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Abstract Successful aquatic biological invasions 
are often dependent on human vectors. The Chinese 
pond mussel Sinanodonta woodiana is a fast-grow-
ing, high-filtering, and highly fecund unionid bivalve 
that has expanded rapidly throughout Europe in the 
last several decades. Human-mediated vectors such 
as fish aquaculture and pet shop trade are believed 
to be primary drivers of the mussel’s spread, but the 
specific dispersal pathways of S. woodiana remain 
unclear. We analyzed eleven microsatellites in 245 
S. woodiana individuals from seven wild popula-
tions and three pet shops to assess genetic relatedness 
potential sources, and dispersal pathways of S. woodi-
ana in Bavaria, Germany. Wild populations shared a 
single mitochondrial haplotype present in all Euro-
pean populations and shop-sourced individuals were 
genetically similar to wild populations. Only one wild 
population was structurally different than all other 
populations, which may be explained by its disper-
sal trajectory. Our results provide the first genetically 

informed insights into S. woodiana dispersal in the 
context of human activity. We underscore the value of 
genetic tools in invasive species management, which 
can uncover patterns of dispersal even on local scales.

Keywords Chinese pond mussel · Invasive species · 
Human-mediated dispersal · Population genetics · 
Microsatellite

Introduction

Climate change and human activity have facili-
tated the spread of invasive species on a global 
scale. Aquatic systems are highly permeable, highly 
degraded by human activity, and are thus at high risk 
of invasion by mobile generalist species (Light and 
Moyle 2015). Due to their strong, multiple, and nega-
tive effects on native biodiversity, invasive species 
are considered one of the most significant threats to 
aquatic systems worldwide (Geist 2011; Geist et  al. 
2023).

Some of the most successful aquatic invaders are 
freshwater bivalves. In Europe and North America, 
the zebra mussel Dreissena polymorpha (Pallas 1771) 
and the Asian clam Corbicula fluminea (Mueller 
1774) dominate community biomass in many fresh-
water systems (Strayer et  al. 1996). Their success is 
attributed not only to their competitive biology but 
also their use of human vectors such as boating and 
shipping, by which the species primarily spread.
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Successful aquatic biological invasions are often 
dependent on human vectors, where humans are 
often unaware of their facilitative role. As invasive 
“flagship” species, D. polymorpha and C. fluminea 
are easily recognizable, observed in high densities, 
and are thus common targets for management pro-
grams (Sousa et  al. 2014). This is not the case for 
other, lesser-known species, whose invasion trajecto-
ries, while similarly linked to human activity, remain 
much less understood.

The Chinese pond mussel Sinanodonta woodi-
ana (Lea 1834) is a fast-growing, high-filtering 
unionid bivalve which spread rapidly from its native 
East-Asian range into southern Asia, Europe, and 
the Americas in the 1960s (Konečný et  al. 2018). 
In Europe, the mussel is found in fish ponds and 
heated lake systems as well as natural lakes, rivers, 
and slow-moving streams (Urbańska et  al. 2021; 
Dobler et  al. 2022; Geist et  al. 2023), in a range of 
temperatures and substrate types (Spyra et  al. 2016; 
Poznańska-Kakareko et al. 2021). First investigations 
of the species have shown that S. woodiana grows at 
fast rates (Dudgeon and Morton 1983; Sárkány-Kiss 
et  al. 2000) and produces multiple larvae broods 
per year in high numbers (Wachtler et  al. 2001; 
Labecka and Domagala 2018; Labecka and Czar-
noleski 2021). The mussel also infests host fishes at 
higher rates compared to native mussels (Huber and 
Geist 2019), induces cross-resistance and elevates 
stress responses in host fishes (Donrovich et al. 2017; 
Reichard et  al. 2022), competitively partitions food 
sources (Douda and Čadková 2018), outcompetes 
native mussels for space (Poznańska-Kakereko et al. 
2021; Urbańska et al. 2021), and can tolerate higher 
levels of anthropogenic stress than native mussels 
(Bielen et al. 2016). Its morphology, which is similar 
to that of native European pond mussels such as the 

duck mussel Anodonta anatina (Linnaeus 1758) or 
the swan mussel Anodonta cygnea (Linnaeus 1758), 
also likely contributes to its invasion success, as it is 
often misidentified as native (Guarneri et  al. 2014; 
Karaouzas et  al. 2022) and left to spread in natural 
water bodies.

One of the most established aspects of the S. 
woodiana invasion is that the mussel spreads via 
fish hosts, and that this spread is largely facilitated 
by fish aquaculture (Urbańska et al. 2021). All Euro-
pean populations are believed to have been estab-
lished from a primary import of larvae-infested 
fishes from East Asia, where the mussel then spread 
throughout a highly connected aquaculture network 
(Konečný et  al. 2018). S. woodiana has been docu-
mented widely in carp ponds across Europe (Gabka 
et al. 2007; Najberek et al. 2011; Andrzejewski et al. 
2013; Dobler et  al. 2022), where their populations 
can spread rapidly via multiple dispersal pathways 
(Fig.  1). Carp and other fish species of commercial 
importance for aquaculture and recreational fishing 
may be transferred between ponds with S. woodiana 
larvae already encysted on their gills or fins (Soroka 
et  al. 2014). Infested carp may also be maintained 
with other fishes used for stocking natural water bod-
ies (Brämick 2019; Dobler et al. 2022). Infested fishes 
or free-living larvae, which remain viable without a 
fish host for weeks in a range of temperatures (Ben-
edict and Geist 2021), may also be released into natu-
ral water bodies during annual pond draining events.

Fish aquaculture is often cited as the primary 
vector of the mussel’s spread (Bolotov et  al. 2016; 
Kondakov et al. 2020; Urbańska et al. 2021), but this 
has not been systematically confirmed in compari-
son to other potential vectors. On the other hand, pet 
shop trade is also considered a major facilitator of 
biological invasions (Hulme et al. 2008; Nunes et al. 

Fig. 1  Potential dispersal 
pathways of S. woodiana 
in fish aquaculture. a 
Infested fish are directly 
moved between ponds. b 
Infested carp are maintained 
with other fishes used for 
stocking. c Infested fishes, 
larvae, and juvenile mussels 
are released during pond 
draining events
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2015), but its role in the context of the S. woodiana 
invasion remains unclear. Only a few studies have 
mentioned pet shops as a potential vector of the mus-
sel’s spread (Schoolmann et al. 2006; Bahr and Wiese 
2018; Huber and Geist 2019; Dobler et  al. 2022). 
These studies indicate that shops sell a variety of 
mussels within a singular category, often labeled as 
“European pond mussels,” although the category usu-
ally contains two to three species with similar habitat 
requirements and morphologies such as A. anatina, A. 
cygnea, and S. woodiana. Anecdotal evidence from 
shop websites shows that S. woodiana individuals are 
often sold in disguise of native mussels, sold in bulk, 
and directly released into ponds and backyard streams 
at high numbers (Fig. 2).

Genetic tools are ideal for accurately identifying 
mussels to species level, including their early life 
stages (Zieritz et  al. 2012). They can also be used 
to answer questions of dispersal and uncover how 
organisms move across space. Most genetic investiga-
tions of S. woodiana have occurred only in the last 
ten years and are generally limited to sequencing or 
RFLP analyses of the COI and ITS regions (Soroka 
2005; Guarneri et al. 2014; Soroka et al. 2014; Bol-
otov et  al. 2016). Sequencing of COI in S. woodi-
ana has revealed a single haplotype (HapE-3) in all 
sampled European populations, and RFLP analy-
ses of COI have confirmed low variation in parallel 

(Konečný et  al. 2018; Soroka 2005). To our knowl-
edge, only one study has used microsatellite genotyp-
ing to track the S. woodiana invasion across Europe, 
which found high levels of gene flow across the conti-
nent (Konečný et al. 2018).

These studies are useful for understanding the 
general demography and relatedness of European S. 
woodiana populations, but they are not representative 
of the entirety of Europe as few studies include west-
ern populations, including those in Germany. In addi-
tion, these studies are not sufficient for understanding 
the relatedness of populations on shorter time scales 
(i.e., local dispersal). There currently exists no study 
that uses genetic tools to investigate how S. woodiana 
disperses so rapidly outside of its native range, par-
ticularly within the context of human activity, which 
is believed to be the primary vector of the mussel’s 
spread. Because of this, many gaps remain in the 
knowledge of the mussel’s European demography, 
and many assumptions about its spread, especially on 
local scales and dispersal modes, remain untested.

The main objectives of this study were to 1) 
establish the first genetic records for S. woodiana 
in Germany and thus fill the knowledge gap for 
Europe-wide studies on the mussel, and to 2) use 
microsatellite genotyping to assess the genetic rela-
tionships between seven wild and three shop-sourced 
populations of S. woodiana in Bavaria, Germany.

Fig. 2  Selected images from popular pet shops that show 
mussels for sale. a Two S. woodiana specimens falsely adver-
tised as native “XXL” or “normal” pond mussels. b A col-
lection of S. woodiana advertised as pond mussels “sourced 

from Europe.” Images sourced from (a) Teichzeit, NatureHolic 
GmbH, https:// www. teich zeit. de and (b) FördeFisch, Fa. För-
defisch, https:// foerd efisch- online. de

https://www.teichzeit.de
https://foerdefisch-online.de
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Materials and methods

Mussel collection

In June 2022, S. woodiana individuals (mean N = 24/
shop) were ordered from the three most prominent pet 
shops in Germany using the search terms “pond mus-
sels” or “pond mussels from Europe”. Shops were 
chosen based upon their popularity and visibility 

using internet search engines. All mussels were iden-
tified visually to species level and a foot tissue sample 
from each individual was collected, stored in RNAl-
ater reagent, and frozen at − 20 °C until further anal-
ysis. Additional S. woodiana individuals were col-
lected in the summers of 2020 and 2021 from seven 
known populations (n = 245) in Bavaria, Germany 
from a range of habitats in the Danube and Main/
Rhine Basins (Fig. 3, Table 1). At each site, mussels 

Fig. 3  Map of Bavaria with 
sample sites of seven wild 
S. woodiana populations
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were collected by randomly distributing 0.5 m × 0.5 m 
or 1  m × 1  m sample frames in near-shore soft sub-
strates (max. 4  m depth) and retrieving all mussels 
within each frame. In sites with high turbidity or with 
a depth > 1  m, scuba and snorkeling methods were 
used to place frames and retrieve mussels. All mus-
sels were identified visually to the species level and a 
foot tissue sample from each individual was collected, 
stored in RNAlater reagent, and frozen at −  20  °C 
until further analysis.

DNA extraction and genotyping

DNA was extracted from 25 mg of each tissue sam-
ple using the Macherey–Nagel NucleoSpin Tissue Kit 
following manufacturer protocol. Pure eluted DNA 
was diluted using a Nanodrop ND-100® spectropho-
tometer to establish working solutions containing 
3–20 ng/µl of DNA product. To confirm the species 
identity of our wild populations, a 660–685  bp seg-
ment of the mitochondrial COI gene was amplified in 
a subset of samples (n = 8 from 4 populations) using 
the Qiagen Multiplex PCR kit (Qiagen®) in a PCR 
mix of 100 ng of cellular DNA, 10 pmol/µl each of 
LCO14 and HCO2198 primers (Konečný et al. 2018), 
6 µl of Qiagen-Mix, and 5 µl of water for a final vol-
ume of 13 µl. All reactions were run using a Biom-
etra UNO-11 cycler with an annealing temperature 
of 51 °C. PCR products were separated on 1.8% aga-
rose gels via gel electrophoresis and extracted using 
the Machery-Nagel gel purification kit. Purified DNA 
from all samples was sequenced by Azenta Life Sci-
ences using reverse primers. Raw sequence reads 

were cleaned and analyzed using Geneious Prime 
Version 10.2.6.

A set of 11 nuclear microsatellite markers identi-
fied by Popa et  al. 2011 and 2015 (AW28, AW238, 
AW521, AW570, AW292, SW2, SW3, SW7, SW13, 
SW15, SW18) were amplified using the Qiagen Mul-
tiplex PCR kit (Qiagen®) in a PCR mix containing 
100 ng of cellular DNA, 0.10–0.36 pmol/µl of prim-
ers, 7.5  µl of Qiagen-Mix, and 5.7–6.0  µl of water. 
Forward primers were labeled with TAMRA, HEX, 
and 6-FAM fluorescent dyes. PCR product was 
diluted to 0.5  µl and combined with a 1.7  µl mix-
ture containing 56 µl of Formamide buffer and 12 µl 
of ROX standard, denatured at 94 °C for three min-
utes, cooled on ice, and loaded into an ABI Prism 310 
Genetic Analyzer (Applied Biosystems, CA, USA) 
with a GENESCAN-500 (LIZ) internal size standard 
following methods from Geist and Kuehn (2005). A 
reference sample was included in each run to ensure 
exact scoring and cross-referencing between gels. 
GeneScan® and Genotyper® softwares (Version 2.5, 
Applied Biosystems, CA, USA) were used for allele 
scoring.

Statistical analyses

Geneious Prime (version 10.2.6; Biomatters Ltd., 
New Zealand) was used to determine pairwise per-
cent identity between our COI reads and reference 
samples from NCBI. GENEPOP 4.0 (Rousset 2008) 
was used to calculate allele frequencies, average 
allele numbers per locus (A), expected and observed 
heterozygosities (HE, Ho), and pairwise FST values 
(Weir and Cockerham 1984). Loci with high allelic 

Table 1  Characterization of study sites containing wild populations

Waterbody Code Use Type Description Location

Großer Hirschbergweiher GH Man-made ponds Nature preserve, light tourist use, pond 
network

Immenreuth, Oberpfalz

Mohrbach MB Brook Natural meadow habitat, flows through 
pond system

Dechsendorf, Mittelfranken

Lentersheimer Stausee LS Small reservoir Inflow from Lentersheimer Mühlbach, 
fish aquaculture

Lentersheim, Mittelfranken

Wörnitz WZ River 60 km Donau tributary Wörnitz, Schwaben
Rothsee RS Large reservoir Inflow from Main-Danube Canal, 

heavy tourist use
Roth, Mittelfranken

Bobinger Weiher BW Man-made ponds Light tourist use, fish aquaculture Bobingen, Schwaben
Hirtenweiher HT Man-made ponds Nature preserve, extensive pond system Erlangen, Mittelfranken
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diversity can suppress FST values and lead to an 
overestimation of relatedness between groups. To 
account for this potential bias, Jost’s D (Jost 2008) 
values were calculated using GenAlEx 6.5 (Peakall 
and Smouse 2012). GENEPOP was also used to test 
for significant population differentiation among all 
pairs of populations using 100,000 iterations and 
1000 de-memorisation steps (Raymond and Rousset 
1995), and to test each locus in each population for 
conformance with Hardy–Weinberg (HW) expecta-
tions. To visualize levels of relatedness between pop-
ulations, the kmeans function in the stats package in 
R (R Core Team, 2022) was used to group FST and 
Jost’s D values into three clusters (centers = 3) using 
25 configurations. This visualization is represented 
as three shades which represent levels of related-
ness (low, intermediate, and high) in Table 4. FSTAT 
2.9.3 (Goudet 2001) was used to calculate values of 
FIS and allelic richness (AR), which was corrected 
by sample size. Private alleles were identified if they 
showed a frequency of more than 5% in one popula-
tion and did not occur in any other population. 2MOD 
was used to estimate relatedness between individuals 
using the F value (Ciofi and Bruford 1999). MICRO-
CHECKER 2.2.3 (Van Oosterhout et  al. 2004) was 
used to check the data for genotyping errors and null 
alleles. The impact of null alleles on genetic differ-
entiation of populations was evaluated with the soft-
ware FREENA (Chapuis and Estoup 2007) by com-
paring FST estimates before and after correcting for 
null alleles. To visualize the structure of our popula-
tions, we conducted a discriminant analysis of prin-
cipal components (DAPC) using the dapc function 
in the ADEGENET v. 1.3–5 package in R (Pritchard 
et al. 2000; Jombart et al. 2010; R Core Team, 2022). 
This function identifies potential groups of related-
ness by first transforming the data by principal com-
ponent analysis before clustering by discriminant 
analysis. We retained 10 principal components and 3 

discriminant functions. Similar colors correspond to 
similar genetic groupings of respective individuals 
and populations.

Results

Lineage assessment of wild populations

A multiple pairwise alignment of seven COI 
sequences from four wild populations to five refer-
ence genes produced a consistent 99.9% pairwise 
identity match to S. woodiana individuals sourced 
from Europe (Table  2). COI sequence alignments 
were 370 bp in length with no gaps and no polymor-
phisms. European populations belong to the HapE-3 
lineage, and it is assumed that this lineage is repre-
sented in the selected reference genes.

Genetic diversity

MICROCHECKER did not detect any genotyping 
errors among the dataset but revealed signs of possi-
ble null alleles in all populations and at all loci except 
three (AW238, SW3, and AW521). These potential 
null alleles had no or negligible impact on genetic 
differentiation of populations as determined by 
FREENA. Because of this, the data set was not cor-
rected for null alleles for subsequent analyses. Table 3 
provides a summary of all indices of microsatellite 
diversity, including population codes.

The microsatellite markers applied in this study 
showed that pet shop populations exhibit an allelic 
richness (AR) of 4.3–4.7 (Table 3). The average num-
ber of alleles per locus (A) was similar between all 
three shop populations (A = 4.5, 5.0, and 5.0; AR = 4.3, 
4.7, and 5.0 for FF, TZ, and FA, respectively). No pri-
vate alleles were detected in the pet shop populations.

Table 2  Multiple pairwise 
analysis of S. woodiana 
COI sequences to NCBI 
reference genes

Species Name Origin Gene Accession No Pairwise iden-
tity match (%)

S. woodiana Romania COI MG515742 99.9
S. woodiana Poland COI MG515740 99.9
S. woodiana Czech Republic COI MG515737 99.9
S. woodiana France COI MG515739 99.9
S. woodiana Bulgaria COI MG515731 99.9
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Genetic diversity varied among wild and pet shop 
populations (Table  3). The lowest genetic diversity 
was recorded from the artificial reservoir RS (A = 3.0; 
AR = 2.6) and the retired fish pond GH (A = 4.0; 
AR = 3.7). High levels of genetic diversity were found 
throughout the three per shop populations, with two 
of them (TZ and FA) reaching the maximum values 
for A and AR across all sampled populations (Table 3). 
The highest allelic diversity (A = 5.0; AR = 4.4) in 
populations from the wild was found in individuals 
from BW, a chain of man-made ponds used for carp 
aquaculture which lies southmost of all other wild 
populations investigated in this study. Private alleles 
were observed in GH (1), LS (1), and MB (2), all of 
which varied in level of allelic diversity.

No shop-sourced or wild populations met the 
requirements for the Hardy–Weinberg Equilibrium 
(Table 3). The expected heterozygosity (HE) was con-
sistently higher than observed heterozygosity (HO) in 
all three shop populations and ranged between 0.583 
(FA) and 0.613 (TZ and FF). HO ranged between 
0.442 (TZ) and 0.496 (FA). Despite a lower sample 
size in comparison to most other populations, FA also 
showed the highest HO overall, including wild popula-
tions. The lowest observed inbreeding coefficient was 
observed in the FF population (FIS = 0.152), which 
was also lowest overall, including wild populations.

In the wild populations, HE ranged between 0.347 
(RS) to 0.622 (BW) and HO ranged between 0.274 
(RS) and 0.484 (BW). These values were generally 

Table 3  Genetic diversity of S. woodiana in seven wild and three pet shop populations in Germany

Code population code used in raw data set; N number of sampled individuals; A number of alleles; AR mean allelic richness cal-
culated for 22 individuals; HO observed heterozygosity; HE expected heterozygosity; F F-value indicating probability of common 
ancestor; FIS inbreeding coefficient; AP expected heterozygosity; HW *** denotes population is not in Hardy–Weinberg Equilibrium

Site Code N A AR HO HE F FIS AP HW

Großer Hirschbergweiher GH 25 4.0 3.7 0.380 0.497 0.23 0.240 1 ***
Mohrbach MB 22 4.7 4.4 0.419 0.538 0.14 0.226 2 ***
Lentersheimer Stausee LS 25 4.9 4.3 0.435 0.562 0.12 0.229 1 ***
Wörnitz WZ 25 4.4 4.0 0.394 0.529 0.13 0.259 0 ***
Rothsee RS 25 3.0 2.6 0.274 0.347 0.49 0.214 1 ***
Bobinger Weiher BW 25 5.0 4.4 0.484 0.622 0.14 0.226 0 ***
Hirtenweiher HT 25 4.4 4.0 0.451 0.558 0.13 0.196 0 ***
Shop 1: Teichzeit TZ 25 5.0 4.7 0.442 0.613 0.07 0.284 0 ***
Shop 2: Fördefisch FF 25 4.5 4.3 0.463 0.613 0.06 0.249 0 ***
Shop 3: Fraku Aquaristik FA 23 5.0 4.5 0.496 0.583 0.06 0.152 0 ***

Table 4  Genetic differentiation between seven wild and three shop-sourced S. woodiana populations using measurements of FST 
(bottom) and Jost’s D (top)

Colors denote levels of differentiation based on three k-means clusters with 25 configurations (white: low; light gray: intermediate; 
dark gray: high). Shops are indicated by underline. Significant p-values after Bonferroni correction are indicated with an asterisk (*)

GH WZ RS BW MB LS HT TZ FF FA

GH 0.214 0.401 0.362 0.171 0.151 0.270 0.263 0.172 0.221
WZ 0.154* 0.480 0.077 0.164 0.123 0.161 0.149 0.111 0.160
RS 0.348* 0.376* 0.484 0.472 0.457 0.488 0.445 0.378 0.391
BW 0.199* 0.047* 0.332* 0.197 0.212 0.217 0.195 0.175 0.225
MB 0.135* 0.113* 0.374* 0.114* 0.098 0.220 0.258 0.147 0.156
LS 0.123* 0.094* 0.353* 0.126* 0.077* 0.181 0.166 0.087 0.115
HT 0.176* 0.106* 0.362* 0.114* 0.143* 0.126* 0.067 0.069 0.053
TZ 0.159* 0.092* 0.320* 0.094* 0.147* 0.105* 0.038* 0.051 0.049
FF 0.114* 0.071* 0.294* 0.087* 0.090* 0.062* 0.043* 0.027* -0.002
FA 0.143* 0.102* 0.305* 0.112* 0.103* 0.086* 0.033* 0.026* 0.000
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lower than those observed in the shop populations, 
which ranged from Ho = 0.442 to 0.446. Only BW 
exhibited a level of HO comparable to that of shop 
populations (HO = 0.484). The lowest inbreeding 
coefficient was observed in HT (FIS = 0.196). All 
other wild populations exhibited an inbreeding coef-
ficient > 0.2, which is similar to the values observed 
in the shop populations. The proportion of com-
mon ancestors within each population ranged from 
F = 0.12 (LS) to F = 0.49 (RS). Both of these systems 
vary extremely in size, use type, and age.

The proportion of common ancestors within 
each population as inferred from the F values of the 

2MOD program was low in the shop populations 
and ranged from F = 0.06 to F = 0.07 in FF, TZ, and 
FA, respectively. These values were lower than those 
observed in wild populations (F = 0.12—0.23). The 
highest F value was observed in the wild GH popu-
lation (F = 0.23). The highest inbreeding value was 
observed in TZ (FIS = 0.284).

Genetic differentiation

Primarily, shop populations were genetically similar 
to each other and to some wild populations (Table 4, 
Fig. 4). No apparent differentiation could be observed 

Fig. 4  a Discriminant 
Analysis of Principal Com-
ponents (DAPC) using 11 
microsatellite loci from 10 
populations of S. woodiana 
with ten principal compo-
nents and three discriminant 
functions. Similar colors 
correspond to similar 
genetic constitutions of 
respective individuals and 
populations. b Genetic 
composition of individu-
als from all populations 
based on the DAPC. Dot 
color corresponds to DAPC 
results; similar colors cor-
respond to similar genetic 
composition
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in a pairwise comparison between the FF and FA 
populations (FST = 0.000) and only a slight differen-
tiation (FST = 0.027) was observed between the FF 
and TZ populations, which was also confirmed in the 
Jost’s D values (Table 4).

We observed distinct differences in genetic struc-
ture among wild populations (Table  4, Fig.  4). The 
lowest level of differentiation was observed between 
individuals from BW and WZ (FST = 0.047). These 
systems vary in use type but are relatively close in 
proximity and belong to a singular drainage system 
(Danube). Overlaps were also observed between indi-
viduals from LS and MB, which vary in structure, use 
type, and drainage (Danube and Main/Rhine, respec-
tively). The RS population was consistently geneti-
cally different from all other wild and shop-sourced 
populations. The most differences were observed 
between individuals from RS and WZ (FST = 0. 376), 
which are geographically close but vary in structure 
and belong to separate drainages (Main/Rhine and 
Danube, respectively).

Some shop populations showed a high similar-
ity to some wild populations, including FF and WZ 
(pairwise FST = 0.071), LS (FST = 0.062), and HT 
(FST = 0.0383). This result is also supported by the 
visualization of the genetic clusters created by the 
DAPC (Fig. 4).

Discussion

In this study, we identified a high level of genetic 
similarity across wild and shop-sourced S. woodi-
ana populations in Germany, with highest levels of 
genetic variability observed in pet shop populations. 
Wild populations shared a single mitochondrial hap-
lotype (HapE-3) and nuclear microsatellite markers 
indicated high congruence between shop and wild 
populations. Only one wild population from an arti-
ficial reservoir, RS, was structurally different than 
all other populations, which may be explained by its 
colonization history.

HapE-3 is the only genetic strain of S. woodiana 
currently documented in Europe and our results add 
German individuals to this group. This result aligns 
with other studies on European populations of S. 
woodiana, which have confirmed low nucleotide 
diversity in comparison to native Asian populations 
(Soroka and Zdanowski 2001; Soroka 2005; Konečný 

et al. 2018). Some believe this is due to the invasion 
trajectory of the HapE-3 group, where a primary, 
single-point introduction gave rise to all current Euro-
pean populations. Low nucleotide diversity is com-
mon in invasive species, especially in recent colo-
nizers such as S. woodiana. Their ability to succeed 
in new environments despite population bottlenecks 
is well described as the so-called ‘genetic paradox’ 
of invasion (Hagenblad et  al. 2015). In these cases, 
phenotypic plasticity can facilitate the colonization 
of new and diverse habitats. In Europe, many shell 
morphologies have been recorded for S. woodiana, 
which may allow the mussel to adapt to a broader 
host fish spectrum, temperatures, and sediment types 
(Guarneri et al. 2014; Reichard et al. 2022).

Nuclear microsatellite data provided a higher level 
of resolution and revealed a high level of genetic 
similarity between shop-sourced individuals, which 
indicates that pet shops likely all source their mussels 
from the same or a similar genetic pool. This result, 
while possibly reflective of the overall genetic con-
stitution of S. woodiana in Europe, may have further 
been influenced by the relative proximity of our sam-
pled populations, or the short time frame in which 
we ordered our shop-sourced mussels. It is possible 
that the genetic relationships between wild and shop 
populations may be more complex at larger scales or 
at different points of time.

Shop-sourced individuals were also genetically 
similar to most wild populations. Currently, informa-
tion about the collection, distribution, and sale of S. 
woodiana is very limited. This is true for pet shop 
websites (pers. obs.) but also literature on the subject 
(Schoolmann et al. 2006; Patoka et al. 2017; Dobler 
et  al. 2022), making genetic studies an interesting 
(and sometimes the only) tool to resolve population 
histories. Due to restrictions which exist regarding 
the sale of S. woodiana in Europe, it is possible but 
unlikely that pet shops source their mussels from 
local, wild populations like the ones included in our 
study. To our knowledge, only one nature-to-shop 
pathway has been identified, where a shop-sourced 
individual was traced to a > 30-year naturalized fish 
pond in northern Poland (Urbańska et  al. 2019). 
Conversely, shop-to-nature pathways are more com-
mon and have been observed in Sweden (Von Pro-
schwitz 2008), Germany (Schoolmann et  al. 2006), 
and Poland (Urbańska and Andrzejewski 2019). 
While our results cannot confirm the directionality 
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of the mussel’s invasion pathway, we believe it is 
more likely that the collection, sale, and distribution 
of S. woodiana by larger suppliers contributes to the 
admixture of smaller, wild populations. This theory 
is also supported by the observation that genetic vari-
ability was generally greatest in the pet shop popula-
tions, and slightly lower in most of the wild popula-
tions. Notably, mussels from the Rothsee reservoir 
were genetically different from all other populations 
and exhibited the lowest allelic diversity in all popu-
lations included in this study. The Rothsee is a large, 
man-made reservoir that stores water from the Dan-
ube River by way of the Main-Danube channel con-
necting two formerly separate main drainage systems 
of Main and Danube, before it is released to lower 
lakes and rivers. The reservoir is a young system that 
is regularly managed by draining events. Because of 
this, mussel populations are well monitored in the 
reservoir, and S. woodiana was first detected there 
only recently in 2019 (pers. comm; A. Dobler). In this 
system, most mussels were found close to the shore 
(max. 4 m depth) and to the in-/outflow of the Main-
Danube channel, where they are believed to have been 
deposited via infested fishes in a historically invaded 
system (Paunovic et al. 2006; Popa et al. 2011; Lajt-
ner and Crnčan 2011; Dobler et  al 2022). The Dan-
ube is a major invasion pathway for S. woodiana in 
Europe. First populations in Croatia were reported in 
the Danube Basins in Slovakia (Halgoš 1999), Hun-
gary (Vituki 2001), Serbia (Paunovic et  al. 2006), 
and later in Croatia (Graf et al. 2008), where migrat-
ing populations ultimately spread into inland lakes 
and rivers. This natural dispersal mode represents 
another important source of admixture for European 
populations. It is possible that the genetic differ-
ences observed in the Rothsee population are due to 
its Danube origin, where its dispersal route has not 
been subjected to the level of admixture observed in 
our other inland study sites. The structural unique-
ness of the Rothsee population suggests that the dis-
persal mode of S. woodiana (natural vs anthropogenic 
spread) may influence its population dynamics.

The results of our study have multiple implica-
tions for the management of S. woodiana in Europe. 
Importantly, steps must be taken on a case-by-case 
basis to limit the further distribution of S. woodi-
ana by pet shops. The sale of invasive species can 
be regulated by educating shop vendors and pond 
owners and by pit-tagging and registering invasive 

organisms. Researchers must continue to work closely 
with farmers to identify the most feasible methods for 
controlling the mussel in colonized ponds. This can 
include caging fishes in transition ponds before they 
are moved to other water bodies, or checking gills 
to ensure that carp and stocking fishes are free from 
glochidia before releasing them into natural waters 
(Dobler et al. 2022). Importantly, fish farmers, as well 
as anglers with whom farmers closely work, must be 
made aware of the effects that S. woodiana has on 
native mussel diversity to maximize the impact of 
management efforts (Urbańska et al. 2021).

Conclusions

The findings of this study contribute to a better 
understanding of the genetic relatedness and inva-
sion pathways of the non-native Chinese pond mussel 
in Europe. The close genetic relatedness of pet shop 
sources as well as most wild populations point at a 
single source population from which mussels enter 
the wild. Conversely, the observation of a differentia-
tion of one wild population from all others indicates 
the occurrence of other dispersal pathways. In almost 
all cases, comparatively high levels of genetic vari-
ability within populations suggest multiple founders 
and the absence of strong genetic bottlenecks, match-
ing existing knowledge on the great adaptive potential 
of the species to a range of environmental conditions 
in newly colonized habitats (Dobler et  al., 2022). 
From a management perspective, preventing the fur-
ther uncontrolled sale, introduction and dispersal of 
the species in Germany should become a key priority 
given its adverse effects on native fauna (Geist et al. 
2023).
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