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evidence that S. woodiana has already become estab-
lished in many water systems in Bavaria, with fish 
ponds and fisheries management practises being a 
likely vector. To counteract this species and to con-
serve native mussel species, it is important to imple-
ment effective legislation, to take measures to eradi-
cate this invasive mussel transnationally, and to raise 
public awareness.

Keywords  Chinese pond mussel · Sinanodonta 
woodiana · Unionidae · Freshwater mussels · Invasive 
species · Co-occurrence

Introduction

Biological invasions can have major impacts on local 
freshwater ecosystems (Keller et al. 2011; Malmqvist 
and Rundle 2002; Strayer and Dudgeon 2010). Thus, 
the introduction of alien species can bring about an 
increase of competition in several contexts (e.g. food 
resources, reproduction) as well as predation which 
could result in a decline of native species (Sousa et al. 
2014; Zahner-Meike and Hanson 2001). Native fresh-
water mussel populations have declined globally in 
recent decades and most of them are now considered 
endangered (Lopes-Lima et al. 2018). These declines 
result mainly from water pollution, habitat degrada-
tion and fragmentation as well as climate change 
(Dudgeon et  al. 2006; Lydeard et  al. 2004; Regnier 
et  al. 2009; Stoeckl et  al. 2020; Strayer et  al. 2004; 

Abstract  The Chinese pond mussel, Sinanodonta 
woodiana, is non-native to European freshwater sys-
tems. Originating from Asia, it was brought to Europe 
in the 1970s and is now spreading across many 
countries. Management of the species is currently 
limited by a lack of information on the actual distri-
bution and population characterisation of S.  woodi-
ana as well as on the co-occurrence of native mus-
sels potentially resulting in competition. For this 
paper, we examined nine water systems in the Ger-
man federal state of Bavaria with randomly observed 
and anecdotally reported S.  woodiana occurrences. 
We recorded the density and biomass of S.  woodi-
ana and of the co-existing mussel species as well as 
the habitat characteristics. We found S. woodiana in 
eight water systems, co-existing with other native 
and invasive mussel species in seven of them. The 
distribution of S. woodiana was geographically wide-
spread throughout Bavaria, indicating great invasion 
potential. In one fish pond, S. woodiana was the only 
mussel species occurring with the highest mean bio-
mass (1286.0 ± 1067.7  g  m−2) and with the biggest 
specimen (25.0 cm and 1616.0 g). The wide range of 
habitat variables matched the expectation of a wide 
ecological niche for the species. This study provides 
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Young and Williams 1983). In addition, the negative 
effects of invasive alien species (IAS) can be impor-
tant. For instance, predation of invasive muskrat 
(Ondatra zibethicus) can cause considerable damages 
to mussel populations (Zahner-Meike and Hanson 
2001) and also invasive freshwater crayfish appear to 
have negative impacts on native mussel populations 
(Dobler and Geist 2022; Meira et  al. 2019; Schmidt 
and Vandré 2012; Sousa et al. 2019). Also, the spread 
of invasive freshwater bivalves can lead to increas-
ing competition pressures (Urbańska et  al. 2021). 
The relatively small invasive Asian  clam Corbicula 
fluminea (Müller, 1774), which, however, occurs in 
high densities, and the invasive zebra mussel, Dre-
issena polymorpha (Pallas, 1771), both compete 
strongly with native mussels for food as a result of 
their high filtration rates (Cohen et  al. 1984; Phelps 
1994; Strayer et  al. 1999). In Europe, both species 
are well established in many standing or slow flow-
ing water bodies (see Karatayev et al. 2005; Van der 
Velde et al. 2010). Due to its ability to attach to solid 
objects using byssus threads, D.  polymorpha can 
overgrow native bivalves, which can negatively affect 
the physiological condition of and also deform or at 
least overturn and thus kill these mussels (Ożgo et al. 
2020; Sousa et al. 2011). Aside from this, the direct 
impact of dreissenid fouling on industrial and infra-
structural facilities results  in manifest technical and 
financial damage (Cuthbert et  al. 2021; Sousa et  al. 
2014), which attracts widespread attention in society. 
In contrast, the invasion of unionids has remained 
relatively unnoticed and the potential effects have not 
yet been considered. Nevertheless, there is increasing 
evidence that another occurring non-native freshwa-
ter mussel, the Chinese pond mussel Sinanodonta 
woodiana (Lea, 1834), has competitive advantages 
over other unionids native to Europe. For example, 
this species can use a broader range of suitable fish as 
hosts, achieves higher infestation rates and develops 
faster than native mussel species (Douda et al. 2012; 
Huber and Geist 2019). In addition, the quantity of 
glochidia is larger in S. woodiana compared to native 
unionids, breeding is not limited to one single action 
per year (Labecka and Czarnoleski 2019; Labecka 
and Domagala 2018) and the glochidia are also more 
persistent over a range of temperatures (Benedict and 
Geist 2021). All this leads to increased reproduction 
success for S. woodiana. Conversely, the recruitment 
of native unionids could be reduced if a host fish has 

already been infested with glochidia of S. woodiana 
as has been shown by Donrovich et  al. (2017) for 
Anodonta anatina. In addition, adult specimens have 
been reported to tolerate a wider range of substratum 
conditions in comparison with native mussel species 
(Urbańska et al. 2021).

S.  woodiana originates from the Yangtze River 
basin and from Taiwan (see Kondakov et  al. 2018; 
Lopes-Lima et  al. 2020) and is spreading to many 
countries globally (see e.g. Bespalaya et  al. 2018 
for Siberia; Bogan et  al. 2011 for USA; Kondakov 
et  al. 2018 for Uzbekistan; Konecny et  al. 2018 for 
Europe; Kondakov et  al. 2020 for Russia; Bolotov 
et al. 2016; Zieritz et al. 2018a for Malaysia and Indo-
nesia; Zieritz et  al. 2018b for Borneo; Zieritz et  al. 
2016 for Malaysia). In Europe, this species was first 
recorded in western Romania in 1979 (Sarkany-Kiss 
1986) and then three years later near Arles in south-
ern France (Adam 2010). Initially, its spread was 
slow and restricted to artificial heated water (see 
Urbańska et al. 2012) but has become faster in the last 
two decades (Lopes-Lima et al. 2017). Konecny et al. 
(2018) described the initial introduction of this spe-
cies to Europe as resulting from a commercial import 
of Asian carp from the Yangtze River basin to hatch-
eries in Romania in the early 1960s, while a further 
spread of S.  woodiana from the Amur River basin 
that were brought to hatcheries in Hungary could not 
be genetically verified in Europe. With its ability to 
adapt to cold water, this mussel species has succeeded 
in invading many water systems within Europe 
(Konecny et al. 2018). In addition, this species is sold 
in many outlets such as garden centres and construc-
tion markets that provide pond products as well as in 
aquaristics online stores, often erroneously named as 
“European pond mussel” (pers. obs.). This provides 
S. woodiana with an additional opportunity to spread 
even further.

Despite the situation that S.  woodiana has colo-
nised many European countries, the European Union 
lacks a consistent approach for classification and 
management. The German legal status, for exam-
ple, classifies S.  woodiana as ‘potentially invasive’ 
(Rabitsch and Nehring 2017) because of the lack of 
documentation on the actual distribution and inva-
siveness of S.  woodiana. This shows the need to 
evaluate the actual distribution of S.  woodiana as 
well as its co-occurrence with native mussel spe-
cies. For effective management of S.  woodiana, 
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systematic documentation of its habitat preferences, 
distribution pathways and its effects on native mus-
sels in the event of coexistence would provide crucial 
information. Some studies already exist that docu-
ment single populations or the spatial distribution of 
S. woodiana, partly combined with an analysis of the 
co-occurrence and competition with native mussels, 
while other studies are focussed on single populations 
and the description of their habitat conditions. In this 
study, we have systematically investigated the habitat 
conditions and mussel community of various water 
bodies over a larger regional scale.

Therefore, we monitored nine water systems 
with randomly observed and anecdotally reported 
S.  woodiana occurrences in Bavaria, Germany. Our 
main aims were (i) to verify the alleged occurrences 
of S. woodiana in Bavaria as well as to assess estab-
lishment of this species in these water systems; (ii) to 
characterise the habitat conditions where the species 
is found; (iii) to characterise the S. woodiana popu-
lations with respect to population density, mussel 
length and biomass and (iv) to assess the co-occur-
rence and potential interactions with native mussel 
species. We hypothesised that (i) S.  woodiana still 
only occurs sporadically in the study region, (ii) the 
distribution of S. woodiana is limited to artificial or 
anthropogenic water bodies like fish ponds and (iii) 
the density and biomass of S. woodiana is higher than 
that of native mussel species.

Methods

Study area

The study area covers the federal state of Bavaria 
in Germany with its three main catchment areas of 
the Danube, Main and Elbe. We searched for refer-
ences of known S. woodiana occurrences in the fed-
eral species protection database (LfU 2020) as well 
as for hints from the public collected by the Bavarian 
coordination office for freshwater mussel conserva-
tion (personal communication) over a period of four 
years. We systematically examined nine water bodies 
(Fig. 1) with a speculated occurrence of S. woodiana. 
All necessary permissions for this study including 
protected species and protected areas were obtained 
(reference numbers: RMF-SG55.1–8646-7–111-2 
for Middle Franconia, 55.3–8646-2/856 for Swabia, 

ROP-SG55.1–8622.1–47-2–3 for Upper Palatinate 
and 41.0.03/8231 for the administrative district of 
Passau).

Data collection

Based on the different macrohabitats of each water 
body, we haphazardly distributed a minimum of 
six sampling plots around the area of the suspected 
S.  woodiana occurrence by randomly placing sam-
pling frames onto the water bottom. We used 
0.5 × 0.5 m or 1 × 1 m frames respectively a twelve-
metre-long and at both ends connected chain with 
marks all 3  m defining the 4 corners (= 9  m2) to 
define the spots. This resulted in a total of 129 quad-
rats of 1 m2 (i.e. 0 to 50 per site) and 19 quadrats of 
9 m2 (i.e. 0 to 12 per site). We systematically started 
with the smallest frame before switching to the next 
largest frame after 5 spots with no mussels to ensure 
sufficient quantity. At sampling spots with a water 
depth of more than 1 m or with high turbidity, sam-
pling was performed by scuba diving.

Abiotic habitat parameters

To characterise the habitats and to determine the 
ecological tolerance of S.  woodiana, we measured 
temperature (T, in °C), dissolved oxygen (O2, in 
mg L−1), pH-value, and electric conductivity (Cond., 
in μS cm−1, relative to 25 °C) using a handheld Multi 
3630 IDS F meter (WTW, Weilheim, Germany) 
once in the open water (FW) as well as in a sample 
of interstitial water taken at a substratum depth of 
10 cm (IN) in the middle of the sampling spot (Geist 
and Auerswald 2007). We also measured the turbid-
ity (Turb, in NTU) using a handheld Turb®  355  T 
(WTW, Weilheim, Germany). At spots we had to 
sample by scuba diving, we took samples of intersti-
tial water as well as of open water above the ground 
and immediately delivered these samples to the sur-
face for measurements.

To characterise the substrate, we measured the 
penetration resistance (PR, in kg  cm−2) using a 
handheld penetrometer (Eijkelkamp Agrisearch 
Equipment, Giesbeek, The Netherlands) as well as 
the redox potential (Eh, in mV) in  situ in the open 
water and in the interstitial water (10  cm depth) as 
per Geist and Auerswald (2007) using a handheld 
pH 3110 meter (WTW, Weilheim, Germany) together 
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Fig. 1   Map of the study 
area with the three main 
drainage systems of 
Bavaria, Germany. Black 
crosses indicate the nine 
sampling locations
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with a platinum electrode and an Ag/AgCl2-reference 
electrode. At scuba diving spots the interstitial redox 
measurement was performed within the interstitial 
water samples. In addition, the water depth and, if 
present, the thickness of the silt layer were measured 
using a measuring rod (± 0.5  cm). For diving spots 
the water depth was measured using a depth gauge 
(± 0.25 m).

In running waters, we measured the width of the 
waterbody using a measuring tape (± 0.05  m) for 
widths up to 25 m and the measuring tool of a satel-
lite image viewer (https://​geopo​rtal.​bayern.​de/​bayer​
natlas) for widths over 25 m. In accordance with com-
mon techniques in hydrological studies, we measured 
the flow velocities (v, in m  s−1) at 60% depth of the 
water column (mc) as well as at 2 cm below the sur-
face (su) (see Stoeckl and Geist 2016), using a hand-
held flowmeter (Flowtherm NT, Höntzsch, Waiblin-
gen, Germany). Since the pond at Muenchsmuenster 
was drained at the time of sampling, no abiotic water 
parameters could be collected.

Biotic parameters

We collected all mussel specimens that could be 
detected visibly or by touch within the defined spots. 
After the abiotic samples, we also disturbed the sedi-
ment by hand to a maximum of 50 cm depth if pos-
sible, e.g. in fine sediment, to find buried individuals. 
All collected mussels were counted and determined at 
the species level. The wet body mass of each unionid 
specimen was weighed separately using field scales 
(± 1 g) and its shell length was measured using cal-
lipers (± 0.1 mm). Mussels with attached dreissenids 
were cleaned before the measurements and the wet 
body mass of the attached Dreissena spp. specimens 
were weighed separately. All Corbicula  spp. speci-
mens found were counted and weighed together. All 
protected mussels were immediately returned to the 
sample location, whereas invasive mussels were not 
released.

The coverage of the macrophytes (Marcoph., in %) 
within the sampling frames was documented.

Statistical analyses

We summarised all found mussels and calculated the 
mussel density (in Ind m−2) and biomass (in g m−2) in 
total and for each mussel species separately for each 

water system. Due to the high amount of dreissenid 
bundles in the Rothsee consisting mainly of dead 
shells as well as live specimens it was not practicable 
to examine each single mussel specimen. Therefore, 
we did not include dreissenids in density and biomass 
calculations. We also calculated the average shell 
length and mean wet weight of S. woodiana for each 
water body. For habitat parameters, maximum, mini-
mum and mean values were calculated. Unless stated 
otherwise, arithmetic mean and standard deviation 
(SD) were calculated and reported as mean ± standard 
deviation. We computed a generalised linear model 
(GLM; model 1) using the “glm”-function within 
R (version 4.1.0; R Core Team 2020) with a binary 
value of plots with (1) and without (0) mussel occur-
rence as the response variable and with the abiotic 
and biotic values (O2 FW, O2 IN, T FW, T IN, Lf FW, 
Lf IN, pH FW, pH IN, v su, v mc, water depth, Mac-
roph., Turb, PR, Eh FW, Eh IN) as predictors. We 
used the function “stepAIC” to select the best model 
and set the significance levels to p < 0.05.

To determine the proportion of explained varia-
tion in the abundance and biomass data of the native 
mussel species by physico-chemical parameters as 
well as the abundance or biomass of S.  woodiana, 
non-parametric distance-based linear modelling 
(DistLM) using PRIMER (version 7) with the PER-
MANOVA + add on (Plymouth Marine Laboratory, 
Plymouth, UK; Anderson et  al. 2008) was carried 
out with 999 permutations. The model was based on 
the Bray–Curtis distance resemblance. AIC (Akaike 
Information Criterion) was used as the selection 
criterion and the procedure of selection followed a 
BEST analysis. To visualise the community structure 
and the similarity of the different spots, we plotted 
the DistLM in a distance-based redundancy analysis 
(dbRDA) for the native mussel density and biomass 
with bubbles representing the species contributions. 
We only used environmental variables with a signifi-
cant contribution to the relationship with the abun-
dance or biomass data of the native mussel species as 
well as abundance or biomass of S. woodiana as an 
overlay.

https://geoportal.bayern.de/bayernatlas
https://geoportal.bayern.de/bayernatlas
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Results

Population characteristics

We sampled a total of 148 plots with a total of 
300  m2 (129 × 1  m2 and 19 × 9  m2) in nine differ-
ent water systems across Bavaria and found mus-
sels in 55.4% of the samples. We could verify the 
establishment of S.  woodiana in eight of the nine 
sampled water systems where it was expected to 
occur based on random observations and anecdo-
tal reporting. Within 35.1% of our sampling plots 

we found 100 individuals of S. woodiana. In addi-
tion, we could find another 92 individuals outside 
of our plots. We found the native mussel species 
A.  anatina, A.  cygnea and U.  pictorum in five, 
U.  tumidus in one and the other invasive mus-
sel species C.  fluminea and Dreissena  spp. also 
in one of the nine sampled water bodies. Over 
all samples including spots without mussels, the 
mean mussel density was 2.2 ± 4.4  Ind  m−2 with a 
mean biomass of 35.9 ± 191.0 g m−2. For S. woodi-
ana, mean density was 0.45 ± 0.84  Ind  m−2 with a 
mean biomass of 150.8 ± 427.2  g  m−2. We found 

Fig. 2   Percentage contribu-
tion of (a) the number of 
individuals and (b) the 
biomass of all native and 
invasive mussel species for 
each sampled water body
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the highest mussel density in the reservoir Roth-
see with 5.8 ± 7.1  Ind  m−2 and a maximum of 
26  Ind  m−2. This reservoir also had the highest 
mussel diversity with a percentage contribution of 
S.  woodiana, A.  anatina, A.  cygnea, U.  pictorum 
and C. fluminea with 4.0%, 6.3%, 0.1%, 52.3% and 
36.8% in number of individuals (see Fig.  2a) and 
with 23.2%, 18.3%, 4.7%, 49.5% and 4.2% in bio-
mass (see Fig.  2b), respectively. In the fish pond 
Burlafinger Weiher, S. woodiana was the only mus-
sel species occurring and had the highest mean bio-
mass (1286.0 ± 1067.7 g m−2) of all sampled water 
systems. We also found the largest specimen in this 
pond at 25.0 cm and 1616.0 g (Fig. 3). 

In seven of the nine sampled water systems 
and in 14.2% of all sampling spots, S.  woodiana 
was found co-occurring with native (A.  anatina, 

A. cygnea, U. pictorum, U. tumidus) or other inva-
sive mussel species (C.  fluminea, D.  bugensis and 
D.  polymorpha). The reservoir Rothsee, which is 
connected to the Main-Danube-channel and serves 
as a water compensation body, hosts most of the 
species mentioned above excluding U. tumidus.

Habitat characterisation

We additionally characterised the habitat by measur-
ing abiotic and biotic variables in 95 sampling spots. 
We found mussels in 76 of these sampling spots 
whereas in 19 spots mussels could not be detected. A 
significant difference of plots with and without mus-
sels could only be detected in dissolved oxygen of the 
water column (ANOVA; F = 6.223; p < 0.05) with 
10.2 ± 2.4 mg L−1 and 8.6 ± 1.0 mg L−1, respectively. 

Fig. 3   Boxplots of individual (a) shell lengths and (b) wet 
weights of S. woodiana specimens from each sampled water 
body. The horizontal lines indicate median values, boxes 
the 25th to 75th percentiles, whiskers the lowest and highest 

values within 1.5 times the values observed in the percentile 
boxes and black dots single cases exceeding 1.5 times the val-
ues observed in the percentile boxes. Abbreviations for water 
systems originate from Table 1
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The other abiotic parameters were nearly identical in 
both groups (Table 1).

Within the studied water bodies, there was a great 
variance in structure and morphology as well as the 
measured physico-chemical parameters. In terms of 
oxygen supply, S.  woodiana was found over a wide 
range of dissolved oxygen concentration with a min-
imum of 4.5  mg  L−1 in Moorbach and a maximum 
of 14.9 mg  L−1 in the Burlafinger Weiher (Table 2), 
even though this sampling cannot be considered 
representative due to seasonal and daily variation. 
Accordingly, the redox-potential at 10  cm depth of 
the interstitial showed a wide range from -213 mV in 
the fish pond Hirtenweiher to 450 mV in the reservoir 
Rothsee (Table 2). The latter was also the only water 

body with a mean above the threshold of 300  mV 
with values below indicating anoxic conditions 
(Schlesinger 1991). In addition, most of the plots 
had soft substratum as evident from the low means 
of penetration resistances (e.g. 0.00 ± 0.00  kg  cm−2 
in the Burlafinger Weiher and 0.01 ± 0.02 kg cm−2 in 
the Hirtenweiher, Table  2), and high mean amounts 
of silt (e.g. 25.5 ± 11.3  cm in the Hirtenweiher and 
60.0 ± 54.8  cm in the Wörnitz, Table  2). S.  woodi-
ana was found to a maximum water depth of 4.0 m 
in the Rothsee. Mean conductivity of the water bod-
ies showed a wide range from 270 ± 3 µS cm−1 in the 
Burlafinger Weiher to 684 ± 49 µS  cm−1 in the Wör-
nitz (Table 2).

Table 1   Population density (Ind m−2) of all mussels and for each species separately for each water system separately and in total

Given values are shown with mean ± standard deviation in the first line and with the range given in brackets in the second line. An 
“*” indicates an invasive species

Sampled water systems Mussel density

Names Abbrevia-
tion

All S. woodi-
ana*

A. anatina A. cygnea U. crassus U. pictorum U. tumidus C. fluminea*

Aischgraben/
Kleine 
Weisach

AK 1.5 ± 1.7 
[0.0–5.0]

0.0 ± 0.0 
[0.0–0.0]

0.8 ± 1.2 
[0.0–3.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.8 ± 0.7 
[0.0–2.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Backwater 
Inn

BI 1.3 ± 1.4 
[0.0–4.0]

0.3 ± 0.5 
[0.0–1.0]

0.3 ± 0.5 
[0.0–1.0]

0.2 ± 0.4 
[0.0–1.0]

0.0 ± 0.0 
[0.0–0.0]

0.5 ± 0.5 
[0.0–1.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Burlafinger 
Weiher

BW 2.0 ± 1.2 
[1.0–5.0]

2.0 ± 1.2 
[1.0–5.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Großer 
Hirsch-
bergweiher

GH 0.3 ± 0.4 
[0.0–1.1]

0.1 ± 0.1 
[0.0–0.3]

0.0 ± 0.0 
[0.0–0.0]

0.3 ± 0.4 
[0.0–1.1]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Hirtenweiher HW 0.4 ± 0.7 
[0.0–1.9]

0.4 ± 0.6 
[0.0–1.8]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.1]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Moorbach MB 4.9 ± 4.9 
[0.0–14.0]

1.4 ± 1.2 
[0.0–4.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

2.3 ± 2.7 
[0.0–8.0]

1.1 ± 1.7 
[0.0–4.0]

0.0 ± 0.0 
[0.0–0.0]

Rothsee RS 5.8 ± 7.1 
[0.0–26.0]

0.2 ± 0.5 
[0.0–2.0]

0.4 ± 0.5 
[0.0–1.0]

0.0 ± 0.2 
[0.0–1.0]

0.0 ± 0.0 
[0.0–0.0]

3.0 ± 3.3 
[0.0–12.0]

0.0 ± 0.0 
[0.0–0.0]

2.1 ± 4.0 
[0.0–13.0]

Pond near 
Muenchs-
muenster

PM 0.1 ± 0.3 
[0.0–1.0]

0.1 ± 0.2 
[0.0–1.0]

0.0 ± 0.1 
[0.0–1.0]

0.0 ± 0.2 
[0.0–1.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

Woernitz WO 3.7 ± 5.1 
[0.0–20.0]

1.3 ± 0.9 
[0.0–3.0]

0.2 ± 0.4 
[0.0–1.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

2.2 ± 5.2 
[0.0–19.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

All 2.2 ± 4.4 
[0.0–13.0]

0.5 ± 0.8 
[0.0–5.0]

0.2 ± 0.4 
[0.0–3.0]

0.1 ± 0.2 
[0.0–1.1]

0.0 ± 0.0 
[0.0–0.0]

1.0 ± 2.6 
[0.0–19.0]

0.1 ± 0.5 
[0.0–4.0]

0.4 ± 2.0 
[0.0–13.0]
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Coexistence of S. woodiana with native mussel 
species

Over all sampling spots, the highest number of indi-
viduals over all mussel species (20  Ind  m−2) were 
found in one spot with S.  woodiana co-occurring 
with U.  pictorum (Fig.  4a.) whereas the highest 
biomass (3312.0 g m−2) was found in one spot with 
S.  woodiana as the only mussel species (Fig.  4b.). 

According to the DistLM, the redox of the water 
column (AIC = 145.9, SS-trace = 5870.2, Pseudo-
F = 3.0, p < 0.05) and the temperature of the water 
column (AIC = 146.3, SS-trace = 5205.0, Pseudo-
F = 2.6, p < 0.05) explained 15.0% and 13.3%, 
respectively, of the variance of native mussel abun-
dance (Fig.  5a). The redox of the water column 
(AIC = 149.2, SS-trace = 7337.4, Pseudo-F = 3.2, 
p < 0.05) and conductivity of the interstitial water 

Table 2   Characterisation of the sampled S. woodiana habitats with water and sediment parameters for each water body and in total

Given values are shown with mean ± standard deviation in the first line and with the range given in brackets in the second line. 
Abbreviations for water systems originate from Table 1

Variables BW  
(N = 9)

GH  
(N = 6)

HW  
(N = 6)

BI  
(N = 2)

MB  
(N = 7)

RS  
(N = 6)

WO  
(N = 12)

All  
(N = 48)

Open water

O2 FW (mg 
L−1)

13.6 ± 0.7 
[12.8–14.9]

NA 11.0 ± 0.7 
[10.3–12.3]

9.5 ± 0.3 
[9.3–9.7]

6.1 ± 1.5 
[4.5–7.9]

8.7 ± 0.4 
[8.0–9.3]

11.1 ± 2.2 
[8.0–14.2]

10.4 ± 2.8 
[4.5–14.9]

T FW (°C) 20.2 ± 0.6 
[19.6–21.2]

NA 11.4 ± 0.3 
[11.1–11.7]

10.5 ± 0.0 
[10.5–10.5]

9.2 ± 0.6 
[8.4–9.7]

19.1 ± 4.0 
[16.2–24.8]

22.1 ± 2.3 
[18.9–24.2]

17.0 ± 5.6 
[8.4–24.8]

Cond FW (µS 
cm−1)

270 ± 3 
[265–274]

NA 593 ± 4 
[587–598]

291 ± 0 
[291–291]

589 ± 36 
[543–635]

562 ± 9 
[550–568]

684 ± 49 
[614–732]

530 ± 164 
[265–732]

pH FW 8.8 ± 0.1 
[8.7–8.9]

NA 8.4 ± 0.1 
[8.3–8.5]

8.0 ± 0.0 
[8.0–8.1]

7.5 ± 0.1 
[7.5–7.6]

8.0 ± 0.0 
[8.0–8.1]

8.2 ± 0.2 
[8.0–8.6]

8.2 ± 0.4 
[7.5–8.9]

Eh FW (mV) 401 ± 9 
[385–414]

NA 266 ± 92 
[87–332]

247 ± 71 
[196–297]

375 ± 51 
[304–432]

410 ± 30 
[361–436]

416 ± 179 
[-28–670]

375 ± 118 
[-28–670]

Turb (NTU) 7.5 ± 3.2 
[4.1–14.3]

NA 35.7 ± 15.1 
[22.1–65.3]

35.9 ± 35.5 
[10.8–61.0]

21.5 ± 8.0 
[7.7–29.3]

4.6 ± 1.7 
[2.1–7.2]

16.1 ± 11.6 
[6.9–43.4]

17.3 ± 14.9 
[2.1–65.3]

v su (m s−1) 0.00 ± 0.00 
[0.00–0.00]

NA 0.00 ± 0.00 
[0.00–0.00]

0.00 ± 0.00 
[0.00–0.00]

0.10 ± 0.13 
[0.00–0.28]

0.00 ± 0.00 
[0.00–0.00]

0.05 ± 0.06 
[0.00–0.16]

0.03 ± 0.07 
[0.00–0.28]

v mc (m s−1) 0.00 ± 0.00 
[0.00–0.00]

NA 0.00 ± 0.00 
[0.00–0.00]

0.00 ± 0.00 
[0.00–0.00]

0.10 ± 0.12 
[0.00–0.29]

0.00 ± 0.00 
[0.00–0.00]

0.06 ± 0.06 
[0.00–0.19]

0.03 ± 0.07 
[0.00–0.29]

Depth (cm) 104.1 ± 16.8 
[65.0–120.0]

30.7 ± 4.2 
[25.0–36.0]

44.2 ± 19.4 
[26.0–76.0]

89.0 ± 4.2 
[86.0–92.0]

52.3 ± 16.8 
[18.0–70.0]

296.7 ± 101.3 
[150.0–400.0]

79.8 ± 23.2 
[59.0–135.0]

97.2 ± 88.0 
[18.0–400.0]

Width (m) NA NA NA 29.8 ± 8.8 
[23.5–36.0]

3.4 ± 0.5 
[2.5–4.1]

NA 30.9 ± 13.7 
[14.8–57.9]

21.6 ± 16.8 
[2.5–57.9]

Substrate

O2 IN (mg 
L−1)

0.6 ± 1.3 
[0.0–3.9]

NA 0.8 ± 1.2 
[0.0–3.0]

1.6 ± 0.1 
[1.5–1.7]

0.5 ± 0.5 
[0.0–1.5]

3.1 ± 1.9 
[0.4–6.1]

1.1 ± 1.1 
[0.0–3.3]

1.2 ± 1.4 
[0.0–6.1]

T IN (°C) 21.6 ± 0.3 
[20.9–21.9]

NA 12.2 ± 0.2 
[11.9–12.5]

11.4 ± 0.7 
[10.9–11.9]

10.0 ± 0.8 
[9.0–11.4]

19.2 ± 4.5 
[15.6–25.3]

21.8 ± 1.9 
[19.3–24.4]

17.5 ± 5.3 
[9.0–25.3]

Cond IN (µS 
cm−1)

356 ± 81 
[265–530]

NA 655 ± 63 
[594–736]

394 ± 37 
[367–420]

882 ± 227 
[610–1.282]

639 ± 87 
[536–768]

792 ± 97 
[704–1.009]

653 ± 224 
[265–1282]

pH IN 7.0 ± 0.2 
[6.8–7.3]

NA 7.6 ± 0.5 
[7.2–8.4]

7.3 ± 0.1 
[7.3–7.4]

7.0 ± 0.4 
[6.6–7.8]

7.2 ± 0.3 
[7.0–7.7]

7.2 ± 0.3 
[6.8–7.6]

7.2 ± 0.3 
[6.6–8.4]

Eh IN (mV) 296 ± 80 
[192–413]

NA 49 ± 140 
[-213–202]

121 ± 105 
[46–195]

24 ± 33 
[-5–76]

356 ± 83 
[252–450]

133 ± 136 
[-148–280]

169 ± 157 
[-213–450]

PR (kg cm−2) 0.00 ± 0.00 
[0.00–0.00]

NA 0.01 ± 0.02 
[0.00–0.05]

0.03 ± 0.01 
[0.02–0.03]

0.19 ± 0.18 
[0.01–0.55]

0.18 ± 0.11 
[0.07–0.38]

0.27 ± 0.17 
[0.00–0.51]

0.14 ± 0.16 
[0.00–0.55]

Silt layer (cm) 18.8 ± 10.1 
[8.0–40.0]

1.7 ± 2.6 
[0.0–5.0]

25.5 ± 11.3 
[10.0–38.0]

6.5 ± 4.9 
[3.0–10.0]

23.1 ± 35.4 
[0.0–100.0]

NA 60.0 ± 54.8 
[0.0–100.0]

20.7 ± 29.6 
[0.0–100.0]

Macroph. (%) 25.0 ± 27.4 
[0.0–80.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

12.5 ± 10.6 
[5.0–20.0]

0.0 ± 0.0 
[0.0–0.0]

0.0 ± 0.0 
[0.0–0.0]

4.2 ± 7.9 
[0.0–20.0]

6.3 ± 15.4 
[0.0–80.0]
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(AIC = 149.9, SS-trace = 5903.5, Pseudo-F = 2.4, 
p < 0.05) explained 15.6% and 12.6%, respectively, 
of the variance of the biomass of native mussels 
(Fig.  5b). Neither the abundance nor the biomass 
of S.  woodiana had a statistically significant con-
tribution to the explanation of the model. Neverthe-
less, based on the few data points of this study, a 
high biomass of native mussels was only found in 
locations with less than 617 g  m−2 of S. woodiana 
(Fig. 4).

Discussion

In recent years, there have already been some indi-
vidual detections of S. woodiana in some of the fed-
eral states of Germany, e.g. in Baden-Wuertemberg, 

Hessen, Saxony, Schleswig–Holstein, and Thuringia 
(Bahr and Wiese 2018; Bössneck and Klingelhöfer 
2011; Dümpelmann 2012; Nagel and Pfeiffer 2019; 
Pfeiffer 2002). However, all of these studies only 
documented single populations and did not com-
prise a systematic sampling approach. In contrast, 
this study provides the first systematic approach 
to document the actual distribution of the inva-
sive S.  woodiana in the federal state of Bavaria in 
Germany by verifying punctual local information 
of random observations and anecdotal reporting. 
Alongside the distribution, we also documented 
the habitat characteristics as well as the density and 
biomass of S.  woodiana and of the co-occurring 
other native and invasive mussel species.

Fig. 4   Total number (a) and biomass (b) of S. woodiana and of native mussel species at each sampling spot
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Actual and potential distribution

The examined populations of this study were 
widespread across Bavaria. Spatial concentra-
tions in some regions were evident, but this may 
be partly affected by our study approach which 
focused on a closer inspection of sites with specu-
lated or expected occurrence of S. woodiana. Local 

reporting was strongly dependent on an awareness 
of the issue of invasive species. Nevertheless, the 
occurrence of S.  woodiana was not limited to a 
special region or drainage system, which suggests 
that there may be many still undetected popula-
tions across Bavaria. It also suggests a greater than 
expected invasion potential of the species and a lim-
ited possibility of still being able to eradicate single 

Fig. 5   Distance-based 
redundancy analysis 
(dbRDA) shows the relation 
of species composition in 
density (a) and biomass (b) 
of native mussels in relation 
to the physico-chemical 
variables as well as density 
or biomass of S. woodiana. 
Bubbles show the num-
ber of individuals (a) or 
biomass (b) per species. 
Physico-chemical variables 
shown in a vector overlay 
have a significant influence 
on the variability of the spe-
cies composition and were 
correlated with the dbRDA 
plot using Pearson correla-
tion. The length of the lines 
indicate the strength of cor-
relation, with the radius of 
the black circle representing 
100% correlation. Vectors 
indicating the orientation of 
S. woodiana density repre-
sent no significant influence 
and are shown only for 
illustration
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hotspot populations. This is also obvious from other 
countries where new populations of S. woodiana are 
frequently found (e.g. Cilenti 2019; Urbańska and 
Andrzejewski 2019).

Aside from the absent regional limitation, we also 
found a broad range of suitable habitats, extending 
from rivers to eutrophic ponds (Table 2) with a great 
variety of habitat conditions. Our results suggest 
that many types of inland waters are potentially suit-
able for S. woodiana, which has already been shown 
by others (e.g. Benkő-Kiss et  al. 2013; Douda et  al. 
2012; Popa 2007; Urbańska and Andrzejewski 2019; 
Urbańska et al. 2021). S. woodiana is often character-
ised as a thermophilic species since this mussel origi-
nates from tropical and subtropical areas (Kondakov 
et  al. 2018) and has predominantly invaded warmer 
natural waters in the southern part of Europe (Lajtner 
and Crncan 2011) as well as artificially heated waters 
and fish ponds in the northern part (Kraszewski and 
Zdanowski 2007). Nevertheless, this species has dem-
onstrated an adaption to colder temperatures, which 
facilitated its spread across Europe (Konecny et  al. 
2018). This is confirmed by our results. The water 
temperature was comparatively low in the Moorbach 
brook and yet we found the smallest individual of 
S. woodiana in it, indicating that this species is well 
established and reproducing (Table 3).

Potential pathways

The water usage in many of the studied waters leads 
to the suggestion that the first spread of S. woodiana 
in Bavaria was limited to waters with artificial stock-
ing. This may be traced back to stockings with grass 
carp, Ctenopharyngodon idella (Valenciennes 1844), 

since this fish species is often used to reduce mac-
rophytes within fish ponds (e.g. Pípalová 2006) and 
is known as a suitable host for S. woodiana (Huber 
and Geist 2019). Most of the pond owners confirmed 
that they have stocked C. idella and some of them still 
do. Since these stocked fish are often imported from 
hatcheries in Poland and Hungary, it is highly likely 
that alongside the fish, S. woodiana is also introduced 
attached to the gills of the fish.

Nevertheless, the occurrence of S.  woodiana is 
not only limited to fish ponds. In the reservoir Roth-
see the main population of this mussel was mainly 
found in the area next to the in- and outflow of the 
reservoir that is connected with the Main-Danube-
channel. It can be assumed that S. woodiana invaded 
this reservoir from the channel via infected fish. Since 
S. woodiana has already been found in lower parts of 
the Danube system (e.g. Lajtner and Crncan 2011; 
Paunovic 2006; Popa 2007), it cannot be excluded 
that this species has already spread throughout many 
places connected to the Danube drainage including 
the Main system. Such artificial connections of natu-
rally separated drainage systems may work as super-
spreader highways for invasive species and conse-
quently complicate effective management.

Another pathway could be the transfer of infested 
fish from ponds with an occurrence of S.  woodiana 
to uninhabited waters. This seems a general prac-
tice in German carp production. Besides common 
carp, fish farmers usually cultivate secondary spe-
cies like pike (Esox lucius), perch (Perca fluviatilis), 
pike-perch (Sander lucioperca) and tench (Tinca 
tinca) which are often used for re-stocking by fish-
ing clubs (Brämick 2019). To prevent the spread of S.
woodiana, pond owners and fishing clubs should be 

Table 3   Average shell 
length and wet weight of 
all S. woodiana specimens 
of each sampled water 
body and in total including 
specimens found outside of 
the plots

Abbreviations for water 
systems originate from 
Table 1

Water bodies n Average length ± SD (mm) Average weight ± SD (g)

AK 0 – –
BI 2 78.0 ± 14.1 [68.0–88.0] 66.0 ± 25.5 [48.0–84.0]
BW 24 180.0 ± 41.3 [87.0–250.0] 721.9 ± 429.7 [79.0–1616.0]
GH 37 143.3 ± 30.3 [105.0–240.0] 402.6 ± 206.4 [125.2–898.2]
HW 39 157.8 ± 27.8 [99.0–195.1] 581.8 ± 244.8 [133.0–947.0]
MB 35 127.6 ± 31.0 [49.6–169.7] 236.3 ± 125.3 [7.0–468.0]
RS 25 100.4 ± 25.2 [60.0–151.0] 161.4 ± 100.1 [25.0–439.0]
PM 3 188.3 ± 20.2 [170.0–210.0] 655.0 ± 165.8 [520.0–840.0]
WO 25 96.2 ± 18.8 [64.2–133.1] 138.2 ± 79.0 [36.4–343.0]
All 190 135.8 ± 40.9 [49.6–250.0] 383.0 ± 302.1 [7.0–1616.0]
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sensitised, in particular since high infestation densi-
ties of S. woodiana glochidia impair fish physiology 
and condition (Douda et al. 2017), and, additionally, 
legal regulations should be adopted to prohibit the 
transfer of fish from waters with S. woodiana popu-
lations to natural water bodies. Other possibilities 
whose implementation would be difficult to control 
could be to check each fish for glochidia, before trans-
fer, or caging the fish in basins without S. woodiana 
for a time span long enough for glochidia to develop 
and drop off the fish. Due to the continuous reproduc-
tion, a simple regulation linked to timespans without 
S.  woodiana glochidia production cannot be recom-
mended (Labecka and Domagala 2018).

Coexistence with native mussels

Besides S.  woodiana populations, we also docu-
mented co-occurring mussel species. In almost all 
sampled water bodies, S. woodiana co-occurs with 
other mussel species, although we only found this 
in 14.2% of the sampling spots. It is still not fully 
understood how the long-term effects of the inva-
sion of S.  woodiana will affect the native mussel 
populations but, nevertheless, shifts in the mussel 
community are already being reported (Urbańska 
et al. 2019). One sign of S. woodiana outcompeting 
native mussels could be a much higher ratio of fresh 
empty shells to live specimens of native mussels 
when compared with S.  woodiana. For the water 
bodies we have investigated in our study, it is not 
possible to explain a potential shift caused or inten-
sified by S. woodiana based on this ratio. We found 
ponds exclusively inhabited by S.  woodiana with 
not a single empty shell of native mussel species but 
with the largest individuals of S. woodiana (Bur-
lafinger Weiher). On the other hand, such a ratio 
was clearly visible in some plots of the river Wör-
nitz. However, in this case, we had the phenomenon 
of significantly disturbed shell formation resulting 
in thinner and easily breakable shells affecting both 
native and invasive mussel species. Derived from 
this, the reason for an increased die-off of native 
mussels cannot only be explained by the invasion of 
S. woodiana but it might also demonstrate a higher 
tolerance of S. woodiana to some kind of unsuitable 
habitat conditions. Such a higher tolerance could 
be an aspect favouring S.  woodiana in a potential 
competitive development. As our results show, a 

negative link between the biomass of S.  woodi-
ana and other mussel species could be observed. 
At spots with high S.  woodiana biomass, a lower 
biomass of other mussels could be found and vice 
versa. This suggests that some kind of limitation in 
the carrying capacity of a water system has been 
reached. With a faster growth rate (Sárkány-Kiss 
et  al. 2000), S.  woodiana could quickly reach a 
high biomass which, combined with higher filtra-
tion rates, leads to an advantage competing for food 
sources against native mussels (Douda and Čadková 
2017). In this way, the slower growing native mus-
sels could be outcompeted as they are deprived of 
their nutrition. However, in the fish pond Großer 
Hirschbergweiher a predominant part was covered 
with a large layer of quite soft silt with only the 
slower growing and lighter A.  cygnea occurring in 
these areas. The colonisation of S. woodiana in this 
pond was limited to areas with a more sandy sub-
stratum. It seems that the higher weight of S. woodi-
ana prevented this mussel from gaining a foothold 
on this fine sediment.

However, S.  woodiana shows many other com-
petitive ecological advantages over native mussel 
species, especially in the most crucial life stage of 
freshwater mussels. Thus, it could be shown that 
the viability of glochidia of S.  woodiana is less 
affected by higher temperatures than is the case for 
glochidia of native mussels (Benedict and Geist 
2021). This could be an important aspect in times 
of climate change resulting in an increase in water 
temperatures. Combined with more frequent breed-
ing, higher amounts of glochidia (Labecka and 
Czarnoleski 2019; Labecka and Domagala 2018), 
higher infestation rates, faster development and 
a broader range of suitable host fish (Douda et  al. 
2012; Huber and Geist 2019), this all could lead to 
S. woodiana outcompeting native mussel species. In 
order to clarify these processes and to document a 
possible shift in the mussel community, this study 
should be repeated after several years.

Implication for management

To prevent the endangered native mussel species 
from the negative impacts of the invasive S. woodiana 
a good management should, inter alia, be based on 
three strategies: prevention (avoiding the introduc-
tion of invasive species by national or international 



1702	 A. H. Dobler et al.

1 3
Vol:. (1234567890)

regulations as well as by controls at entry points), 
early detection and rapid eradication (detecting inva-
sives at an early stage of invasion and rapid removal 
of these species completely and permanently) as well 
as long-term management (controlling or containing 
populations of invasives as well as minimising their 
impacts) (Robertson et  al. 2020). In addition to sci-
entific knowledge, a political regulation is imperative 
for effective management.

With Regulation (EU) 1143/2014, the European 
Commission implemented a legal basis for preventing 
and managing the introduction and spread of IAS in 
all member states. In addition to this regulation, the 
European Union implemented a regularly updated 
list of invasive alien species of concern in the Union 
known as the black list of invasive alien species. For 
listed species, the member states are urged to make 
every effort to prevent an introduction of, and to con-
trol or eradicate these species and thus, include all the 
above mentioned strategies. This implies for exam-
ple regulations on import, trading, transportation or 
releasing of IAS. Since the invasion of S. woodiana 
does not stop at borders, it is important that measures 
to stop further spreading as well as to eradicate this 
species should be taken transnationally. Furthermore, 
S. woodiana is already established in many European 
countries and thus, this is not just a challenge for a 
single country. Nevertheless, the legal regulations 
and thus, opportunities seem to be quite different. In 
Poland for example, this species has been listed as 
invasive since 2012, which has had significant effects 
on trade in this species (see Urbańska et  al. 2019). 
This is in contrast to Germany, where S.  woodiana 
is still listed as potentially invasive with the need for 
further investigations. For this reason, we highly rec-
ommend the inclusion of S.  woodiana on this black 
list because this species fulfills all of the listed crite-
ria of article 4 paragraph 3 of the regulation:

(criterion a) S.  woodiana is an alien species to 
the territory of the European Union (see Konda-
kov et al. 2018; Sousa et al. 2014); (criterion b) the 
capability of establishing viable populations across 
many European countries is very well documented 
(e.g. Benkő-Kiss et  al. 2013; Kamburska et  al. 
2013; Lajtner and Crncan 2011; Munjiu et al. 2020; 
Paunovic 2006; Urbańska et  al. 2019). Our study 
provides further evidence in favour of adding Ger-
many to the list of countries with widely established 
S.  woodiana populations; (criterion c) economical 

damage could be caused in fish hatcheries by glo-
chidial infestation by S. woodiana which can reduce 
the body mass or condition factor of infected fish 
(Douda et al. 2017). As described above, many eco-
logical advantages in respect of reproduction are 
already known (Benedict and Geist 2021; Huber 
and Geist 2019; Labecka and Czarnoleski 2019; 
Labecka and Domagala 2018) which can have sig-
nificant adverse impacts on freshwater mussel bio-
diversity; (criterion d). The findings of our study 
combined with all the studies mentioned above 
highlight the requirement of measures at Union 
level to prevent a further introduction, establish-
ment or spread (criterion e); as our study shows, the 
main cause for further spreading of S. woodiana can 
be traced back to fish stockings. Inclusion on the 
Union list would create a basis on which regulations 
and procedures could contribute to the implementa-
tion of measures in a more targeted and rapid man-
ner to reduce further spreading.

Since it is practically impossible to regularly 
monitor all waters for S. woodiana and other inva-
sive species, early detection and knowledge on the 
habitat preferences of the species as demonstrated 
in this study is essential to be able to assess the 
impact on native mussels. Thus, it helps to under-
stand the processes that go hand in hand with the 
invasion, and it is crucial to prevent further spread-
ing. Moreover, measures to combat those invasive 
species should be adopted quickly to prevent a 
threat for native mussel populations. In addition, 
public awareness should be increased concerning 
the identification and spread of invasive mussels. 
This requires considering the sale of mussels, fish 
stocking as well as fisheries and pond management.
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