pairs of individual genotypes. 
Compared to the F-statistics measures of population differ-
entiation (i.e., calculation of pairwise FST values), it has the 
advantage of not making assumptions about Hardy–Wein-
berg equilibrium and is thus also applicable for populations 
with significant homo- or heterozygote excess. For the H. 
takanoi microsatellite data, the genetic distance matrix was 
calculated based on relative dissimilarity (Prevosti et al. 
1975), implemented in the R package poppr with the func-
tion ‘diss.dist’. We conducted hierarchical AMOVAs based 
on (1) geographical groupings (sampling population, region, 
sea; see Table 1), (2) clusters defined by k means algorithm 
without prior geographical information (see above), and (3) 
clusters defined by the hierarchical STRU​CTU​RE analysis. 
The analyses were performed using the function ‘poppr.
amova’ in the R package poppr. Significance of AMOVA 
results was assessed by randomising genotypes to popula-
tions in 1′000 Monte-Carlo permutations.

We estimated effective population size (Ne) from the 
genotype data as a fundamental parameter of population 
viability for each sampling population. For this, we used a 
bias-corrected linkage disequilibrium single-sample method 
(Waples 2006; Waples and Do 2008), as implemented in 
NeEstimator 2.1 (Do et al. 2014). We defined two critical 
values (Pcrit = 0.01 and 0.05) to filter out rare alleles, as they 
can strongly bias estimates of Ne (Do et al. 2014), and gen-
erated 95% confidence intervals using the jackknife across 
samples method (Jones et al. 2016) implemented in NeEs-
timator 2.1.

Results

Characterisation of the genotype data

We genotyped 326 out of the 405 initially collected indi-
viduals. As only very few (< 15) individuals were success-
fully scored on loci Ht28 and Ht47, these loci were removed 
from the dataset and not included in the analysis. All of the 
remaining nine loci were successfully scored on 240 indi-
viduals, more than 6 loci on 316 individuals, and more than 
3 loci on 322 individuals. Scoring error rate was estimated to 
4.28%, based on 37 individuals distributed over all sampling 
sites that were PCR amplified and scored a second time. The 
overall percentage of missing data was 4.99%, these results 
being consistent with the observed prevalence of null alleles 
(Table 2). Missing data were not evenly distributed over 
the dataset, but were especially prevalent in the loci Ht02 
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and Ht14 and populations LRO and TEX with > 8% miss-
ing data each. Thus, all analyses were performed on three 
datasets with different amounts of missing data (including 

individuals that amplified on more than three, more than six, 
and on all nine loci, respectively) and results were qualita-
tively the same. The results reported in the following are 

Table 2   Sample sizes (N) and measures for genetic diversity in European H. takanoi populations

HE expected heterozygosity, HO observed heterozygosity, Ar allelic richness, HWE
p < 0.05: no. of loci significantly deviating from Hardy–Weinberg expectations (also indicated by bold HO values)

Population N Loci Mean HWE p < 0.05 Private 
alleles

Ht02 Ht08 Ht12 Ht14 Ht20 Ht22 Ht29 Ht34 Ht39

LIS 32 HE 0.89 0.90 0.86 0.87 0.93 0.88 0.67 0.86 0.83 0.85 6 2
HO 0.67 0.57 0.78 0.62 0.84 0.62 0.59 0.62 0.61 0.66
Ar 7.23 7.48 6.82 6.87 8.73 7.18 4.25 6.53 5.90 6.78

CUX 32 HE 0.91 0.89 0.89 0.88 0.91 0.89 0.59 0.88 0.82 0.85 8 2
HO 0.66 0.59 0.87 0.45 0.93 0.68 0.35 0.48 0.56 0.62
Ar 8.06 7.45 7.32 7.26 8.08 7.32 3.32 7.42 5.70 6.88

WHV 32 HE 0.85 0.89 0.89 0.88 0.91 0.91 0.60 0.90 0.86 0.85 4 2
HO 0.52 0.77 0.81 0.63 0.81 0.88 0.53 0.87 0.44 0.70
Ar 6.68 7.19 7.39 7.07 8.04 8.04 4.46 7.83 6.35 7.01

BEN 32 HE 0.88 0.89 0.89 0.86 0.93 0.87 0.72 0.90 0.77 0.86 8 0
HO 0.46 0.62 0.75 0.62 0.94 0.66 0.53 0.58 0.53 0.63
Ar 7.16 7.56 7.79 6.54 8.63 6.85 4.32 7.64 5.73 6.91

TEX 32 HE 0.92 0.91 0.92 0.91 0.92 0.84 0.77 0.90 0.88 0.89 7 6
HO 0.62 0.52 0.81 0.65 0.55 0.62 0.50 0.80 0.47 0.62
Ar 8.39 8.06 8.25 7.94 8.48 6.80 5.16 7.79 6.94 7.53

HAR 10 HE 0.76 0.85 0.91 0.84 0.86 0.88 0.67 0.84 0.77 0.82 3 1
HO 0.50 0.60 1.00 0.67 0.70 0.90 0.30 0.70 0.50 0.65
Ar 4.76 6.53 8.39 6.33 7.19 7.34 3.48 6.27 5.57 6.21

KIE 32 HE 0.89 0.88 0.89 0.92 0.92 0.90 0.79 0.88 0.86 0.88 7 1
HO 0.50 0.41 0.87 0.68 0.84 0.68 0.65 0.72 0.50 0.65
Ar 7.43 7.22 7.58 8.36 8.39 7.77 5.04 7.23 6.59 7.29

NEU 7 HE 0.82 0.82 0.86 0.82 0.88 0.89 0.58 0.78 0.82 0.81 2 0
HO 0.50 0.57 0.71 0.71 1.00 0.57 0.50 0.71 0.29 0.62
Ar 5.57 5.84 6.67 5.84 7.58 7.74 3.51 5.17 5.44 5.93

PRI 25 HE 0.87 0.89 0.91 0.82 0.91 0.89 0.70 0.93 0.88 0.87 5 8
HO 0.57 0.62 0.80 0.48 0.71 0.67 0.68 0.87 0.71 0.68
Ar 7.02 7.22 8.08 6.42 7.92 7.39 3.57 8.62 7.07 7.05

GOL 32 HE 0.88 0.89 0.90 0.91 0.92 0.90 0.69 0.92 0.85 0.87 8 3
HO 0.77 0.50 0.77 0.66 0.84 0.75 0.44 0.78 0.53 0.67
Ar 7.14 7.46 7.79 7.86 8.47 7.79 4.28 8.51 6.45 7.31

OUI 16 HE 0.81 0.84 0.88 0.73 0.90 0.83 0.65 0.89 0.78 0.81 1 2
HO 0.75 0.87 0.81 0.47 0.80 0.60 0.80 0.81 0.69 0.73
Ar 5.72 6.58 7.07 4.68 7.80 5.80 2.97 7.48 5.61 5.97

HON 15 HE 0.79 0.87 0.89 0.66 0.89 0.85 0.77 0.87 0.71 0.81 6 2
HO 0.58 0.86 0.79 0.29 0.40 0.60 0.53 0.46 0.60 0.57
Ar 5.21 6.81 7.53 4.02 7.40 6.82 4.67 6.87 4.52 5.98

LRO 25 HE 0.89 0.86 0.87 0.79 0.92 0.91 0.71 0.91 0.85 0.86 7 4
HO 0.37 0.52 0.77 0.60 0.74 0.52 0.75 0.83 0.59 0.63
Ar 7.40 7.29 7.17 6.00 8.60 7.91 3.85 8.01 6.09 6.93
No. of alleles 26 24 28 20 34 30 13 32 17
HWE p < 0.05 9 9 4 11 5 10 7 7 10
Freq. null alleles 0.18 0.17 0.06 0.17 0.08 0.13 0.10 0.11 0.18
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based on the analyses including those 322 individuals that 
scored on more than three loci (allele frequency table pro-
vided in Online Resource 1).

This dataset contained 7–32 individuals per population 
(Table 2). The nine microsatellite loci were highly polymor-
phic, total numbers of alleles per locus were 13–34. Allelic 
richness was similar in all populations, ranging between 
5.92 and 7.53 (mean Ar per population over all loci). Mean 
expected heterozygosities varied between 0.81 and 0.89. 
Homozygote excess was prevalent, with significant devia-
tions from HWE expectations on 3–8 loci in all populations 
except NEU and OUI. Estimated null allele frequencies 
ranged between 0.06 and 0.18. Conspicuously high numbers 
of private alleles were detected in the LRO (4), TEX (6) and 
PRI (8) populations (Table 2).

Genetic differentiation

DAPC

With the find.clusters function, three clusters were identi-
fied from the genotype data (BIC = 510.133 for k = 3, no. of 
retained PCs = 150). Results of the subsequent DAPC (no. 
of retained PCs = 75, no. of retained DAs = 2, proportion of 
conserved variance = 0.852), using the inferred clusters as 
group preassignments, showed no clear-cut pattern of cluster 
assignment in relation to the sampling populations (Fig. 2). 

Each cluster contained individuals from all populations, with 
some apparent patterning in the assignment proportions. 
While the Atlantic Ocean populations were predominantly 
assigned to cluster 1 (c. 60–75%), the northern and central 
Wadden Sea populations were predominantly assigned to 
cluster 2 (c. 41–65%). This pattern was not visible in the 
TEX and HAR populations, and the Baltic Sea populations 
showed mixed results (Table 3).

The second DAPC approach, using the sampled popula-
tions as group preassignments, revealed some geographi-
cal structuring in the genetic data (no. of retained PCs = 95, 
no. of retained DAs = 12, proportion of conserved vari-
ance = 0.915). It clearly separated the Bay of Seine popu-
lations (HON and OUI) from all other populations. The 
remaining populations form one big cluster, with the cen-
tral Wadden Sea populations (CUX, WHV, BEN) and the 
northern Wadden Sea, Southern Bight and Baltic Sea popu-
lations forming two very closely related sub-groups. The 
TEX population from the western Wadden Sea marginally 
separates from the cluster as a whole, but is well separated 
from the geographically closest central Wadden Sea popu-
lations (Fig. 3a). Only three alleles had a relative contribu-
tion greater than 0.05 to the observed clustering (Ht12:294, 
Ht22:165, Ht39:141; Fig.  3b), and their allele frequen-
cies differed maximally about 0.35 between populations 
(Fig. 3c). The observed population structure is thus mainly 
the result of the frequency differences in these three alleles.

The proportion of individuals successfully reassigned 
to their actual population based on the discriminant func-
tions was 62.1% over the entire dataset, but varied strongly 
between populations. The recently recorded HAR population 
had the lowest reassignment proportion (20%) and showed 
high assignment probabilities to central and western Wad-
den Sea populations (Fig. 4a). In the recently invaded Bal-
tic Sea, KIE and GOL (53.1% and 46.8% successful reas-
signments, respectively) appeared well admixed with each 
other and the Wadden Sea populations (Fig. 4b and c), but 
the remaining Baltic Sea populations NEU and PRI (57.1% 
and 76.0% successful reassignments, respectively) appeared 
as a more isolated, clear-cut group (Fig. 4b). The propor-
tion of successful reassignments was overall highest in the 
Wadden Sea populations, varying between 53.1% (BEN) 
and 78.1% (LIS and TEX). These populations were clear-
cut, and admixture appeared mostly with other Wadden Sea 
populations. The Bay of Seine populations OUI and HON 

Fig. 2   Discriminant analysis of principal components (DAPC) using 
clusters inferred from the genotype data as preassigned groupings, 
plot of the first two principal components. Point shape: cluster (1–3); 
point colour: sampling population of individual, corresponding to 
Fig. 1

Table 3   Proportions of 
individual assignments to the 
three clusters inferred from the 
genotype data, as calculated 
by discriminant analysis of 
principal components using 
these clusters as groupings

Cluster Population

LIS CUX WHV BEN TEX HAR KIE NEU PRI GOL OUI HON LRO

Cluster 1 0.094 0.188 0.219 0.219 0.312 0.300 0.625 0.143 0.560 0.312 0.750 0.600 0.600
Cluster 2 0.531 0.531 0.656 0.406 0.406 0.500 0.156 0.429 0.200 0.406 0 0.133 0.120
Cluster 3 0.375 0.281 0.125 0.375 0.281 0.200 0.219 0.429 0.240 0.281 0.250 0.267 0.280
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showed intermediate proportions of successful reassignment 
(43.8% and 66.7%, respectively), but were admixed almost 
exclusively with each other, thus being clear-cut from all 
other populations. A complete overview of assignment prob-
abilities for all populations is provided in Online Resource 2.

Structure

The initial STRU​CTU​RE analysis identified two major 
clusters (K = 2), separating OUI and HON (Bay of Seine) 
from all other populations (Fig. 5a). Qp values estimated 
by CLUMPP were > 85% for the Bay of Seine cluster, 
and > 90% for all populations in the other cluster, except 
for LRO (72%). No further substructure was detected in 
the Bay of Seine cluster, but a subsequent analysis of the 
remaining populations identified two clusters (K = 2), 

separating the central and northern Wadden Sea popula-
tions (LIS, CUX, WHV, BEN) from a cluster formed by 
the LRO, TEX, HAR and Baltic Sea populations. Sub-
sequent analyses identified K = 3 clusters in the central 
and northern Wadden Sea group, matching well the sam-
pling populations, and grouping together CUX and WHV 
(Fig. 5c). The cluster of CUX and WHV did not show any 
further substructure. For the group formed by the LRO, 
TEX, HAR and Baltic Sea populations, STRU​CTU​RE 
identified K = 4 clusters, which showed LRO, TEX, and 
the group of NEU and PRI to be rather distinct (Qp > 70% 
for the dominating cluster), but highly admixed cluster 
memberships for HAR, KIE and GOL (Fig. 5c). No further 
substructure was detected among the latter three sampling 
populations.

Fig. 3   Discriminant analysis of 
principal components (DAPC) 
using sampling populations as 
preassigned groupings. a Plot of 
the first two axes of the DAPC; 
colour: population, correspond-
ing to Fig. 1. b Bar graph of 
the relative contributions of 
alleles to the DACP principal 
components, alleles with a 
contribution > 0.05 (horizontal 
line) are indicated. c Line plot 
of allele frequencies with sig-
nificant contributions for each 
population
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AMOVA

AMOVA results revealed only weak genetic differentiation 
on the basis of geographical groupings (i.e. sampling popu-
lations, regions or seas, Table 4 A). Variation between seas 
amounted to about 1.3%, variation between regions to about 
0.8% (also being not significant), and variation between 
populations to about 2.1% of total variation in the genotype 
data. However, with clusters identified by k-means as group-
ing, AMOVA revealed that 5.7% of variation is explained by 
differences between these clusters (Table 4 B). Likewise, 
the AMOVA based on groupings by the initial STRU​CTU​
RE analysis (K = 2) explained 4.79% of the total variation 
by differences between the two clusters, and another 2.61% 
by differences between populations within these clusters. 
This indicates that, on average, the Bay of Seine populations 
(OUI and HON) differ genetically from the North and Bal-
tic Sea populations by about 7.4% (Table 4C). Genetic dif-
ferentiation among the clusters identified in the subsequent 
STRU​CTU​RE analyses was much lower (max. 1.09%), but 
still significant. In all separate analyses, the highest propor-
tion of variation was detected within populations, explain-
ing between 92.3% and 97.8% of total genetic variation 
(Table 4).

Effective population size

Calculations of Ne by linkage disequilibrium method (LDNe) 
with a random mating model estimated infinite Ne values for 
six and eight of the sampling populations, for lowest allele 
frequencies of 0.05 and 0.01, respectively. In particular, no 
reduced Ne was detected for the recently established popu-
lations from Great Britain (HAR) and the Baltic Sea (KIE, 
NEU, PRI and GOL). The upper 95% confidence interval 
was estimated to be infinite by the jackknife on samples 
method for all populations. This was also the case for the 
HON population with a low Ne of 37.0 and 29.6 for lowest 
allele frequencies of 0.05 and 0.01, respectively (Table 5).

Discussion

We found similarly high levels of genetic diversity (meas-
ured as allelic richness) in all sampled European popula-
tions of H. takanoi. Although not directly comparable due 
to the different microsatellites used, these values are in 
ranges of those reported for invasive H. sanguineus popu-
lations in the NW Atlantic (Blakeslee et al. 2017). Inva-
sive populations rather commonly maintain high levels 
of genetic diversity during the primary invasion process, 
putatively as a consequence of large, genetically diverse 
founding populations or recurring migration/introduction 
to the newly colonised regions (reviewed in Roman and 

Fig. 4   Assignment probabilities of individuals from the most recently 
recorded H. takanoi populations in Great Britain (a) and the Baltic 
Sea (b–d) as calculated by DAPC, when using sampling populations 
as groupings. Each row represents one individual, each column one 
group (i.e. sampling population). Colours represent assignment prob-
ability from 1 (red) to 0 (white), blue crosses indicate the original 
sampling population of the individual. The horizontal dashed line in 
c) separates the NEU and PRI individuals. See Table  1 for locality 
codes
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Darling 2007; Lawson Handley et al. 2011). While this 
could be assumed to apply to H. takanoi as well, consid-
ering the high potential for ballast water and hull foul-
ing transport of large numbers of propagules from Asia 
to Europe (compare Gollasch 1999; Seebens et al. 2013; 
Blakeslee et al. 2017), Makino et al. (2018) found in fact 
evidence for a genetic bottleneck during the primary intro-
duction of H. takanoi. Secondary spread of marine inva-
sive species within the invaded range however regularly 
leads to a loss of genetic diversity as a consequence of 
consecutive bottlenecks (e.g. Herborg et al. 2007; Tepolt 
et al. 2009; Reusch et al. 2010; Pérez-Portela et al. 2012). 
Notably, we did not find genetic diversity to be reduced 
in the most recently detected Baltic Sea and Great Britain 
populations of H. takanoi. A lack of secondary bottle-
neck effects was also observed in H. sanguineus during 
its northward expansion along the US east coast (Lord 
and Williams 2016), as well as in R. harrisii expanding 
into the northern Baltic Sea (Forsström et al. 2017). Inter-
estingly, females of all three crab species are capable of 
sperm storage (Anderson and Epifanio 2010; Rodgers et al. 
2011; van den Brink et al. 2013), and multiple mating can 
occur in both Hemigrapsus spp. (Anderson and Epifanio 
2010, own observations). A single ovigerous female intro-
duced to a new region, as we for example observed in Kiel 
Fjord in 2014 (Geburzi et al. 2015), may, therefore, intro-
duce a large number of genetically diverse propagules. 
This provides a potential mechanism for Hemigrapsus spp. 
and other crab species with a similar reproductive strategy 

to avoid bottlenecks during secondary spread despite small 
founding populations (compare Eales et al. 2010).

Our data indicate only weak overall population differenti-
ation of European H. takanoi for groupings defined by either 
geography or genetic clustering methods, with by far the 
highest share of genetic variation occurring within sampled 
populations. Such a pattern of high genetic diversity and 
weak population structure was also observed in several other 
systems, and has been attributed to multiple introductions 
from divergent sources (Simon-Bouhet et al. 2006), high 
dispersal ability by planktonic larvae (Viard et al. 2006), 
and a rapid multidirectional expansion after a very recent 
introduction (compare Fitzpatrick et al. 2012; Gonçalves 
et al. 2019). In fact, more pronounced genetic structure in 
invaded ranges seems to occur more regularly in species 
with a longer invasion history (i.e. several decades), e.g., 
E. sinensis (Hänfling et al. 2002; Hayer et al. 2019) and R. 
harrisii (Forsström et al. 2017) in Europe. Future genetic 
studies of H. takanoi, comparing longer time spans, could be 
used to show if genetic structure establishes—or is prevented 
by recurring introductions or natural/anthropogenic mixing.

One factor potentially obscuring our results is the 
prevalence of null alleles on all loci (estimated frequency 
0.06–0.18). Null alleles are caused by mutations in the 
microsatellite flanking regions, hampering the binding 
of primers during PCR amplification, thus leading to loci 
falsely scored as homozygous. Accordingly, we detected the 
strongest deviations from Hardy–Weinberg expectations on 
loci with the highest frequency of null alleles, providing a 

Fig. 5   Population structure as estimated from three levels of hierar-
chical STRU​CTU​RE analysis. a Analysis over all sampling popula-
tions. b Separate analysis of the clusters formed by the Bay of Seine 
(right) and all other populations (left). c Separate analysis of the 

clusters formed by the northern and central Wadden Sea (left) and 
the LRO, TEX, HAR and Baltic Sea populations (right). Vertical 
coloured lines represent individual admixture coefficients; sampling 
populations are separated by vertical black lines
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likely explanation for the observed homozygote excess. Null 
alleles are also a likely cause for the almost complete failure 
to amplify two loci (Ht28 and Ht47) from the initial set of 
microsatellites. Chapuis (2007) showed that the frequency 
of null alleles increases with increasing effective popula-
tion size, as the probability for mutations in microsatellite 
flanking regions rises. This is in accordance with our large 
estimates of Ne for the majority of sampled populations. 
They, in turn, can be explained by the species’ reproduc-
tive biology, particularly its early maturity and the possibil-
ity of interbreeding between subsequent cohorts (Gothland 
et al. 2014), which likely contribute to the rapid population 
growth and high densities observed in invasive H. takanoi 
populations (van den Brink et al. 2012; Gothland et al. 2014; 
Geburzi et al. 2018).

The most distinct feature of population structure detected 
by our analyses is the clear separation of the Bay of Seine 
(sampling populations OUI and HON) from all other regions 
included in this study. This separation was recovered by 

both, DAPC and STRU​CTU​RE analyses, and the assignment 
tests indicated only very little admixture between the Bay 
of Seine and the other regions. The distinctness of the Bay 
of Seine could point to an independent introduction from 
the native range into this region, and is in fact in accord-
ance with the results of Makino et al. (2018) who genetically 
compared native and invasive populations of H. takanoi. It is 
curious that this pattern seems to be temporally stable (the 
specimens for their study were collected between 2012 and 
2014, ours in 2016), despite the fact that the Bay of Seine 
population is likely formed by hybrids from two genetically 
distinct sources in the native range (Makino et al. 2018). 
Such admixture events have the potential to promote rapid 
expansion of invasive populations, e.g., by heterosis effects 
that enhance adaptation to novel environmental conditions 
(Kelly et al. 2006; Rius and Darling 2014; Wagner et al. 
2017). Larval dispersal of H. takanoi from the Bay of Seine 
might be restricted by the local current system that forms a 
gyre at the western entrance of the bay (Salomon and Breton 

Table 4   Analysis of molecular 
variance (AMOVA) for 
European H. takanoi 
populations considering 
different groupings

A) Geographical groupings as described in Table 1
B) Groupings derived from k-means algorithm of the discriminant analysis of principal components
C)–E) Groupings derived from the hierarchical structure analysis (compare Fig. 5)
Degrees of freedom (df), sum of squares (Sum sq), covariance component (Comp var) and proportion of 
total variation (%) are given for each grouping
Significance levels tested by 1000 permutations: *** p < 0.001, **p < 0.01, *p < 0.05

Source of variation df Sum sq Comp var % Variation

A) Full system, sampled populations
 Among seas 2 46.48 0.10 1.31*
 Among regions within seas 5 65.39 0.06 0.76
 Among populations within regions 5 54.05 0.16 2.09***
 Within populations 309 2210.44 7.15 95.83***

B) Full system, DAPC/k-means clustering (K = 3)
 Among clusters 2 105.76 0.43 5.70***
 Within clusters 319 2270.60 7.12 92.30***

C) Full system, STRU​CTU​RE clustering (K = 2)
 Among clusters 1 31.30 0.37 4.79***
 Among populations within clusters 11 134.62 0.20 2.61***
 Within populations 309 2210.44 7.15 92.60***

D) LRO, North and Baltic Seas (K = 2)
 Among clusters 1 20.58 0.05 0.72***
 Among populations within clusters 9 96.25 0.19 2.54***
 Within populations 280 2013.62 7.19 96.73**

E) Central and Northern Wadden Sea (K = 3)
 Among clusters 2 30.50 0.08 1.09***
 Among populations within clusters 1 12.05 0.15 2.10***
 Within populations 124 882.62 7.12 96.81***

F) LRO, TEX, HAR and Baltic Sea (K = 4)
 Among clusters 3 36.88 0.05 0.66*
 Among populations within clusters 3 28.45 0.13 1.73***
 Within populations 156 111.70 7.13 97.61***
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1993). Lefebvre et al. (2003) showed that these conditions 
lead to strong retention of larvae of the brittle star Ophiotrix 
fragilis in the Bay of Seine, and this mechanism may apply 
to H. takanoi larvae as well. However, the large port of Le 
Havre is directly connected to various ports along the Brit-
ish and continental European North Sea coast (data from 
www.marin​etraf​fi c.org, accessed daily between 2020-02-17 
and 2020-02-23) via shipping activities, and anthropogenic 
secondary spread of H. takanoi from this region may occur 
in the future.

In contrast to our initial hypothesis (i), we did not find 
H. takanoi from the French Bay of Biscay coast (LRO) to 
be genetically distinct from H. takanoi from the North Sea. 
This does not necessarily imply the invasion of H. takanoi 
into both regions to be the result of the same introduction 
event, as Gollasch (1999) speculated—particularly given the 
6 years time difference between the first reports of estab-
lished H. takanoi populations in the Bay of Biscay in 1994 
(Noël et al. 1997) and the Dutch Delta in 2000 (Nijland and 
Beekman 2000). Independent introductions from the same 
region in the native range (being in accordance with the 
hypothesis of Markert et al. 2014), or secondary spread from 
the Bay of Biscay to the North Sea are possible explanations 
for their genetic similarity, but this question remains unre-
solved by our data.

For the North Sea/Baltic Sea system, our results show a 
high genetic relatedness of the recently established popu-
lations in Great Britain (HAR) and in the Baltic Sea with 
the Wadden Sea populations, which is in accordance to our 

hypothesis (ii). This indicates secondary spread from the 
southeastern North Sea to be the most likely introduction 
pathway of H. takanoi to both regions. Individuals from the 
HAR population showed increased assignment probabilities 
to sites in the western and central Wadden Sea, respectively, 
hinting to possible admixture from these two regions at the 
British coast. This could promote further expansion of H. 
takanoi in this region by increasing the adaptive potential/
environmental tolerance of the admixed population (com-
pare Kelly et al. 2006; Wagner et al. 2017). However, we 
are cautious with this conclusion, as our data indicate only 
little overall divergence between the western and central 
Wadden Sea. The introduction to Great Britain and the Bal-
tic Sea has likely been mediated by anthropogenic trans-
port rather than larval dispersal. Residual coastal currents 
in the southern North Sea run southwest to northeast from 
the French Channel along the Dutch Delta, Wadden Sea 
and Danish coasts, while they run north to south along the 
British coast (Wolff 2005; Winther and Johannessen 2006), 
rendering current-mediated larval spread from east to west 
across the southern North Sea rather unlikely. Likewise, H. 
takanoi reached the Baltic Sea most likely by transportation 
through the Kiel Canal rather than by larval dispersal around 
the Danish peninsula, considering the lack of records from 
the coasts of Denmark, as well as the fact that H. takanoi 
was found in Kiel Fjord (at the Baltic Sea entrance of the 
canal) three years earlier than on the west coast of Sweden 
(Geburzi et al. 2015; Karlsson et al. 2019). These assump-
tions are supported by the high genetic diversity we found 
in these very young populations, indicating larger founding 
populations (see above).

Interestingly, our DAPC and STRU​CTU​RE analysis 
showed some genetic differentiation between H. takanoi 
in the western Wadden Sea (TEX) and the central/northern 
Wadden Sea group (BEN, WHV, CUX and LIS), despite 
being geographically close to each other. The planktonic 
larval duration of H. takanoi is at least 22 days (at 20 °C 
water temperature, Landeira et al. 2019). This should enable 
long-distance dispersal along the Wadden Sea coast medi-
ated by the current system described above, which would 
be expected to counteract genetic differentiation within the 
Wadden Sea. Similar to our results, Moehler et al. (2011) 
found populations of the invasive Pacific oyster Magallana 
gigas in the northern Wadden Sea to be genetically distinct 
from those in other parts of the Wadden Sea, which they 
attributed to different source populations for oyster stock-
ings. In the case of H. takanoi, the observed pattern might 
also hint to separate introductions to the North Sea: One 
introduction site could have been the Dutch Delta, from 
where H. takanoi spread to the western Wadden Sea (com-
pare Markert et al. 2014), while another introduction could 
have occurred to a port along the central Wadden Sea coast 
(e.g., Hamburg, Bremerhaven, compare Gollasch 1999). 

Table 5   Effective population size (Ne) and lower and upper 95% con-
fidence intervals (CIs) estimated by linkage disequilibrium method 
and jackknife on samples method for the 13 sampling populations (n: 
sample size per population)

Ne and CIs are given for lower allele frequency thresholds of 0.05 and 
0.01

Population n Lowest allele freq. 0.05 Lowest allele 
freq. 0.01

Ne 95% CIs Ne 95% CIs

LIS 32 ∞ 960.3–∞ ∞ 219.9–∞
CUX 32 212.7 53.8–∞ 360.1 76.4–∞
WHV 32 1320.5 69.3–∞ ∞ 234.3–∞
BEN 32 228.6 64.3–∞ 905.1 160.9–∞
TEX 32 322.8 58.6–∞ 600.2 95.1–∞
HAR 10 ∞ 97.6–∞ ∞ 97.6–∞
KIE 32 305.8 86.9–∞ ∞ 156.2–∞
NEU 7 ∞ ∞–∞ ∞ ∞–∞
PRI 25 ∞ 85.6–∞ ∞ 88.1–∞
GOL 32 ∞ 83.7–∞ 1235.3 219.2–∞
OUI 16 ∞ 103.5–∞ ∞ 77.5–∞
HON 15 37.0 11.0–∞ 29.6 9.3–∞
LRO 25 823.4 24.2–∞ ∞ 43.1–∞

http://www.marinetraffic.org
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Differential local adaptation could then have occurred in 
different parts of the North Sea, “blocking” the establish-
ment of propagules from the western Wadden Sea/Dutch 
Delta region in the central and northern Wadden Sea by 
intraspecific priority effects (sensu Makino et al. 2018). 
The possibility of contrasting invasion trajectories within 
the Wadden Sea ecosystem was for example demonstrated 
for the parasitic copepod Mytilicola intestinalis (Feis et al. 
2016). Alternatively, the outflow of the Ems river might 
form a physical barrier for H. takanoi larval dispersal from 
the western to the central Wadden Sea. More detailed, fine 
scale studies, including the Dutch Delta as potential intro-
duction site, would be needed to answer these questions.

Within the Baltic Sea, we hypothesised (iii) a decline of 
genetic diversity from west to east, as a result of consecu-
tive bottlenecks following the rapid dispersal from the initial 
introduction site (KIE, detected in 2014) to Mecklenburg 
Bight (GOL, detected in 2016). However, our data showed 
no reduction of genetic diversity in any of the Baltic Sea 
sampling populations, leading us to conclude that anthro-
pogenic dispersal contributed to the secondary spread of H. 
takanoi in the Baltic Sea. Circumstantial evidence supports 
this conclusion: first, residual surface currents in the south-
western Baltic Sea predominantly run east to west/northwest 
(Karlsson et al. 2019), a pattern that is only occasionally 
reverted by long-lasting, strong westerly winds (Svansson 
1975). Second, a snapshot survey along the coasts of Kiel 
and Mecklenburg Bight in 2017 revealed a currently patchy 
distribution of H. takanoi in the southwestern Baltic Sea, 
with gaps between occupied sites despite the availability of 
suitable habitat (Weiler and Geburzi, unpublished data). We 
would expect a more continuous distribution along the coast-
line if the spread was mediated by natural processes alone. 
Also, the fact that H. takanoi occurs almost exclusively in 
marinas or their close vicinity hints to a human-mediated 
spread within the Baltic Sea. The potential of recreational 
boating acting as vector for the secondary spread of invasive 
species was demonstrated by a number of studies, including 
the transfer of mobile crustacean species in fouling commu-
nities and residual water (e.g., Darbyson et al. 2009; Clarke 
Murray et al. 2011; Kelly et al. 2013). Furthermore, the sam-
pled populations in Lübeck Bight (PRI and NEU) appeared 
curiously distinct from the other sites in the Baltic Sea, as 
indicated by our STRU​CTU​RE analysis, assignment tests, 
as well as the high prevalence of private alleles. This find-
ing might hint to an independent introduction to this region, 
rather than a stepwise spread of H. takanoi from Kiel Fjord 
to Lübeck Bight and further east. Overall, the genetic pattern 
observed in the Baltic Sea (and in the European range of H. 
takanoi in general), resembles that of a “stratified dispersal”, 
consisting of a combination of short-range natural dispersal, 
and occasional anthropogenic dispersal “jumps” (Bronnen-
huber et al. 2011).

Conclusions and directions for future research

Within 25 years since its first records in Europe, Hemigrap-
sus takanoi has expanded successfully along several thou-
sand kilometres of European Atlantic, North Sea and—most 
recently—Baltic Sea coast line. Throughout this expan-
sion process, H. takanoi apparently did not suffer losses in 
genetic diversity, which we interpret as an important contri-
bution to the species’ invasion success, as maintaining high 
levels of genetic diversity during invasions can enhance the 
invaders’ ability to adapt to novel selective pressures (Lee 
2002; Welles and Dlugosch 2018). We found that charac-
teristics of the reproductive biology of H. takanoi and cir-
cumstantial evidence for anthropogenic secondary spread 
within Europe are likely explanations for the overall patterns 
of high genetic diversity and weak genetic differentiation we 
observed in our data. The interplay of these factors might be 
a common feature shared with other invasive crabs, contrib-
uting to the high proportion of successful invasive species in 
the Brachyura (Brockerhoff and McLay 2011).

In the Baltic Sea in particular, the high genetic diversity 
detected in the very recent invader H. takanoi contrasts to a 
common pattern of many native Baltic Sea species. These 
often show a reduced genetic diversity and high genetic iso-
lation compared to their conspecific (and putative ancestral) 
populations in the North Atlantic, as a consequence of bot-
tlenecks and adaptation/selection (Johannesson and André 
2006). Our results indicate that human-mediated introduc-
tions might override this natural barrier for colonisation of 
the Baltic Sea and could contribute to the overall high num-
ber of successful invasions in the Baltic Sea. We, therefore, 
assume a high expansion potential of H. takanoi in the Baltic 
Sea. In this context, the population in the Kattegat at the 
west coast of Sweden should be included in future genetic 
studies, and the Danish archipelago should be closely moni-
tored, given the potential of admixture between expanding 
Kattegat and southwestern Baltic populations in this region.

Overall, our study contributes to the detection of com-
mon marine invasion trajectories in European Seas to inform 
management strategies. It furthermore showcases the poten-
tial of invasive species to maintain genetic diversity dur-
ing rapid secondary expansion, a phenomenon that might 
well occur in other species with similar reproductive traits 
and/or areas with similarly high regional vector activity. 
Our study thus highlights the power of combining invasion 
genetics with studies on an invader’s general biology and 
dispersal pathways to fully understand successful invasion 
processes and their outcomes. However, it also showed some 
limitations of microsatellite markers to fully resolve very 
recent invasion and expansion dynamics. The application of 
genomic markers could overcome these limitations in future 
studies, and would also allow to assess non-neutral evolu-
tionary outcomes of the species’ invasion. The results of 
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this study furthermore provide data on the genetic diversity 
and structure of European H. takanoi populations from a 
very early invasion stage, which may form a unique, well-
documented baseline for long-term investigations of genetic 
changes during establishment and adaptation processes.
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