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What is a scientist after all?
It is a curious man looking through a keyhole,
the keyhole of nature,

trying to know what's going on.

Jacques-Yves Cousteau, French undersea explorer,
researcher, photographer and documentary host
(1910-1997)
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Preface

The objectives of this dissertation were to assess the functional interactions of two
aquatic invasive species and their impacts on native freshwater unionids, to evaluate
the current conservation management of two highly endangered native unionids spe-
cies, and to derive further strategies for systematic conservation and invasion manage-
ment. This work consists of three scientific manuscripts, which represent the three main

chapters (Chapters 3-5) of this thesis.

After an introductory chapter providing fundamental background information on invasion
biology and ecology and the importance of systematic conservation strategies, and a
second chapter summarizing the methodology used in this thesis, the three main chap-

ters follow.

In the first of these chapters (Chapter 3), the actual distribution and habitat characteris-
tics of a non-native unionid in Bavaria, the Chinese pond mussel (Sinanodonta
woodiana), and its potential impact on native bivalves are highlighted. The second chap-
ter (Chapter 4) uses an experimental approach to compare the predatory effects of a
native and the most common invasive crayfish, the signal crayfish (Pacifastacus lenius-
culus) on native and non-native freshwater unionids. The third chapter (Chapter 5) pre-
sents an approach to spatially prioritize conservation areas for two highly threatened
native freshwater bivalve species, the freshwater pearl mussel (Margaritifera margaritif-
era) and the thick-shelled river mussel (Unio crassus). Each of these main chapters has
been published as an independent research paper in a slightly modified form (according

to different journal requirements).

The thesis concludes with a general discussion of the main findings, the distribution of
aquatic invasive bivalves, the known impacts of invasive aquatic species on native bi-

valves, management recommendations and a future outlook.

Vi
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Summary

Biological invasions are a major and growing threat to biodiversity worldwide. Invasive
non-native species can displace native species and alter entire ecosystems. Especially
in freshwater systems, which are already altered by other factors such as degradation,
climate change, overexploitation and pollution, the introduction of non-native species
can cause significant ecological and economic damage. In particular, invading species
can pose a major threat to freshwater bivalves, one of the most threatened groups of
animals. Effective protected areas, which are often more resilient to invasions, can
therefore be seen as strategic refugia for threatened native unionids. This thesis aims
to examine the functional interaction between two less studied invasive aquatic species
and native freshwater bivalves, and to identify conservation gaps for two highly threat-

ened native freshwater unionids for conservation prioritization.

In the first study, the actual distribution of the invasive Chinese pond mussel Sinano-
donta woodiana in Bavaria, Germany, was investigated and its ecological niche was
defined using a systematic monitoring of water systems in which this species was only
randomly observed or anecdotally reported. In a second study, predation impact of the
invasive signal crayfish and of the native noble crayfish on three native and the invasive
S. woodiana was compared in laboratory experiments. Repeating these experiments
with the same crayfish specimens, a potential learning effects was also tested. In the
third study, ecological niche models were conducted for two highly endangered native
freshwater unionids. In a following gap analysis, the predicted suitable habitats were

overlaid with actual conservation areas to reveal conservation gaps.

The results showed that S. woodiana is already widespread in Bavarian water systems,
where it often co-exists with other native and invasive bivalve species, indicating a high
invasion potential. A broad ecological niche for this species was confirmed by the wide
range of habitat variables recorded. Predation by invasive crayfish was significantly
higher than by native crayfish in the experiment, with native unionids being the most
affected compared to invasive S. woodiana. A learning effect was observed for both
crayfish species. Gap analysis based ecological niche models revealed that a higher
percentage of suitable habitat for M. margaritifera are already protected, albeit in lower
protection categories, while the overall protection status of suitable habitats for U. cras-

sus was found to be low.




Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

The already widespread distribution of S. woodiana shows that the current management
of invasive species is inadequate. The increased predation by the invasive crayfish, and
the fact that the Chinese pond mussel is less affected by this, poses a serious threat to
native unionids, especially in water systems where both species have invaded in paral-
lel. The methodology used has proved successful in filling the existing knowledge gaps
on the interactions of the two studied invasive species with native bivalves and should
therefore be extended. Conservation management of native unionids should be adapted
and extended to include management of invasive species in order to achieve sufficient

protective effects.
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Zusammenfassung

Biologische Invasionen sind eine grof3e und wachsende Bedrohung fur die Biodiversitat
weltweit. Invasive nichtheimische Arten kénnen einheimische Arten verdrangen und
ganze Okosysteme verandern. Insbesondere in SiiBwasserokosystemen, die bereits
durch andere Faktoren wie Degradation, Klimawandel, Ubernutzung und Verschmut-
zung verandert sind, kann die Einfihrung nichtheimischer Arten erhebliche dkologische
und wirtschaftliche Schaden verursachen. Vor allem fur StiRwassermuscheln, eine der
am starksten bedrohten Tiergruppen, kdnnen invasive Arten eine grol’e Gefahr darstel-
len. Wirksame Schutzgebiete, die oft widerstandsfahiger gegen Invasionen sind, kdn-
nen daher als strategische Refugien flir bedrohte einheimische Unioniden angesehen
werden. Ziel dieser Arbeit ist es, die funktionelle Interaktion zwischen zwei weniger un-
tersuchten invasiven aquatischen Arten und einheimischen StRwassermuscheln zu un-
tersuchen und Schutzllcken flr zwei stark bedrohte einheimische Sifiwassermuscheln

zu identifizieren, um Prioritaten flr deren Schutz zu setzen.

In der ersten Studie wurde die tatsachliche Verbreitung der invasiven Chinesischen
Teichmuschel Sinanodonta woodiana in Bayern untersucht und ihre 6kologische Nische
durch ein systematisches Monitoring von Gewassersystemen definiert, in denen die Art
nur zufallig beobachtet oder anekdotisch berichtet wurde. In einer zweiten Studie wurde
die Pradationswirkung des invasiven Signalkrebses und des heimischen Edelkrebses
auf drei heimische und die invasive S. woodiana in Laborexperimenten verglichen.
Durch Wiederholung dieser Experimente mit denselben Krebsexemplaren wurde auch
ein moglicher Lerneffekt getestet. In der dritten Studie wurden dkologische Nischenmo-
delle fur zwei stark gefahrdete einheimische StuRwasserunioniden durchgefuhrt. In einer
anschlielienden Lickenanalyse wurden die vorhergesagten geeigneten Lebensraume

mit den tatsachlichen Schutzgebieten Uberlagert, um Schutzliicken aufzudecken.

Die Ergebnisse zeigten, dass S. woodiana in bayerischen Gewassern, wo sie haufig mit
anderen einheimischen und invasiven Muschelarten koexistiert, bereits weit verbreitet
ist, was auf ein hohes Invasionspotenzial hinweist. Eine breite 6kologische Nische fur
diese Art wurde durch die grof3e Bandbreite der erfassten Lebensraumvariablen besta-
tigt. Die Pradation durch invasive Krebse war in den Experimenten deutlich hdher als
durch einheimische Krebse, wobei einheimische Unioniden im Vergleich zu den invasi-
ven S. woodiana am meisten betroffen waren. Ein Lerneffekt wurde bei beiden Krebs-

arten beobachtet. Die Gap Analysis auf Basis 6kologischer Nischenmodelle ergab, dass
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ein héherer Prozentsatz geeigneter Lebensraume fiir M. margaritifera bereits geschitzt
ist, wenn auch in niedrigeren Schutzkategorien, wahrend der Schutzstatus geeigneter

Lebensraume fur U. crassus insgesamt niedrig ist.

Die bereits weite Verbreitung von S. woodiana zeigt, dass das aktuelle Management
von invasiven Arten nicht ausreichend ist. Die starkere Pradation durch invasive Fluss-
krebse sowie die Tatsache, dass die Chinesische Teichmuschel davon weniger betrof-
fen ist, stellt besonders in Gewassern, in die beide Arten einwandern, eine ernsthafte
Gefahr fur heimischen Muscheln dar. Die angewandte Methodik hat sich bewahrt, um
die vorhandenen Wissensliicken zu den Interaktionen der zwei untersuchten Arten mit
den heimischen Muscheln zu schlieRen und sollte deshalb ausgeweitet werden. Auch
sollte das Schutzmanagement der heimischen Muschelfauna angepasst und um ein
Management invasiver Arten erweitert werden, um eine ausreichende Schutzwirkung

Zu erzielen.




Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conser-
vation management

Contents
Preface....o e, Vi
ACKNOWIEAGEMENTS ... e e e e e e e eeeeas VIii
ADDIEVIALIONS ....ceiiiiiiee ettt e e e e e e e e e e e e eeas IX
ST 0] 0= YU PERR 1
ZUSAMMENTASSUNG ...t e ettt e e e e e st e e e e e e e et e e e e e e e e s nnntreeeeeaeeeaann 3
(O] ] (= 01 - PSPPI 5
1 General INTrOAUCTION .........oiiiiiiii e 8
1.1 BiologiCal INVASIONS ........eiiiiiiiiiiee e 8
1.2  Biotic interactions between non-native and native species ..............cccceeeeenn. 11
1.3 Spatially explicit approaches ..........ccccuueiiiiiiiiiie e 20
1.4  Thesis objectives and outline............cc.uueiiiiii i 22
2 General MethodOlOgY .........cuuiiiiiiiiee e 23
21 RS0 T0 V0 1= o | o PRSP 23
2.2  Distribution sampling and habitat characterization .............c..ccccoiiinnns 25
2.3 Predation @aSSeSSMENT .......cooiiiiiiiiiiiiiii e 29
2.4 Spatial @PPrOACK ... 31
2.5  Statistical @NalySES ..........eeiiiiiiiiiii e 33
3 Distribution and potential impacts of non-native Chinese pond mussels
Sinanodonta woodiana (Lea, 1834) in Bavaria, Germany ............cccccccceeeeeinnes 34
3.1 Y 013 1 =T SRR 35
B T2 [ 011 'o T[0T 1o o PP PURRPRR 36
3.3 MEENOAS ... e e e 39
.31 STUAY @r A ...t e e e e 39
3.3.2 Data COIECHION ...cooieeieeee e e e e 40
3.3.3 Abiotic habitat parameters ..o 40
3.3.4 BiOtiC Parameters .........uuiieiiiee e 41
3.3.5 Statistical @nalySES ..........eeeiiiiiiiiii e 41
34 RESUIS e e e e e e e 43
3.4.1 Population charaCteristiCs...........ccuuiiiiiiii e 43
3.4.2 Habitat characterisation ... 45
3.4.3 Co-existence of S. woodiana with native mussel species ............ccccceeeeeeeennes 48
3.5 DISCUSSION ...eeiiiieie ettt e e e e e et e e e e e e e e e e e e e e e ane 51
3.5.1 Actual and potential distribution ..o 51
3.5.2 Potential pathways...........cooiiiiiiiie e 52
3.5.3 Co-existence with native MUSSEIS........coooiiiiiiiiii e 53
3.5.4 Implication for management .............oooiiiiiii e 54




Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation

management
4 Impacts of native and invasive crayfish on three native and one invasive
freshwater MUSSEl SPECIES ........ooiiiiiiii e 57
g B N o =« = PR 58
N | 01 (oo (U7 (o o P RETR 59
I T /1Y 1{ T o £ PR 62
4.3.1  Animal origin and husbandry conditions............ccccceiiiiiiiiiiii e 62
4.3.2  StUAY ESIGN ...eeiiiiiieiiiee ettt e e e e e e e e e e e e e e e e e e anne 62
4.3.3 Co-exposure and predation ..............eceiie oo 63
4.3.4 Learning effeCt........ooo e 63
4.3.5 Field impact @SSeSSMENT........coiiiiiiiiiiiee et 65
4.3.6 Assessment of MuSSel damage ........ccooeiiiiiiiiiiiiiie e 66
4.3.7 Statistical @nalySes..........oooiiiiiiiii e 67
O (= T U | - PR 69
4.4.1 Predation iN CO-EXPOSUIE .......coiiiiiiiiiieee ettt e e e e e e ettt e e e e e e e s eeeeeeeaannes 69
4.4.2 Learning effeCt... ... 72
4.4.3 Field impact @SSeSSMENT.......cooiiiiiiiiiiiee e 76
R T I 11T U [ o] o PR 77
4.5.1 Effects of native and invasive crayfish ............ccccoeiiiiii e 77
4.5.2 Effects 0N MUSSEI SPECIES .......coiiiiiiiiiiie e 78
4.5.3 Effects of the spread of P. [eniusculus ..............cccccoouiiiiiiiiiiiiiiiieeee e 81
5 A spatially explicit approach to prioritize protection areas for endangered
freshwater MUSSEIS .......cooii e 83
S 0t O LY o1 i - o PR 84
5.2 INIFOAUCTION ....coiiiiieee e e e e e e e e e e 85
TR T /11 1 o o RPN 89
5.3.1 STUAY @rEa ....eeiiiieiieiee e 89
5.3.2 SPECIES MBCOMUS. .. .ciiiiieiiee ettt e e ettt e e e e e st e e e e e e e e nnreeeeeeeeeeaannes 89
5.3.3 Environmental variables ...........cc.uuiiiiiiiiii e 91
5.3.4 Ecological niche modelling .............oooiiiiiiii e 93
5.3.5 Model evaluation ............coooiiiiiiiiiiiiie e 93
5.3.6 GAP @NAIYSIS...ciiiiiiiiiiiiie e e e e e e e aanne 94
5.4 RESUILS ... e e e e e e 95
5.4.1 Ecological niche modelling and model evaluation.............ccccccooiiiiiiieneeinnnnns 95
5.4.2 GAP ANAIYSIS..cciiiiiiiiiiiiiiee et e e e e e e e e e aanne 98
5.5 DISCUSSION ...ttt e e e e et e e e e e e e e e e e e e e e aan 100
6 GeNEral ISCUSSION .......ueiiiiieieiieie ettt e e e st e e e e e e e s e e e e e e e e anas 103
6.1 INVasive DIValVe SPECIES .........uueiiiiiiieieieee e 105
6.2  Impacts on native biodiVErSIty ... 108




Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conser-
vation management

6.3  Management recommendations ............cooiiiiiiiiiiiiiiiie e 111
G © 11 (o T GRS 114
Publication List.........coooiiii s 116
REEIENCES ... 118
List Of TabIES ..o, XI
I Qo T U = U Xl
Y ] 0= g T [ SRRSO XVI




Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

1 General introduction

1.1 BiolOgiCal INVASIONS ......eeiiiiiiiiiie ettt 8
1.2  Biotic interactions between non-native and native species.............ccccccceeenene 11
1.3  Spatially explicit approaches .............oooviiiiiiiiiie e 20
1.4  Thesis objectives and outline .............coooo i 22

1.1 Biological invasions

Biological invasions are an increasing threat for biodiversity worldwide and the spread
of invasive alien species (IAS) can lead to enormous ecological and economic damages

(e.g., Cox 2005; Millennium Ecosystem Assessment 2005).

The term ‘invasive alien species’ is often used to describe those species that are inten-
tionally or accidentally introduced by humans into habitats outside their historical range
and, which additionally have great impacts on the new habitat (Davis and Thompson
2000). In contrast, some authors recommend to use the term ‘invasive’ only for species
with high capability to reproduce and to spread excluding ecological or economic im-
pacts of such species (e.g., Richardson et al. 2000). Nevertheless, with the implemen-
tation of the regulation on the prevention and management of the introduction and
spread of invasive alien species, the European Parliament as well as the Council of the
European Union included both ecological as well as economic impacts in the definition
of ‘invasive species’ (European Parliament 2014). The term IAS used throughout this

thesis, follows the definition of the European Parliament.

Over billions of years, the Earth's ecosystems have been formed and natural barriers
such as i.a. mountains, rivers or desserts have been created resulting in formation of
species that have adapted to the specific conditions of their habitat. With the industrial
revolution, humankind has over and over softened these barriers and moved some spe-
cies, sometimes deliberately, but often unintentionally, into areas that were previously
inaccessible for them. The many movements of people but also of goods offer an ideal

opportunity for such translocations. Thus, the main introducing pathways and vectors of
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IAS result predominantly from these global travels and trades (Kolar and Lodge 2000).
However, these pathways must be distinguished between deliberate and unintentional
introduction. Many species were deliberately brought to new habitats to meet a human
demand, e.g., for recreational fishing or aquaculture (e.g., rainbow trout Oncorhynchus
mykiss Walbaum, 1792), as bait (e.g., freshwater shrimp Gammarus pulex Linnaeus,
1758) or as biological control (e.g., grass carp Ctenopharyngodon idella Valenciennes,
1844) (Hulme 2007).

As another example for a deliberate introduction, American crayfish such as the signal
crayfish (Pacifastacus leniusculus Dana, 1852) were brought to Europe after the spread
of the oomycete, crayfish plague (Aphanomyces astaci Schikora, 1906), which was also
brought to Europe unintentionally with other American crayfish species carrying this
pathogen (e.g., Martin-Torrijos et al. 2021), leading to an enormous die-off of many na-
tive crayfish populations of the noble crayfish (Astacus astacus Linnaeus, 1758) and the
stone crayfish (Austropotamobius torrentium Schrank, 1803). Since most of the non-
native crayfish are immune to the crayfish plague, introductions of such crayfish should
ensure a further crayfish production. Another example is the earlier mentioned C. idella.
In the 1960™, this fish species originating from Eastern Asia was introduced to Europe
for its high ability to consume large quantities of aquatic macrophytes, and thus, for an
ideal aquatic plant management to improve fish production in, e.g., fishponds (e.g.,
Pipalova 2006). Even today, this fish species is still stocked as a by-product in Bavarian

aquaculture (pers. obs.).

In contrast to these deliberate imports, many of the non-native species that were brought
to new areas were introduced unintentionally or escaped from farms into the wild. Be-
sides the earlier mentioned A. astaci, the zebra mussel (Dreissena polymorpha Pallas,
1771) is another example for an unintentional introduction of a non-native species that
is now widely distributed. In the 19" century, this mussel was brought within the ballast
water or attached to the hull of container ships from their natural range in the estuary of
the black sea to Central Europe (Bij de Vaate et al. 2002; Kinzelbach 1992; Thienemann
1950). In the same way, this species started its further dispersal more upstream along
the big waterways and canals and not least with recreational water sport equipment like

vessels into unconnected water systems such as alpine lakes (Pollux et al. 2010).

In addition to these examples, even some rodents were brought from America to farms

in Europe and Asia as a fur resource, but without the intention to release them into the
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wild. In the case of the American mink (Neogale vison Schreber, 1777) or the muskrat
(Ondatra zibethicus Linnaeus, 1766), this failed when some individuals escaped from
the fur farms (Hulme 2007). Both species got established and spread throughout a wide
range with some remarkable threats for native species. As an example, the mainly her-
bivore O. zibethicus can destroy whole populations of the highly endangered native
thick-shelled river mussel (Unio crassus Philipsson, 1788) during winter, when herbal
food is scarce (Stoeckl et al. 2020). As a newly threat, this can thwart existing conser-

vation efforts.

Many other examples of terrestrial but also of aquatic invaders can be found in the liter-
ature and the number is further increasing. In fact, the number of non-native species in
freshwater ecosystems is still exponentially increasing (Keller et al. 2009). However, as
there is often a long time lag between the introduction of a species and its establishment
and dispersal (Kowarik 1995), it can be assumed that many new invasions will be dis-

covered in the near future (Crooks 2005; Jeschke and Strayer 2005).

10
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1.2 Biotic interactions between non-native and native species

Once arrived in the new habitats, some non-native species will adapt to the local condi-
tions, start reproducing without direct human intervention and thus become established
(Keller et al. 2011). While many of the introduced species will not succeed, only a frac-
tion will further spread and become invasive (Kolar and Lodge 2001). Even if the pro-
portion depends on the taxonomy of the species and the regions they were introduced,
some authors use the ‘tens rule’ assuming that approximately 10% of all introduced
species will become established and only approximately 10% of those species will be-
come invasive (Williamson 1996). However, when occupying the new habitats that often
are already inhabited by native species, the invading species start to interact with them.
Native species, however, are often perfectly adapted to their habitat, thus the invasion

of non-adapted non-native species should not pose a noticeable threat to them.

Over the past approximately 150 years, many different hypotheses have been proposed
trying to explain the success of invasive species. Jeschke and Heger (2018) have col-
lected more than 1100 studies and sorted them into 12 major hypotheses, such as the
earlier mentioned “tens rule”, the “biotic resistance” or the “invasional meltdown” hypoth-
esis, to name just three of them. However, one of the most common hypothesis is the
‘enemy release” hypothesis (Enders et al. 2018), which states that in the new habitat
invasive species often do not have to face their natural enemies leading to a reduction
in enemy pressure and an increased performance at the same time (e.g., Maron and
Vila 2001; Torchin and Mitchell 2004). This enemy release hypothesis seems to be es-
pecially true for freshwater systems, since Prior et al. (2014) have shown that native

enemy effects were stronger in freshwaters than in terrestrial systems.

In addition, when habitats are already altered, which is often the case in freshwater sys-
tems, and highly specialized native species have to struggle with these changes, non-
native generalist species can have a significant advantage, which meets another hy-
pothesis, the “disturbance” hypothesis (Nordheimer and Jeschke 2018). Due to higher
tolerance to non-optimal habitat conditions, the often generalist invasive species are
more easily able to adapt to their new environment. In contrast, the often highly-special-
ized native species have to struggle with changing conditions and since these species
often have a small geographic range they are more vulnerable to get locally extinct
(Groom et al. 2006). Thus, factors such as climate change (Walther et al. 2009), aquatic

pollution (Crooks et al. 2010) or even land-use change (Scott and Helfman 2001) can

11
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be strong drivers for invasive species in aquatic systems. Especially, land-use intensifi-
cation can alter aquatic habitats, which leads to a reduction in species richness further

reducing biotic resistance to invasions (Havel et al. 2015).

However, a small movement of scientists and academics has formed that criticize the
actual field of invasion science, although most of the criticisms they propagate are al-
ready rebutted (Richardson and Ricciardi 2013). Some authors, predominantly from the
invasive species denialism movement, postulate, e.g., that invasive species also have
positive effects, since an invasion will increase the biodiversity, which consequently
leads to an increase in ecosystem services. As the fact of an increase in biodiversity
can be true for a-diversity, a simultaneous reduction in 3-diversity or even in y-diversity
is often disregarded. Even though, in case that an invasive species is rare in its natural
range, the global biodiversity can benefit from the invasion into a new habitat. But at the
same time, when endemic species get extinct as a reason of this invasion, at least [3-

diversity as well as y-diversity will be reduced (Lean 2021).

Besides the contribution to biodiversity, some other positive effects of invasive species
such as ecological, economic and socio-cultural benefits were reported (Kapitza et al.
2019). In case that invading species can provide important ecosystem services that got
lost with extinct species, the ecosystem can benefit of this replacement. Nevertheless,
ecosystem processes are complex and often not all functions can be replaced. As an
example, freshwater bivalves are considered keystone species (e.g., Geist 2010),
which, e.g., importantly contribute to water purification by filter-feeding (Atkinson et al.
2013; Lummer et al. 2016; Vaughn 2018; Vaughn et al. 2008). If native unionids such
as the native Anodonta species get replaced by non-native Chinese pond mussel Sinan-
odota woodiana (Lea, 1934; Fig. 1), the ecosystem service of bicfiltration can still be
provided from such non-native species. However, contrary to native ones, this non-na-
tive unionid cannot be used from the highly endangered European bitterling (Rhodeus
amarus Bloch, 1782) for reproduction, which can result in a secondary die-off of this

endangered fish species (Douda et al. 2017a).
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Fig. 1 Large and fast growing unionid, the Chinese pond mussel (Sinano-
donta woodiana Lea, 1934), non-native to European water systems is con-
sidered a major potential threat to native mussels. Yet, little knowledge is
available on its distribution.

Nevertheless, besides positive effects of non-native species, there is always a risk that
negative impacts may predominate, as positive effects often are temporary whereas
negative impacts are more lasting and often irreversible (Richardson and Ricciardi
2013). Such negative impacts can result from non-native species that can affect eco-
system functions and other (native) species by several direct and indirect mechanisms
(Fig. 2). As non-native species starts to interact with the resident species as soon as
they have invaded a new system, this may result in a strong competition for resources
like food or space, but also in predation or herbivory. AlS can even have potential im-
pacts on community structure as well as on certain ecosystem functions. Thus, invasive
species are often found to restructure food webs (Vander Zanden et al. 1999) or alter
processes and functions of certain ecosystems (Mack et al. 2000; Py$ek and
Richardson 2010).

Whereas for some non-native species, such as D. polymorpha or Asian clam (Corbic-
ula fluminea Mdller, 1774), ecological consequences for native bivalves are well known
(e.g., Ferreira-Rodriguez et al. 2018; Ozgo et al. 2020; Sousa et al. 2011; Strayer 1999;
Strayer and Malcom 2007; Vaughn and Hakenkamp 2001), the risk resulting from spe-

cies of the same family are less studied. In case of the non-native bivalve S. woodiana,
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it is already known that this fast-growing species has some advantages in reproduction,
since it can breed earlier and several times a year with high amounts of glochidia
(Labecka and Czarnoleski 2021; Labecka and Domagala 2018), which can survive
longer (Benedict and Geist 2021). Additionally, it can use more fish species as hosts
(Douda et al. 2012; Huber and Geist 2019), and block them for usage of native mussel
species (Donrovich et al. 2017). Even though some impacts of this non-native species
are already known, the invasion of this species is comparably new and its ecological
range and thus its potential for further spread remains unclear in some regions of Central

and Western Europe.

s Trophic effects = Reproduction competition === Direct interaction
s Habitat competition  sess= Predation = = = |ndirect interaction

Fig. 2 Functional interactions of invasive and native aquatic fauna: 1) Trophic competition
with native fauna by high filtration activity of dense assemblages of invasive bivalves such as
the Asian clam Corbicula fluminea; 2) Habitat competition between dense aggregations of
invasive bivalves and native unionids; 3) Competition for host fish, e.g., by infestation with
high rates and volumes of non-native glochidia can indirectly lead to cross-resistance to na-
tive glochidia; 4) Physical fouling by invasive bivalves limits reproduction, movement, and
filter activity of native unionids; 5) Predation by invasive fauna upon native mussels occurs at
higher rates (adapted and changed from Geist et al. (2023))
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Invasion of non-native species, however, can be highly problematic for aquatic ecosys-
tems, affecting freshwater ecosystems more strongly, since freshwater species are spa-
tially more restricted compared to marine species (Lopes-Lima et al. 2017). Especially
in the case of native freshwater bivalves, AlS seem to be a major problem (Geist et al.
2023; Sousa et al. 2014), with negative effects resulting from functional interactions,
such as competition, consumption, physical impairment, genetic alteration, pathogene

transmission, invasional meltdown, habitat alterations:

Competition

If species colonize the same habitat, they start to compete with each other for available
resources such as food, space or even hosts. Since native as well as non-native bivalve
species are filter feeder, the often large assemblages of the non-native dreissenid and
corbiculid bivalves can filter high rates of water and thus limit plankton also available for
native species as this was shown from the Hudson River in New York, USA (Fig. 2.1;
Strayer et al. 2011; Strayer et al. 2014; Strayer et al. 2019a; Strayer and Malcom 2014;
Strayer and Smith 1996; Strayer et al. 2019b). In addition, it has been shown that Cor-
bicula spp. can assimilate a wider range of food sources than native bivalves, which
could be the reason for the declines of native bivalve species with a simultaneous spread
of this invasive species in the U.S. (Atkinson et al. 2010; Haag et al. 2021).

In freshwater unionids, which are dependent on fish hosts at an early stage of their life
cycle, competition for suitable hosts can arise when these species live in the same wa-
terbody and have the same host preference. As already known, the non-native
S. woodiana is a generalist using different native as well as invasive fish species as
suitable hosts (Douda et al. 2012; Huber and Geist 2019), blocking them for a subse-

quent use by native species (Fig. 2.3; Donrovich et al. 2017).

Physical impairment

Effects of physical impairment can also negatively affect native species. The non-native
bivalve D. polymorpha, e.g., can use strong byssus threads to attach on solid grounds.
In habitats with fine sediments and an occurrence of native freshwater bivalves, the shell
of these natives can get overgrown by invaded D. polymorpha (Fig. 2.4). This can lead
to shell deformations but also impair the movement of or even turn over native mussels,

which will result in higher mortality (Ozgo et al. 2020).
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Consumption

Besides direct competition, consumption like predation or herbivory can also pose a
novel threat to native species. However, in some cases predation seems to be an even
greater threat than competition (PySek et al. 2017). Invasive freshwater crayfish, e.g.,
are omnivorous, with opportunistic feeding behaviour often being observed (Guan and
Wiles 1998; Lewis 2002; Nystrom et al. 1996). Thus, strong effects of both, predation
and herbivory, can be found in invasive crayfish (Machida and Akiyama 2013; Nystrom
and Strand 2003; Sousa et al. 2019; zu Ermgassen and Aldridge 2011). For example,
the invasive P. leniusculus (Fig. 3) appears to be a more effective grazer than native
crayfish species, leading to large reductions in macrophyte biomass, cover and species
richness (Nystrom et al. 1996; Nystrém and Strand 2003). Predation by invasive crayfish
has also been identified as a potential threat to many native freshwater bivalves (Fig.
2.5). While such effects have already been shown to be problematic for Western Euro-
pean unionids (Meira et al. 2019; Sousa et al. 2019), this has so far only been suspected
for freshwater pearl mussels in Central Europe (Schmidt and Vandré 2012), but has not

yet been systematically investigated.

Genetic effects

Genetic effects are also suspected to have negative impacts on native species. Even
though this is often not visible in the field, genetic analyses in the laboratory can provide
evidence of, e.g., hybridization. In some cases, especially in marine bivalve aquaculture,
hybridization has already been used to introduce desired traits (Guo 2009). However, in
freshwater bivalves, potential hybridization is poorly examined up to now, but would be
more expected between more closely related taxa such as Anodonta and Sinanodonta
species (Sousa et al. 2014). Nevertheless, this aspect of interaction is an important
point. By outbreeding or genetic swamping, the fitness of highly adapted native species
can be reduced, treating the genetic integrity of wild bivalve populations (e.g., Adavoudi
and Pilot 2021; Todesco et al. 2016).
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Fig. 3 Invasive signal crayfish, Pacifastacus leniusculus, with
distinctive marks (light oval patches at the joint of the fingers
of the claw), is already a known factor for the decline of native
crayfish in Europe, though little is known about functional in-
teractions with mussels in Central Europe. Picture taken from
Dobler and Geist (2022).

Pathogene carrier/vector

In addition to the direct mechanisms described above, invasive species can also affect
native species through indirect mechanisms. Some non-native species carry diseases
or parasites that could harm native species in the invaded system (Hulme 2007). For
example, many non-native crayfish in Europe, such as P. leniusculus, can carry the oo-
mycete A. astaci and act as vectors, carrying this pest to new areas where it can cause
massive die-offs of native crayfish populations (Holdich et al. 2009). Another example is
freshwater bivalves, which are known to carry many diseases and parasites (Cichy et
al. 2016; Taskinen et al. 2021). When mussels are translocated, the introduced patho-
gens could infect the bivalves in the new habitat, potentially causing mass mortality
(Brian et al. 2021). Although some non-native species, such as the Asian clam,
C. fluminea, were not found to carry any parasites, the role of parasites appears to be
invader-specific, as the non-native unionid S. woodiana was found to carry many para-

sites (Taskinen et al. 2021), making this species more problematic for native unionids.
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Invasional meltdown

As explained above, invasive species often colonize new habitats where there is a lack
of enemies of the invader. In some cases, however, other invading species may become
the new enemy, as N. vison has been shown to be a strong predator of invasive crayfish
(Yanuta et al. 2022). Conversely, in some cases, when several non-native species in-
vade the same system, invasional meltdown effects may occur (Simberloff and Von
Holle 1999). For example, the non-native C. idella can reduce native macrophytes,
which may also facilitate the invasion of new non-native plant species (Pipalova 2006).
As another example, it has been shown that several Ponto-Caspian species, such as
D. r. bugensis, often subsequently colonize habitats that were first invaded by D. poly-
morpha (Haltiner et al. 2022; Hetherington et al. 2019).

Habitat alteration

In some cases, invasive species can also have great impact on whole ecosystems, in
which this species is invading, which can modify the key rules of existence for all
organisms of this ecosystem (Vitousek 1996). With its ability to assimilate more food
resources than native bivalves, the Asian clam C. fluminea can alter the whole nutrient
dynamic in an entire ecosystem (Atkinson et al. 2010). Even, the invasive D. polymorpha
has to be shown to reduce suspended solids and phytoplankton concentrations due to
high filtration activities, which can increase light transmittance and thus macrophyte
reproduction (Macisaac 1996) but at the same time limit plankton available for native
unionids. As one of the most prominent examples of such effects, long-term studies from
the Hudson River in New York reported a parallel decrease in turbidity due to filter
feeding by D. polymorpha and a decline in native species (Strayer et al. 2011; Strayer
et al. 2014; Strayer et al. 2019a; Strayer and Malcom 2014; Strayer and Smith 1996;
Strayer et al. 2019b).

As shown above, many functional interactions of non-native aquatic species may be a
potential threat for native ones. This can be observed in many aquatic ecosystems,
however, it is highly problematic for freshwater systems, being among the most endan-
gered ecosystems worldwide (Dudgeon et al. 2006). With less than 1% of the earth’s
surface, freshwater habitats inhibit almost 10% of all species and many of these species
are threatened (Strayer and Dudgeon 2010). As some prominent examples, freshwater

mussels as well as crayfish are highly endangered animal groups with a high number of
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threatened species (Strayer and Dudgeon 2010). However, compared to other ecosys-
tems, European aquatic ecosystems often have the greatest presence of non-native
species due to human activities and connectivity with other ecosystems (Keller et al.
2011). This makes it more important to consider this issue as part of conservation man-

agement for native aquatic fauna.
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1.3 Spatially explicit approaches

Freshwater bivalves are among the most endangered species worldwide and many na-
tive species are assigned high priority in aquatic conservation and restoration efforts,
since freshwater bivalves are considered key faunal elements of diverse aquatic habitats
(Geist 2010; Geist 2015; Lopes-Lima et al. 2018; Lopes-Lima et al. 2017; Sousa et al.
2023). However, even for this animal group introduction of non-native species was iden-
tified as one of the major threats (Ferreira-Rodriguez et al. 2019; Lopes-Lima et al.
2017). To address problems such as invasive species, systematic approaches need to
be adapted, since freshwater ecosystems are often underrepresented in actual conser-
vation management (Abell 2002; Herbert et al. 2010; Hermoso et al. 2016; Lopes-Lima
et al. 2017; Nel et al. 2009; Nel et al. 2007).

With the implementation of protected areas, many negative impacts such as habitat
degradation could be prevented. However, freshwater ecosystems are often not ade-
quately protected, since catchment areas of entire rivers can be huge and may only be
partially covered by protected areas (Hermoso et al. 2015). Given that stream ecosys-
tem-level processes are longitudinally linked (Vannote et al. 1980), species that occur
in the protected downstream part of an only partially protected stream can still be threat-
ened if the upper part is unprotected. However, if a stream is fully protected, invasion of
non-native species and thus a threat to native species cannot be excluded, as shown
by Foxcroft et al. (2013) for invasive plant species. Even in highly isolated mountainous
landscapes, in which protected areas are located, invasive species can be problematic
(Alexander et al. 2016). Nevertheless, for non-native plant species, it has been shown
that protected areas can be a certain barrier for colonization (Foxcroft et al. 2011;
Lonsdale 1999; Pysek et al. 2003). In a study, Gallardo et al. (2017) examined current
and future potential distributions of 100 of the most invasive terrestrial, freshwater and
marine species in Europe and evaluated the combined threat from invasions and climate
change. They found that only approximately 25% of marine and terrestrial protected
areas (protected over the last 100 years) in Europe have been colonized by investigated
invaders. Their prediction revealed that species richness of invaders is 11% to 18%
significantly lower inside than outside of protected areas. They conclude that consider-
ing the expansion of invasive species under climate change protected areas can provide
strategic refugia for native species. However, it is often not possible to predict, how sus-
ceptible a (protected) habitat is to be invaded by a certain non-native species or if a new

non-native species that start to spread might be problematic for certain native species.
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To optimize area protection of freshwater systems and to predict the impact of non-
native species on certain native species or even the invasion potential of an already
protected habitat, spatially approaches could be implemented. It has already been
widely demonstrated that conservation prioritization tools, such as species distribution
models (SDMs), can be useful tools for improving conservation planning (Moilanen et
al. 2008; Moilanen et al. 2009). In addition, SDMs could also help to predict range shifts
of invasive species due to climate change, but this has rarely been tested adequately
(Jeschke and Strayer 2008).

Consequently, information on the potential niche overlap between native species of con-
servation concern and potentially invading non-native species is needed to assess the
risk of invasion. Niche overlap could be identified by comparing ecological niche models
for each of these species. However, such models are often based on spatial information
on recent occurrences, and this information is often lacking for new non-native species

and only available for the native ones, making this approach not yet feasible.
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1.4 Thesis objectives and outline

Many different threat factors such as the introduction of non-native species, habitat loss
and fragmentation, overexploitation, pollution, loss of host fishes, water abstraction and
climate change have led to the decline of European native freshwater bivalve popula-
tions (Lopes-Lima et al. 2017), and the impact of human activities is constantly introduc-
ing new risks. It is therefore essential to identify new threats, such as biological inva-
sions, at an early stage and to fully understand the impact of functional interactions of
non-native species with native bivalves. In the case of non-native S. woodiana, this spe-
cies has already been identified as a major potential threat to native bivalves (e.g.,
Urbanska et al. 2021). However, little is known about its actual distribution in Central
Europe. In contrast, the distribution of invasive crayfish, such as P. leniusculus, has
been well studied (Holdich 2003), while their impact on native bivalves is only suspected.
In order to maintain conservation areas as strategic refugia for threatened native un-
ionids, systematic conservation strategies should be implemented as a first step to iden-
tify conservation gaps and ultimately improve the conservation of native freshwater bi-
valve populations before they disappear completely. Addressing all aspects mentioned
above, this thesis focused on the actual distribution of a non-native unionid, the effects
of functional interactions of two non-native freshwater species with native unionids, and
the conservation gap of two highly endangered native freshwater bivalves. More specif-

ically, the main objectives of this thesis were:

o Assessment of the actual distribution and potential impacts of the non-native

Chinese pond mussel (Sinanodonta woodiana) in Bavaria,

e Assessment of the predation risk of native and invasive freshwater crayfish on

native and invasive freshwater mussels,

¢ Identification of conservation gaps and prioritization of protection areas for the

two native freshwater mussels Margaritifera margaritifera and Unio crassus.
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2.1 Study design

The core study concept of this thesis was based on the three pillows field monitoring,

laboratory experiments and systematic conservation and management (Fig. 4).

Systematic
—P ( conservation &
management

Laboratory
experiments

Fig. 4 Schematic illustration of the study concept this thesis was based on. Field mon-
itoring was conducted to obtain information on actual distribution, abundance and pop-
ulation demography of a non-native unionid species and to potentially observe effects
functional interactions with native species. Laboratory experiments were conducted to
assess effects of mechanistic interactions between invasive and native species, which
were subsequently validated in the field. A systematic conservation approach was
used to develop ecological niche models for native bivalve species based on regional
monitoring results. Such models can be used to derive new monitoring concepts.
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In the first study (Chapter 3), in which the actual distribution of a non-native unionid
bivalve and potential impacts on native unionid populations were assessed, a field mon-
itoring approach was used to obtain in-situ information (Fig. 4). Since up to date there
is a lack of systematic monitoring of invasive species in Germany, only randomly ob-
served and anecdotally reported occurrences of this non-native species were available
and used as a basis for the sampling design. As described in Dobler, Hoos & Geist
(2022), density and biomass of native and invasive bivalve species as well as physico-
chemical parameters such as turbidity, water temperature, specific conductivity, or pH-

value for habitat characterization were assessed.

In the second study (Chapter 4), the functional interaction between native and invasive
crayfish and native and invasive unionids was investigated through defined laboratory
experiments on predation effects. In controlled laboratory experiments, the intensity of
damage on native and invasive unionids and a potential learning effect were compared
between native and invasive crayfish species. Subsequent field monitoring served as

an in-situ validation of the experimental results (Fig. 4).

The third study (Chapter 5) applied an approach that translates this knowledge into spa-
tial conservation and management aspects of protected areas. Thus, the recent conser-
vation concept of two highly endangered native mussel species was evaluated by com-
paring ecological niche models of each species with actual conservation areas. As basis
for the niche models, the results of a wide-ranging field monitoring in Bavaria were used

(Fig. 4). These three steps are discussed in more detail below.
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2.2 Distribution sampling and habitat characterization

To assess the distribution and the ecological niche of a certain species, it is necessary
to monitor this species in the habitats it is suspected to occur. Such sampling data can
also be used for further analyses of valid field data, as this was shown in the study
presented in Chapter 5, where such data formed the basis for distribution models of two

highly endangered native unionids species (see Section 2.4).

In the case of newly invaded non-native freshwater bivalves, only random observations
and anecdotal reports of these species are therefore available in Germany. If only the
distribution range of such a species in a certain system is required, the monitoring can
be simple, but if distribution overlaps and potential competition effects are expected, a
sampling design with a higher resolution has to be chosen. For the study of Chapter 3,
not only the distribution but also population and habitat characteristics as well as co-
occurrence with native bivalve species were assessed. Including all these aspects, a
monitoring design with a finer scale was therefore chosen. Sampling frames with three
different sizes (0.25 m2,1 m?, 9 m?) were used to define the sampling spots as well as
the area that has to be searched. Sampling plots were distributed around the area of the
suspected S. woodiana occurrence. Starting with the smallest frame, the next larger

frame was chosen after 5 sports without mussels.

However, the water bodies strongly differed from each other and thus, such field moni-
toring had to be adapted to the specific conditions. In slow flowing streams or in fish
ponds with shallow and clear water, visual monitoring by wading using an aqua-scope
was applied (Fig. 5 left). With this approach only visible bivalves sitting on the top of the
sediment can be found. However, if the turbidity is too high to find the mussels visually,
a tactile approach has to be chosen. Since freshwater bivalves can also burry them-
selves in the sediment, all buried mussels within the certain frame were also collected

by disturbing the sediment by hand up to 50 cm depth, if possible.

When the water depth exceeded one meter, it was not possible to do the monitoring by
wading. In this case, a sampling via snorkeling or even scuba diving was necessary
(Fig. 5 right) to detect mussels properly. Especially in lakes and deeper ponds, the
monitoring was performed using the methodology “scientific diving” according to the ex-
isting national German regulations (DGUV-Regel 101-023 “Einsatz von For-

schungstauchern”).
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All found unionid specimens were collected, the individual wet body mass was weighed
using a field scale (+ 1 g) and the length of each individual was measured using calipers
(£ 0.1 mm). Before weighing the mussels, attached D. polymorpha were removed and
weighed separately. The number of all Corbicula spp. specimens that were found within
one sampling spot were counted and the individuals were weighed together. Due to the
German law, all protected species were returned to the original spots immediately after
measurements, while non-native species were kept. These biotic data were used to de-
termine the species composition at each sampling spot as well as the biomass and den-

sity of each species.

Fig. 5 Sampling methods adapted to the sampling habitat, with a visual and tactile
sampling approach in a smaller stream (left) and a scuba diving sampling in a deeper
lake with high turbidity (right).

Besides the distribution and abundance of non-native and native bivalve species, abiotic
habitat characteristics of all examined water systems were also assessed to determine
the ecological tolerance of S. woodiana, except of the pond near Muenchsmuenster, as
this system was drained at the time of sampling. At each sampling spot, water temper-
ature (in °C), dissolved oxygen (in mgL™), pH-value, and electric conductivity (in
uS cm™, relative to 25 °C) was measured using a handheld probe Multi 3630 IDS F
(WTW, Weilheim, Germany) as well as the redox potential (in mV) using a handheld pH
3110 meter (WTW, Weilheim, Germany) together with a platinum electrode and an

Ag/AgCl2-reference electrode in the open water. Additionally, turbidity (in NTU) was
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measured using a handheld probe Turb® 355 T (WTW, Weilheim, Germany). Flow ve-
locity (in m s™') was measured at 60% depth of the water column and at 2 cm below the
surface (see Stoeckl and Geist 2016), according common techniques in hydrological
studies, using a handheld flowmeter (Flowtherm NT, Hontzsch, Waiblingen, Germany)
(Table 1).

For interstitial and substratum characterization, penetration resistance (in kg cm?) was
measured using a handheld penetrometer (Eijkelkamp Agrisearch Equipment,
Giesbeek, The Netherlands), and, as explained above, the temperature, dissolved oxy-
gen, pH-value, electric conductivity and the redox potential was measured in an intersti-
tial water sample taken at a substratum depth of 10 cm (Geist and Auerswald 2007)
(Table 1).

At diving spots, samples of interstitial water and of open water were taken from the diver

at each spot and immediately delivered for further measurements.

In addition, water depth and silt layer were measured using a measuring rod (£ 0.5 cm),
at diving sites water depth was measured using a diving gauge (£ 0.25 m). The width of
the water body was measured in flowing waters using a measuring tape (+ 0.05 m) for
sampling sites up to 25 m wide, and using an online image viewer measuring tool for
sites greater than 25 m wide (Table 1). Macrophyte coverage (in %) within each sam-

pling frame was estimated.

As this study involved the handling of protected species and sampling within protected
areas, all necessary permissions 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).
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Table 1 List of variables, their units and material and method used for sampling

variables

unit

used material and method

Bivalve population assessment

shell length
shell width
shell height
wet bodymass

density

Habitat characterization

macrophytes coverage

penetration resistance

silt layer thickness
turbidity

water temperature

dissolved oxygen

pH-value

electric conductivity

redox potential

flow velocity

depth

width

mm
mm

mm

Ind m2

%

kg cm

cm
NTU

°C

mg L™’

pH

Total shell length of each individual measured with
calipers

Total shell width of each individual measured with
calipers

Total shell height of each individual measured with
calipers

Wet bodymass of each individual weighed with field
scales

Counting of all mussels within the defined sampling
frame

Coverage estimation of macrophytes within sampling
frame

field measurements using a handheld penetrometer
(Eijkelkamp Agrisearch Equipment, Giesbeek, The
Netherlands)

field measurements using a measuring rod

field measurements using a handheld Turb® 355 T
(WTW, Weilheim, Germany)

field measurements (in open water and in interstitial
water samples) using a handheld probe Multi 3630
IDS F (WTW, Weilheim, Germany)

field measurements (in open water and in interstitial
water samples) using a handheld probe Multi 3630
IDS F (WTW, Weilheim, Germany)

field measurements (in open water and in interstitial

water samples) using a handheld probe Multi 3630
IDS F (WTW, Weilheim, Germany)

uS cm™, rel- field measurements (in open water and in interstitial
ative to 25 °C water samples) using a handheld probe Multi 3630

mV

IDS F (WTW, Weilheim, Germany)

field measurements (in open water and in the inter-
stitial/interstitial water sample) using a handheld pH
3110 meter (WTW, Weilheim, Germany) combined
with a platinum electrode and an Ag/AgCI2-reference
electrode

field measurements at 60% depth of the water col-
umn and at 2 cm below the surface using a handheld
flowmeter (Flowtherm NT, Hontzsch, Waiblingen,
Germany)

field measurements using a measuring rod or a div-
ing gauge for diving sports

field measurements at each sampling spot using a
measuring tape (for spots < 25 m stream
width)/measuring tool of an online satellite image
viewer (for sports > 25 m stream width)
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2.3 Predation assessment

To assess effects of functional interactions of invasive species such as predation by
crayfish systematically, it is necessary to quantify this in controlled laboratory experi-
ments. This approach allows to delete most of disruptive factors that normally occur
under natural conditions and may affect experimental results and to set the focus on the
desired effect. Furthermore, such a design also allows to investigate an impact that is
not yet problematic in natural systems due to the lack of co-occurrence, but may become
so in the future as non-native species continue to spread and invade susceptible sys-
tems. The laboratory experiments of Chapter 4 built up the basis to quantify the dam-
ages on each mussel species for each crayfish species under artificially created condi-
tions. Since this setting was not yet found in natural systems, but could be problematic
in the future, this chosen design using laboratory experiments allowed to compare the
impact of native and invasive crayfish on different native as well as invasive mussel
species simultaneously. Using crayfish species that never had been in contact with
freshwater bivalves for a first experiment, and reusing the same specimen after holding
them combined with freshwater bivalves for 25 days allowed to compare both results

considering a possible learning effect.

For these experiments, the native crayfish A. astacus, obtained from a regional breeder,
and the invasive P. leniusculus, caught in the river Moosach next to the laboratory, were
used. To show predation differences in light of shell conditions, two native thin-shelled
pond mussels, Anodonta anatina and A. cygnea, one native thick-shelled mussel,
Unio pictorum, as well as and non-native species, S. woodiana, whose shell is more
thick than native pond mussel but much thinner than of U. pictorum, were used. All mus-

sels were obtained from online shops.

In each of the four experimental parts (A. astacus without previous contact to freshwater
mussels; A. astacus with previous contact to freshwater mussels; P. leniusculus without
previous contact to freshwater mussels; P. leniusculus with previous contact to fresh-
water mussels), one crayfish specimen that was acclimated for 10 days and starved for
three days was placed together with one specimen each of three native (A. anatina,
A. cygnea and U. pictorum) and of one non-native (S. woodiana) bivalve species in one
aquarium. The experiments were performed with eight replicates for each experimental

part. Each aquarium (length: 40 cm; width: 25 cm; height: 25 cm) was filled with 5 cm of
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fine gravel (4-8 mm) and with 13 L of tap water. One PVC tube (diameter: 7 cm; length:

25 cm) was provided in each aquarium as a shelter for crayfish.

After three days, each experimental part was terminated and mortality as well as shell
damage were assessed. To assess the full dimension of damages and not only estimat-
ing them, an approach using georeferenced photos of the shells was used. Before and
after the certain experiment, each shell was placed on a reference grid and photo-
graphed individually. Each image was georeferenced using polynomial transformation
(polynomial 3) of the software Quantum GIS v3.4.5 (QGIS Association) distributing 12
control points on the grid around the valves and using nearest neighbor as resampling
method. Therefore, a custom coordinate reference system with a transverse Mercator
projection was used, setting latitude and longitude origin as well as the coordinate value
at x and y origin to 0 and the scale factor to 1. As ellipsoid, WGS84, and as unit, meter

was used.

All damages were counted and the depth and the length of each damage was measured
using the measuring function in ArcGIS v10.7.1 (ESRI 2019). For analyses, each shell
was divided into four quadrants representing the four parts of a shell, posterior-dorsal,
posterior-ventral, anterior-dorsal and anterior-ventral, respectively. A more detailed de-

scription of this can be found in Subsection 4.3.6.

However, if such effects are demonstrated in experiments, a validation under natural
conditions should be added if possible. Thus, a subsequent field study was therefore
performed as an in-situ validation of the experimental results. However, only a fraction
of the experimental results could be examined, since a co-occurrence of native and in-

vasive mussels with invasive crayfish was lacking.

An official permit for the experimental setup and for the handling of crayfish was obtained
from the permit agency, the District Government of Upper Bavaria, under the reference
number 2631.Vet_11-4-12.
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2.4 Spatial approach

For conservation concepts, valid field data are necessary. However, gaining high quality
and comprehensive actual information on the occurrence of several species is time and
cost intensive and such data do not show the further development due to, e.g., climate
change. If enough information on the occurrence of a species is available, which is not
the case for non-native species, spatial approaches could help to create models on the
potential distribution of a species and on possibly overlaps of different species. Such
models can also be used for systematic approaches implementing conservation con-

cepts especially for prioritization approaches.

This was addressed in Chapter 5, in which a spatially approach based on a high number
of occurrence points from a big local monitoring database was used to create ecological
niche models for two highly endangered native unionids, U. crassus and M. margaritif-
era. Ecological niche models based on habitat suitability score estimations were devel-
oped for each species using the maximum entropy algorithm in Maxent 3.3.3 k (Phillips
et al. 2006).

occurrences

protection areas

Maxent
model

binary map

Fig. 6 Schematic illustration of the ecological niche modeling and the subsequent gap analysis
(left to right). Based on different input layers (occurrence layer, a bias layer, 12 different abiotic
layers and a buffered stream layer) ecological niche models were created using MAXENT. Niche
models were transformed into binary maps using the 10" percentile of suitability scores, which
were subsequently overlaid by maps of the actual protected areas to reveal conservation gaps.
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As occurrence data, 386 data points for M. margaritifera and 914 data points for U. cras-
sus from the Bavarian species conservation monitoring database collected between
1990 and 2016 were used. To reduce spatial autocorrelation of these data due to sam-
pling bias, records of each species were reduced to one point within a 2-km radius (Eu-
clidian distance) using SDMTOOLBOX 1.0b (Brown 2014) in ArcGIS 10.3.1 (ESRI, Inc.
Redlands, CA, USA) following the suggestions of Kramer-Schadt et al. (2013) and
Phillips et al. (2009). In addition, a bias layer of Gaussian kernel density based on the
occurrence points with a bandwidth of 50 km was created and used, to control back-
ground sampling efforts that can be influenced by the sporadic distribution of a species

and the higher sampling in areas with known occurrences (Elith et al. 2011).

Models were based on raster layers of twelve uncorrelated abiotic variables that were
masked with a 500-m buffered line shape of Bavarian rivers: six climate variables, three
landscape variables, two anthropogenic variables and one physicochemical variable
(see Table 9).

Based on the suitability threshold that was set at the 10™ percentile of suitability scores,
binary maps of each of the niche models were created, with values above this threshold
as suitable and values below this threshold as unsuitable parts. These binary maps were
overlaid with maps of the actual conservation areas designated by §§ 23-27 and 31-36
of the German federal nature conservation act (BNatSchG) to reveal conservation gaps

(see Fig. 6).
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2.5 Statistical analyses

Statistical analyses were performed using MAXENT version 3.3.3 k (Phillips et al. 2006),
R version 3.5.0 using package ‘gimmTMB’ (Brooks et al. 2017), R version 4.1.0 using
package ‘stats’ (R Core Team 2020) and PRIMER version 7 with PERMANOVA+ add-on
(Plymouth Marine Laboratory, Plymouth, UK; Anderson et al. 2008).

Descriptive statistics were used to characterize the mussel density of each species, the
sampled S. woodiana habitat and shell length and wet weight of all S. woodiana specimens
found for each sampled water body. It was also used to present the damage patterns for
each bivalve species of each experimental part and the numbers of the found bivalves and
crayfish at each sampling spot of the field validation. In addition, descriptive statistics was
used to illustrate the percentage of suitable habitats for both bivalve species within the pro-

tected area types.

Generalized linear model (GLM) with AlC-based stepwise backward model selection
were calculated to identify the decisive parameters explaining mussel occurrence. Non-
parametric distance-based linear modelling (DistLM) with 999 permutation was carried
out using an AlC-based BEST analysis selection to determine the proportion of explained
abundance and biomass variation of native mussel species and invasive S. woodiana

by physico-chemical parameters.

Zero-inflated generalized linear mixed models (gimmTMB) were conducted to explain
length, depth and number of predation marks of native and invasive crayfish predation

on three native and one non-native mussel species.

Maximum entropy algorithm was used to develop ecological niche models (ENMs) for

two highly endangered native unionid species M. margaritifera and U. crassus.
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3 Distribution and potential impacts of non-native
Chinese pond mussels Sinanodonta woodiana
(Lea, 1834) in Bavaria, Germany
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A similar version of this chapter was published: Dobler AH, Hoos P, & Geist J. 2022.
Distribution and potential impacts of non-native Chinese pond mussels Sinanodonta
woodiana (Lea, 1834) in Bavaria, Germany. Biological Invasions 24: 1689-1706. DOI:
10.1007/s10530-022-02737-2
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3.1 Abstract

The Chinese pond mussel, Sinanodonta woodiana, is non-native to European freshwa-
ter systems. 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 distribution and population characterisation of
S. woodiana as well as on the co-occurrence of native mussels potentially resulting in

competition.

For this paper, we examined nine water systems in the German federal state of Bavaria
with randomly observed and anecdotally reported S. woodiana occurrences. We rec-
orded the density and biomass of S. woodiana 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
widespread throughout Bavaria, indicating great invasion potential. In one fish pond,
S. woodiana was the only mussel species occurring with the highest mean biomass
(1,286.0 + 1,067.7 g m™) and with the biggest specimen (25.0 cm and 1,616.0 g). The
wide range of habitat variables matched the expectation of a wide ecological niche for

the species.

This study provides evidence that S. woodiana has already become established in many
water systems in Bavaria, with fish ponds and fisheries management practises being a
likely vector. To counteract this species and to conserve native mussel species, it is
important to implement effective legislation, to take measures to eradicate this invasive

mussel transnationally, and to raise public awareness.

Candidate’s contribution: All authors contributed to the study conception and design.
Material preparation, data collection and analysis were performed by the candidate as
well as by PH. The first draft of the manuscript was written by the candidate and all
authors commented on previous versions of the manuscript. All authors read and ap-

proved the final manuscript

35



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

3.2 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 introduc-
tion 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 freshwater
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 degradation 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; Young and Williams 1983). In addition, the negative effects of inva-
sive alien species (IAS) can be important. 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 (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 (Urbanska et al. 2021). The relatively small invasive Asian
Corbicula fluminea (Miller, 1774), which, however, occurs in high densities, and the
invasive zebra mussel, Dreissena 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 flowing 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 (Ozgo et al. 2020; Sousa
et al. 2011). Aside from this, the direct impact of dreissenid fouling on industrial and
infrastructural 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 occur-
ring non-native freshwater mussel, the Chinese pond mussel Sinanodonta woodiana
(Lea, 1834), has competitive advantages over other unionids native to Europe. For ex-
ample, 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;
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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 2021; 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 (Urbanska 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; Bolotov et al. 2016;
Kondakov et al. 2020 for Russia; Kondakov et al. 2018 for Uzbekistan; Konecny et al.
2018 for Europe; Zieritz et al. 2018a for Malaysia and Indonesia; 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
southern France (Adam 2010). Initially, its spread was slow and restricted to artificial
heated water (see Urbanska 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
species to Europe as resulting from a commercial import of Asian carp from the Yangtze
River basin to hatcheries 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 that provide pond products such
as garden centres and construction markets 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 colonised many European countries, the Eu-
ropean Union lacks a consistent approach for classification and management. The Ger-
man legal status, for example, classifies S. woodiana as ‘potentially invasive’ (Rabitsch
and Nehring 2017) because of the lack of documentation on the actual distribution and

invasiveness of S. woodiana. This shows the need to evaluate the actual distribution of
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S. woodiana as well as its co-occurrence with native mussel species. For effective man-
agement of S. woodiana, systematic documentation of its habitat preferences, distribu-
tion pathways and its effects on native mussels in the event of coexistence would pro-
vide crucial information. Some studies already exist that document single populations or
the spatial distribution of S. woodiana partly combined with an analysis of the co-occur-
rence 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 sys-
tematically 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 establishment
of this species in these water systems; (ii) to characterise the habitat conditions where
the species is found; (iii) to characterise the S. woodiana populations with respect to
population density, mussel length and biomass and (iv) to assess the co-occurrence 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.
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3.3 Methods

3.3.1 Study area

The study area covers the federal state of Bavaria in Germany with its three main catch-
ment areas of the Danube, Main and Elbe. We searched for references of known
S. woodiana occurrences in the federal species protection database (LfU (Bayerisches
Landesamt fur Umwelt) 2020) as well as for hints from the public collected by the Ba-

varian coordination office for freshwater mussel conservation (personal communication)
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Fig. 7 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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over a period of four years. We systematically examined nine water bodies (Fig. 7) with
a speculated occurrence of S. woodiana. All necessary permissions for this study in-
cluding 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).

3.3.2 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 occur-
rence by randomly placing sampling frames onto the water bottom. We used 0.5 x 0.5 m
or 1 x 1 m frames respectively a twelve-metre-long and at both ends connected chain
with marks all 3 meters defining the 4 corners (= 9 m?) to define the spots. This resulted
in a total of 129 quadrats of 1 m™ (i.e. 0 to 50 per site) and 19 quadrats of 9 m™ (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 sam-
pling spots with a water depth of more than 1 m or with high turbidity, sampling was

performed by scuba diving.

3.3.3 Abiotic habitat parameters

To characterise the habitats and to determine the ecological tolerance of S. woodiana,
we measured water temperature (T, in °C), dissolved oxygen (O, in mg L"), pH-value,
and electric conductivity (Cond., in yS cm™, 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 turbidity (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 interstitial water as well as of open water
above the ground and immediately delivered these samples to the surface for measure-

ments.

To characterise the substrate, we measured the penetration resistance (PR, in kg cm?)
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 with a platinum electrode and an
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Ag/AgCl,-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 was 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
(x 0.05 m) for widths up to 25 meters and the measuring tool of a satellite image viewer
(https://geoportal.bayern.de/bayernatlas) for widths over 25 meters. In accordance with
common techniques in hydrological studies, we measured the flow velocities (v, inm s
") at 60% depth of the water column (mc) as well as at 2 cm below the surface (su) (see
Stoeckl and Geist 2016), using a handheld flowmeter (Flowtherm NT, Hontzsch, Wai-
blingen, Germany). Since the pond at Muenchsmuenster was drained at the time of

sampling, no abiotic water parameters could be collected.

3.3.4 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 sediment by hand to a
maximum of 50 cm depth if possible, 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 callipers (£ 0.1 mm). Mussels with attached dreis-
senids were cleaned before the measurements and the wet body mass of the attached
Dreissena spp. specimens were weighed separately. All Corbicula spp. specimens
found were counted and weighed together. All protected mussels were immediately re-

turned to the sample location, whereas invasive mussels were not released.

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

umented.

3.3.5 Statistical analyses

We summarised all found mussels and calculated the mussel density (in Ind m?) and
biomass (in g m?) in total and for each mussel species separately for each water sys-
tem. 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
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S. woodiana for each water body. For habitat parameters, maximum, minimum and
mean values were calculated. Unless stated otherwise, arithmetic mean and standard
deviation (SD) were calculated and reported as mean + standard deviation. We com-
puted a generalised linear model (GLM; model 1) using a “gim”-function within R (version
4.1.0; R Core Team 2020) with a binary value of plots with (1) and without (0) mussel
occurrence as the response variable and with the abiotic and biotic values (O, FW, O,
IN, TFW, T IN, Lf FW, Lf IN, pH FW, pH IN, v su, v mc, water depth, Macroph., Turb,
PR, Eh FW, Eh IN) as predictors. We used the function “stepAlC” to select the best

model and set the significance levels to p < 0.05.

To determine the proportion of explained variation 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 PERMANOVA+ 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 Infor-
mation Criterion) was used as the selection criterion and the procedure of selection fol-
lowed 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 con-
tributions. We only used environmental variables with a significant contribution to the
relationship with the abundance or biomass data of the native mussel species as well

as abundance or biomass of S. woodiana as an overlay.
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3.4 Results

3.4.1 Population characteristics

We sampled a total of 148 plots with a total of 300 m? (129 x 1 m? and 19 x 9 m?) in
nine different water systems across Bavaria and found mussels 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 anecdotal
reporting. Within 35.1% of our sampling plots we found 100 individuals of S. woodiana.
In addition, 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 mussel 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? with a mean biomass of 35.9 + 191.0 g m™?. For
S. woodiana, mean density was 0.45+0.84 Ind m? with a mean biomass of
150.8 + 427.2 g m. We found the highest mussel density in the reservoir Rothsee with
5.8 + 7.1 Ind m? and a maximum of 26 Ind m™. This reservoir also had the highest mus-
sel 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. 8a) and with 23.2%, 18.3%, 4.7%, 49.5% and 4.2% in biomass
(see Fig. 8b), respectively. In the fish pond Burlafinger Weiher, S. woodiana was the
only mussel species occurring and had the highest mean biomass
(1,286.0 + 1,067.7 g m™) of all sampled water systems. We also found the largest spec-
imen in this pond at 25.0 cm and 1,616.0 g (Fig. 9).

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 invasive mussel species (C. fluminea, D. bugensis and D. polymor-
pha). 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 ex-

cluding U. tumidus.
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3.4.2 Habitat characterisation

We additionally characterised the habitat by measuring abiotic and biotic variables in 95

sampling spots. We found mussels in 76 of these sampling spots whereas in 19 spots

Table 3: Characterisation of the sampled S. woodiana habitats with water and sediment pa-
rameters 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 2.

BW GH HW BI MB RS WO All
Variables (N=9) (N =6) (N=6) (N=2) (N=7) (N =6) (N =12) (N = 48)
Open water
02 FW 13.6 0.7 NA 11.0+£0.7 95+0.3 6.1+15 8704 11122 104 +238
(mg L™ [12.8-14.9] [10.3-12.3] [9.3-9.7] [4.5-7.9] [8.0-9.3] [8.0-14.2] [4.5-14.9]
TFW 20.2+0.6 NA 114+03 10.5+0.0 92+0.6 19.1+4.0 221+23 17.0+5.6
(°C) [19.6-21.2] [11.1-11.7] [10.5-10.5] [8.4-9.7] [16.2-24.8] [18.9-24.2] [8.4-24.8]
Cond FW 270+ 3 NA 593 +4 291+0 589+36 562+ 9 684 +49 530+164
(S cm™) [265-274] [587-598] [291-291] [543-635] [650-568] [614-732] [265-732]
pH FW 8.8+0.1 NA 84+0.1 8.0+0.0 75101 8.0+0.0 8.2+0.2 8.2%04
[8.7-8.9] [8.3-8.5] [8.0-8.1] [7.5-7.6] [8.0-8.1] [8.0-8.6] [7.5-8.9]
Eh FW 401+9 NA 266 + 92 247 + 71 375 + 51 410+ 30 416179 375+ 118
(mv) [385-414] [87-332] [196-297] [304-432] [361-436] [-28-670] [-28-670]
Turb 75+32 NA 357+15.1 359+355 21.5+8.0 46+17 16.1+116 17.3%+149
(NTU) [4.1-14.3] [22.1-65.3] [10.8-61.0] [7.7-29.3] [2.1-7.2] [6.9-43.4] [2.1-65.3]
v su 0.00 +0.00 NA 0.00+0.00 0.00+0.00 0.10+0.13 0.00+0.00 0.05+0.06 0.03+0.07
(ms™) [0.00-0.00] [0.00-0.00] [0.00-0.00] [0.00-0.28] [0.00-0.00] [0.00-0.16] [0.00-0.28]
v mc 0.00 +0.00 NA 0.00+0.00 0.00+0.00 0.10+0.12 0.00+0.00 0.06 +0.06 0.03 +0.07
(ms™) [0.00-0.00] [0.00-0.00] [0.00-0.00] [0.00-0.29] [0.00-0.00] [0.00-0.19] [0.00-0.29]
Depth 104.1+£16.8 30.7+4.2 442+194 89.0+4.2 52.3+16.8 296.7 +101.3 79.8+23.2 97.2+88.0
(cm) [65.0—-120.0] [25.0-36.0] [26.0-76.0] [86.0-92.0] [18.0-70.0] [150.0-400.0] [59.0-135.0] [18.0-400.0]
Width NA NA NA 29.8+8.8 3405 NA 309+13.7 21.6*16.8
(m) [23.5-36.0] [2.5-4.1] [14.8-57.9] [2.5-57.9]
Substrate
0O2IN 06+1.3 NA 0.8+1.2 1.6+£0.1 05+05 31+19 1.1+£1.1 1.2%14
(mg L™ [0.0-3.9] [0.0-3.0] [1.5-1.7] [0.0-1.5] [0.4-6.1] [0.0-3.3] [0.0-6.1]
TIN 21.6+0.3 NA 122+02 11.4+0.7 10.0£0.8 192+45 218+19 17.5+53
(°C) [20.9-21.9] [11.9-12.5] [10.9-11.9] [9.0-11.4] [15.6-25.3] [19.3-24.4] [9.0-25.3]
Cond IN 356 + 81 NA 655 + 63 394 + 37 882+ 227 639 + 87 792 + 97 653 * 224
(S cm™) [265-530] [594-736] [367—420] [610-1.282] [5636-768] [704-1.009] [265-1,282]
pH IN 7.0+0.2 NA 76105 731201 70+04 7.2+0.3 72+0.3 7.2%0.3
[6.8-7.3] [7.2-8.4] [7.3-7.4] [6.6-7.8] [7.0-7.7] [6.8-7.6] [6.6-8.4]
Eh IN 296 + 80 NA 49+140 121 +105 24 + 33 356 + 83 133+ 136 169 £ 157
(mv) [192-413] [-213-202]  [46-195] [-5-76] [252-450] [-148-280] [-213-450]
PR 0.00 £ 0.00 NA 0.01+0.02 0.03+0.01 0.19+0.18 0.18+0.11 0.27+0.17 0.14*0.16
(kg cm?) [0.00-0.00] [0.00-0.05] [0.02-0.03] [0.01-0.55] [0.07-0.38] [0.00-0.51] [0.00-0.55]
Silt layer 188+ 101 1.7+26 255+11.3 6.5+49 23.1+354 NA 60.0+54.8 20.7 *29.6
(cm) [8.0-40.0] [0.0-5.0] [10.0-38.0] [3.0-10.0] [0.0-100.0] [0.0-100.0] [0.0-100.0]
Macroph 250+274 00+00 0.0+0.0 125+10.6 0.0%0.0 0.0+£0.0 42+79 63+154
’ [0.0-80.0] [0.0-0.0] [0.0-0.0] [5.0-20.0] [0.0-0.0] [0.0-0.0] [0.0-20.0] [0.0-80.0]

(%)
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mussels could not be detected. A significant difference of plots with and without mussels
could only be detected in dissolved oxygen of the water column (ANOVA; F = 6.223;
p < 0.05) with 10.2 + 2.4 mgL" and 8.6 + 1.0 mg L™, respectively. The other abiotic pa-

rameters were nearly identical in both groups.

Species. S. woodiana A.cygnea [l U. tumidus

a) A. anatina U. pictorum . C. fluminea
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Fig. 8 Percentage contribution 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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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™ in Moorbach and a maximum of 14.9 mg L™ in the Burlafinger Weiher
(Table 3), even though this sampling cannot be considered representative due to sea-
sonal 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 res-
ervoir Rothsee (Table 3). 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 pen-
etration resistances (e.g., 0.00 +0.00 kg cm? in the Burlafinger Weiher and
0.01 £ 0.02 kg cm™ in the Hirtenweiher, Table 3), and high mean amounts of silt (e.g.,
25,5+ 11.3cm in the Hirtenweiher and 60.0 + 54.8 cm in the Wornitz, Table 3).
S. woodiana was found to a maximum water depth of 4.0 meters in the Rothsee. Mean
conductivity of the water bodies showed a wide range from 270 + 3 uS cm™ in the Burlaf-
inger Weiher to 684 + 49 uS cm™ in the Wérnitz (Table 3).
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Fig. 9 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 ob-
served in the percentile boxes and black dots single cases exceeding 1.5 times the values
observed in the percentile boxes. Abbreviations for water systems originate from Table 2.
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3.4.3 Co-existence of S. woodiana with native mussel species

Over all sampling spots, the highest number of individuals over all mussel species
(20 Ind m) were found in one spot with S. woodiana co-occurring with U. pictorum (Fig.
10a) whereas the highest biomass (3,312.0 g m?) was found in one spot with
S. woodiana as the only mussel species (Fig. 10b). 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
abundance (Fig. 11a). 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 (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. 11b). Neither the abundance nor the
biomass of S. woodiana had a statistically significant contribution to the explanation of
the model. Nevertheless, 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? of S. woodiana (Fig.
10).

Table 4: 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 2.

Average length + SD Average weight £ SD

Water bodies n (mm) (9)
AK 0 - -
BI 2 78.0 £ 14.1 66.0 + 25.5
[68.0-88.0] [48.0-84.0]
BW 24 180.0 £41.3 721.9 £429.7
[87.0-250.0] [79.0-1,616.0]
GH 37 143.3 £ 30.3 402.6 £ 206.4
[105.0-240.0] [125.2-898.2]
HW 39 157.8 £ 27.8 581.8 £244.8
[99.0-195.1] [133.0-947.0]
MB 35 1276 £ 31.0 236.3£125.3
[49.6—-169.7] [7.0-468.0]
RS 25 1004 £ 25.2 161.4 £ 100.1
[60.0-151.0] [25.0—439.0]
PM 3 188.3 £ 20.2 655.0 + 165.8
[170.0-210.0] [620.0-840.0]
e 25 96.2 + 18.8 138.2+79.0
[64.2—-133.1] [36.4-343.0]
All 190 135.8 +40.9 383.0 £ 302.1
[49.6-250.0] [7.0-1,616.0]
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Fig. 11 Distance-based redundancy analysis (dbRDA) shows the relation of species com-
position 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 number 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 species composition and were
correlated with the dbRDA plot using Pearson correlation. The length of the lines indi-
cates the strength of correlation, with the radius of the black circle representing 100%
correlation. Vectors indicating the orientation of S. woodiana density represent no signif-
icant influence and are shown only for illustration.
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3.5 Discussion

In recent years, there have already been some individual detections of S. woodiana in
some of the federal states of Germany, e.g., in Baden-Wuertemberg, Hessen, Saxony,
Schleswig-Holstein, and Thuringia (Bahr and Wiese 2018; Bdssneck and Klingelhdfer
2011; Dimpelmann 2012; Nagel and Pfeiffer 2019; Pfeiffer 2002). However, all of these
studies only documented single populations and did not comprise a systematic sampling
approach. In contrast, this study provides the first systematic approach to document the
actual distribution of the invasive 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.

3.5.1 Actual and potential distribution

The examined populations of this study were widespread across Bavaria. Spatial con-
centrations in some regions were evident, but this may be partly affected by our study
approach which focused on a closer inspection of sites with speculated or expected oc-
currence 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 lim-
ited to a special region or drainage system, which suggests that there may be many still
undetected populations across Bavaria. It also suggests a greater than expected inva-
sion potential of the species and a limited possibility of still being able to eradicate single
hotspot populations. This is also obvious from other countries where new populations of

S. woodiana are frequently found (e.g., Cilenti 2019; Urbanska and Andrzejewski 2019).

Aside from the absent regional limitation, we also found a broad range of suitable habi-
tats, extending from rivers to eutrophic ponds (Table 3) with a great variety of habitat
conditions. Our results suggest that many types of inland waters are potentially suitable
for S. woodiana, which has already been shown by others (e.g., Benké-Kiss et al. 2013;
Douda et al. 2012; Popa 2007; Urbanska and Andrzejewski 2019; Urbanska et al. 2021).
S. woodiana is often characterised as a thermophilic species since this mussel originates
from tropical and subtropical areas (Kondakov et al. 2018) and has predominantly in-
vaded warmer natural waters in the southern part of Europe (Lajtner and Crncan 2011)

as well as artificially heated waters and fishponds in the northern part (Kraszewski and
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Zdanowski 2007). Nevertheless, this species has demonstrated 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.

3.5.2 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 stocking. This may
be traced back to stockings with grass carp, Ctenopharyngodon idella (Valenciennes,
1844), since this fish species is often used to reduce macrophytes within fish ponds (e.qg.,
Pipalova 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 Hun-
gary, 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 res-
ervoir Rothsee 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; Paunovi¢ et al. 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 naturally separated
drainage systems may work as super-spreader highways for invasive species and con-

sequently 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 practice in German carp pro-
duction. Besides common carp, fish farmers usually cultivate secondary species like pike
(Esox lucius), perch (Perca fluviatilis), pike-perch (Sander lucioperca) and tench (Tinca
tinca) which are often used for re-stocking by fishing clubs (Bramick 2019). To prevent
this, pond owners and fishing clubs should be sensitised, in particular since high infes-
tation densities of S. woodiana glochidia impairs fish physiology and condition (Douda et

al. 2017b), and, additionally, legal regulations should be adopted to prohibit the transfer
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of fish from waters with S. woodiana populations to natural water bodies. Other possibil-
ities whose implementation would be difficult to control could be to check each fish for
glochidia, before transfer, 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
reproduction, a simple regulation linked to timespans without S. woodiana glochidia pro-

duction cannot be recommended (Labecka and Domagala 2018).

3.5.3 Co-existence with native mussels

Besides S. woodiana populations, we also documented co-occurring mussel species. In
almost all sampled water bodies, S. woodiana co-occurs with other mussel species, alt-
hough we only found this in 14.2% of the sampling spots. It is still not fully understood
how the long-term effects of the invasion of S. woodiana will affect the native mussel
populations but, nevertheless, shifts in the mussel community are already being reported
(Urbanska 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 com-
pared with S. woodiana. For the water bodies, we have investigated in our study, it is not
possible to explain a potential shift caused or intensified 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 (Burlafinger Wei-
her). On the other hand, such a ratio was clearly visible in some plots of the river Wérnitz.
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 develop-
ment. As our results show, a negative link between the biomass of S. woodiana 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 (Sarkany-Kiss et al. 2000), S. woodiana could quickly reach a high
biomass which, combined with higher filtration rates, leads to an advantage competing
for food sources against native mussels (Douda and Cadkova 2018). In this way, the

slower growing native mussels could be outcompeted as they are deprived of their nutri-
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tion. However, in the fish pond GroRRer Hirschbergweiher a predominant part was cov-
ered 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 substratum. It seems that the higher weight of S. woodiana

prevented this mussel from gaining a foothold on this fine sediment.

However, S. woodiana shows many other competitive 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 breeding, higher amounts of glochidia
(Labecka and Czarnoleski 2021; 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 com-

munity, this study should be repeated after several years.

3.5.4 Implication for management

To prevent the endangered native mussel species from the negative impacts of the in-
vasive S. woodiana a good management should, inter alia, be based on three strategies:
prevention (avoiding the introduction of invasive species by national or international reg-
ulations as well as by controls at entry points), early detection and rapid eradication (de-
tecting invasives at an early stage of invasion and rapid removal of these species com-
pletely 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 scientific knowledge, a political regulation is imperative for effective manage-

ment.

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 to control or eradicate these species and thus, includes all the above
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mentioned strategies. This implies for example regulations on import, trading, transpor-
tation 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. Nev-
ertheless, the legal regulations and thus, opportunities seem to be quite different. Thus,
in Poland for example, this species has been listed as invasive since 2012, which has
had significant effects on trade in this species (see Urbanska 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 recommend the inclusion of
S. woodiana on this black list because this species fulfils all of the listed criteria of article

4 paragraph 3 of the regulation:

(criterion a) S. woodiana is an alien species to the territory of the European Union (see
Kondakov 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., Benkd-Kiss
et al. 2013; Kamburska et al. 2013; Lajtner and Crncan 2011; Munjiu et al. 2020;
Paunovi¢ et al. 2006; Urbanska et al. 2019). Our study provides further evidence in fa-
vour of adding Germany to the list of countries with widely established S. woodiana pop-
ulations; (criterion c) economical damage could be caused in fish hatcheries by glochidial
infestation by S. woodiana which can reduce the body mass or condition factor of in-
fected fish (Douda et al. 2017b). As described above, many ecological advantages in
respect of reproduction are already known (Benedict and Geist 2021; Huber and Geist
2019; Labecka and Czarnoleski 2021; Labecka and Domagala 2018) which can have
significant adverse impacts on freshwater mussel biodiversity; (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, establishment or spread (cri-
terion 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 implementation of measures in a

more targeted and rapid manner to reduce further spreading.

Since it is practically impossible to regularly monitor all waters for S. woodiana and other
invasive species, early detection and knowledge on the habitat preferences of the spe-

cies as demonstrated in this study is essential to be able to assess the impact on native
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mussels. Thus, it helps to understand the processes that go hand in hand with the inva-
sion, and it is crucial to prevent further spreading. Moreover, measures to combat those
invasive species should be adopted quickly to prevent a threat for native mussel popu-
lations. 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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A similar version of this chapter was published: Dobler AH & Geist J 2022. Impacts of
native and invasive crayfish on three native and one invasive freshwater mussel spe-
cies. Freshwater Biology 67(2): 389-403. DOI: 10.1111/fwb.13849
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4.1 Abstract

Freshwater mussels and crayfish provide important ecosystem functions and services.
In both groups, global declines of native species are paralleled by invasions of non-native
species. Knowledge on differences in predation susceptibility of native and invasive
freshwater mussels exposed to native and invasive crayfish is essential for understand-

ing their ecological interactions and for conservation management.

In this study, we compared the predation impact of the native European noble crayfish
(Astacus astacus) and the invasive signal crayfish (Pacifastacus leniusculus) on three
native (Anodonta anatina, Anodonta cygnea and Unio pictorum) and one invasive
(Sinanodonta woodiana) mussel species in controlled laboratory experiments. We re-
peated the same experiments with the same crayfish specimens to investigate a potential

learning effect of crayfish and assessed the in situ-impacts in a natural stream.

Mussel predation and damage caused by P. leniusculus was significantly higher than by
A. astacus. Irrespective of the crayfish species, susceptibility was greater in native mus-
sel species compared to invasive S. woodiana. Predation and damage was greatest in
the thick-shelled U. pictorum, suggesting that other factors such as shell shape are more
important in explaining susceptibility than shell thickness. A predation learning effect

from previous co-exposure was evident, being most pronounced for A. astacus.

Even if our experimental findings could not be confirmed in the field, the experimental
results suggest that crayfish may have a negative impact on mussels and this impact will
likely increase with the ongoing spread of P. leniusculus replacing A. astacus popula-
tions in Europe. The co-occurrence of invasive P. leniusculus with the invasive
S. woodiana could potentially exacerbate declines of endangered native mussel popula-

tions.

Candidate's contribution: The candidate primarily conceived this study with critical revi-
sion of JG. Experiments and field sampling were performed by the candidate. Photos
were analysed by the candidate as well as by Alia Benedict. Manuscript was drafted,

finalised and revised by the candidate with continuous input and revision by JG.
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4.2 Introduction

Freshwater mussels are considered important key faunal elements of freshwater sys-
tems that need to be considered in concepts of integrative freshwater biodiversity con-
servation (Geist 2011). Their important ecosystem functions and services such as filtra-
tion of fine particles, bioturbation, nutrient cycling and storage are also beneficial for other
species (Boeker et al. 2016; Lummer et al. 2016; Vaughn 2018; Vaughn and Hakenkamp
2001). At the same time, freshwater mussel populations are globally in decline (see e.g.,
Haag 2012; Haag and Williams 2014 for North Amerika; Lopes-Lima et al. 2017 for
Europe). On a European scale, none of the 16 species of native unionid bivalves can be
considered secure throughout their range based on IUCN threat assessments (Lopes-
Lima et al. 2017). In Germany, all of the seven indigenous freshwater mussels of the
order ‘Unionoida’ (Zieritz et al. 2012) are listed on the national red list of threatened spe-
cies (Binot-Hafke et al. 2011) and protected by the federal species regulation. Most fresh-
water mussel populations are exposed to multiple threats such as habitat fragmentation
and degradation, water pollution and climate change (see e.g., Dudgeon et al. 2006;
Geist 2010; Lopes-Lima et al. 2017; Lydeard et al. 2004; Regnier et al. 2009; Stoeckl et
al. 2020; Strayer et al. 2004; Young and Williams 1983). In addition to these globally
important factors for decline, invasions by non-native species are suspected to contribute
to the decline of mussel populations. Invasive mussel species, for example, tend to be
more generalist in terms of the physico-chemical habitat conditions as well as the spec-
trum of host fishes, and can therefore adapt more easily to non-optimal conditions com-
pared to the more sensitive native ones (Bodis et al. 2016). In addition, there are several
direct negative impacts of invasive mussel species on native ones. In the case of Asian
clam Corbicula fluminea (Muller, 1774), which often occurs in high densities, the rela-
tively high filtration rate leads to a strong competition for food with native unionids (Cohen
et al. 1984; Phelps 1994; Strayer et al. 1999). This also applies to the invasive zebra
mussel, Dreissena polymorpha (Pallas, 1771), which has already invaded many of the
lakes and slow flowing parts of rivers and streams in Europe (see Van der Velde et al.
2010) and North America (Strayer 2009). Its attachment to native unionids with its byssus
threads reduces the physiological condition of the mussel (Sousa et al. 2011), and can
lead to shell deformations, overturning and killing of the overgrown mussels (Ozgo et al.
2020).

In addition to competition for food, the Chinese pond mussel, Sinanodonta woodiana

(Lea, 1834), an invasive species that was first brought from the Yangtze River basin in
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China to Europe in 1979 (Sarkany-Kiss 1986), competes with native mussels during re-
production. Sinanodonta woodiana larvae are more persistent than larvae of native spe-
cies, also tolerating warmer water temperatures (Benedict and Geist 2021). Further,
S. woodiana has a broader range of suitable host fishes, higher infestation rates and
faster development than native species (Douda et al. 2012; Huber and Geist 2019). This
species can breed several times throughout the year while native unionid reproduction
is limited to a shorter time span (e.g., Labecka and Czarnoleski 2021). Additionally, a
cross-resistance of host fishes was detected which reduces the reproduction success for

native mussel species (Donrovich et al. 2017).

Besides competition, another important effect of non-native species on native ones is
predation. As with freshwater mussels, crayfish can play important roles in the function-
ing of aquatic food webs, and there is a similar situation with native species being prior-
itised in conservation and invasive species being considered a major threat. Crayfish are
omnivorous (e.g., Guan and Wiles 1998; Gutiérrez-Yurrita et al. 1998; Mason 1975), can
occur in high densities, and can be potentially important predators on freshwater mussels
(Machida & Akiyama, 2013; Meira et al., 2019; Sousa et al., 2019). Community shifts in
crayfish populations due to die-offs of native species and dominance of non-native spe-
cies may exacerbate this problem. The introduction of non-indigenous crayfish species
from North America to Europe led to a massive spread of the signal crayfish, Pacifasta-
cus leniusculus (Dana, 1852), since the 20" century, followed by further declines of na-
tive species (Holdich 2002). Invasive crayfish tend to have a competitive advantage over
native ones due to faster growth (e.g., Paglianti and Gherardi 2004), higher aggressivity
(Soéderback 1991), greater dispersal ability (Bubb et al. 2006; Wutz and Geist 2013), and
due to exploitative or interference competition (e.g., Hudina et al. 2011). In addition, the
North American crayfish are resistant to the crayfish plague, Aphanomyces astaci
(Schikora, 1906), but can transmit this disease to the ones native to Europe. This typi-
cally leads, apart from some rare exceptions (Martin-Torrijos et al. 2017), to a complete
extinction of local native populations within only a few weeks (e.g., Vorburger and Ribi
1999). Of nine crayfish species that currently occur in Germany, only three are indige-
nous, excluding Astacus leptodactylus (Eschscholtz, 1823) which was introduced from
Eastern Europe after arrival of the crayfish plague (Holdich et al. 2009; Kouba et al.
2014). Invasive crayfish, particularly P. leniusculus, are now the most widespread cray-

fish species in Europe (Holdich et al. 2009).
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Previous studies already showed evidence for crayfish predation on unionids (e.g.,
Machida and Akiyama 2013; Meira et al. 2019; Schmidt and Vandré 2012; Sousa et al.
2019) and on dreissenids (e.g., Glon et al. 2017; zu Ermgassen and Aldridge 2011).
However, the following questions have not yet been answered: i) are invasive crayfish
more problematic than native ones concerning predation on unionids ii) are crayfish able
to learn using mussels as food, and iii) which mussel species and which characteristics
(in particular shell thickness and shape) affect the susceptibility of mussels to be killed

or damaged by crayfish?

To answer these questions, the core objective of this study was to compare the predation
pressure of two crayfish species, European noble crayfish, Astacus astacus (Linné,
1758) and invasive P. leniusculus on native and non-native European freshwater bi-
valves, including an assessment of their ability to learn from repeated exposure to mus-
sels. More specifically, we: i) compared the predation rates of A. astacus and P. lenius-
culus on three different native freshwater bivalves (Anodonta anatina, Anodonta cygnea
and Unio pictorum) and one invasive bivalve (Sinanodonta woodiana); ii) assessed the
ability of crayfish to learn using mussels as a source of food; and iii) assessed the shell
damage and mortality resulting from co-exposure of A. astacus and P. leniusculus with
three freshwater bivalves (Anodonta anatina, Anodonta cygnea and Unio crassus). We
hypothesised that (i) mussels with more brittle and delicate shells such as A. cygnea
(see Killeen et al. 2004) would be most prone to damage by crayfish, irrespective of the
crayfish species, and that the co-exposures would result in lowest predation, damage
and mortality in the most thick-shelled species U. pictorum, (ii) the co-exposures would
result in highest damages from co-exposure with invasive P. leniusculus, (iii) both spe-
cies of crayfish would be able to learn to use freshwater mussels as a food source as
evident from greater mussel damage in repeated exposure. Impacts of crayfish on the
mussels were tested in a controlled laboratory experiment and also assessed in the wild
where damage patterns of three species of mussels were compared at sites with occur-

rence of either one of the crayfish species.
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4.3 Methods

4.3.1 Animal origin and husbandry conditions

Astacus astacus were purchased from a regional breeder and directly transferred to a
tank with 290 cm x 65 cm x 70 cm (length, width, height) filled with 10 cm of gravel and
600 litre of tap water (temperature: 11.2 °C + 2.7 SD; water hardness: 18.9 °dH, electric
conductivity adjusted to 20°C: 606.9 uS + 57.0 SD; oxygen saturation: 95-100%) where
crayfish were kept under natural day/night regime. The tank was closed on the top with
two wooden lids connected by a durable polyvinyl chloride (PVC) foil to avoid a contam-
ination with crayfish plague though to allow light to enter the interior. To avoid territorial
struggles or cannibalism, we placed one dark brown PVC tube (7 cm x 25 cm) for each
individual on the ground (see Barim-Oz 2018) and fed the crayfish every second day with
fresh carrot slices. The water was changed twice a week. P. leniusculus were caught in
the river Moosach (48°23'38”N, 11°43’'25”E) next to the laboratory using crayfish traps
(type “pirate”, Engel Netze, Germany) with a mesh size of 11 mm x 45 mm baited with
Frolic® dry dog food (Mars, Incorporated, USA) and kept under the same conditions as

A. astacus.

Carapace length (CL) of all crayfish was measured from the apex of the rostrum to the
mid-dorsal posterior edge of the carapace (£ 0.1 mm) with analogue callipers (following
Wutz and Geist 2013).

We obtained the three native bivalves (A. anatina, A. cygnea and U. pictorum) and one
invasive bivalve (S. woodiana) from commercial aquacultures one month before the first
experimental part. We kept all mussel species (a total of 130 mussels) together in the
same tank under similar conditions as the crayfish and fed them with 30 ml of an algae
mixture (Shellfish Diet 1800%, Nannochloropsis 3600° and tap water; 2:1:1; Varicon Aqua
Solutions Ltd, Worcester, UK) every day.

4.3.2 Study design

In order to investigate differences in predation of A. astacus and P. leniusculus on three
native and one invasive mussel species, we carried out co-exposure experiments under
controlled laboratory conditions. We obtained the permission for these experiments from

the District Government of Upper Bavaria (reference number: 2631.Vet_11-4-12).
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To exclude a contamination of A. astacus with the crayfish plague, experiments were
performed subsequently, starting with A. astacus followed by P. leniusculus. The
aquaria, gravel and the air supply were disinfected with Virkon® S for a minimum of 15
minutes and thoroughly washed with tap water afterwards. Before each experiment, the
crayfish were acclimated in the aquaria for ten days (see Barim-Oz 2018) with new carrot
slices provided every other day. The water of the aquaria was aerated 48 hours before

the crayfish were added and during the whole time of the experiment.

In each replicate of the experiments, we exposed one individual each of three native
bivalve species (A. anatina, A. cygnea and U. pictorum) and one individual of an invasive
mussel species (S. woodiana) of similar size classes (Table $1) together with one cray-
fish specimen in an aerated aquarium with 40 cm x 25 cm x 25 cm (length, width, height)
filled with 5 cm of fine gravel (4-8 mm) and 13 litres of tap water (temperature: 16.5 °C +
0.9 SD; water hardness: 18.9 °dH; oxygen saturation: 95-100%) for three days (Fig.
12a). This type of substratum was consistently used for all laboratory experiments due
to previous experience of maintaining the selected mussel and crayfish species in the
laboratory. Mussels were positioned in a way which mimics their natural burrowing to
minimize stress and provide a realistic exposure scenario. To ensure equal access pos-
sibilities of the crayfish to each of them, they were placed in rows with equal distance of
individuals in random order. We provided a PVC tube (7 cm x 25 cm) as a shelter for the
crayfish in each aquarium. Before each experiment, crayfish were not fed for three days

following Meira et al. (2019).

4.3.3 Co-exposure and predation

The co-exposure experiment aimed to compare the predation rates of A. astacus and
P. leniusculus on the three native bivalves (A. anatina, A. cygnea and U. pictorum) and
one invasive bivalve (S. woodiana). This experiment was performed with A. astacus and
P. leniusculus and with eight replicates per crayfish species. We used four crayfish spec-
imens with similar size of each male (with a carapace length of 5.09 cm + 0.37 SD for
A. astacus and 4.92 cm + 0.23 SD for P. leniusculus) and female (with a carapace length
of 4.98 cm = 0.09 SD for A. astacus and 5.25 cm + 0.27 SD for P. leniusculus).

4.3.4 Learning effect
Previous contact of the crayfish with mussels before the experiment could be excluded.

The hatchery from which we obtained A. astacus does not have mussels in their facility
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A. astacus P. leniusculus

A. anatina

A. cygnea
U. pictorum

S. woodiana

25 days

A. anatina

A. cygnea

U. pictorum

S. woodiana

Fig. 12 Schematic illustration of the study design showing a) the co-exposure experiment

placing one crayfish specimen together with one specimen each of three native
(A. anatina, A. cygnea, U. pictorum) and one invasive (S. woodiana) mussel species in
each aquarium with eight replicates per crayfish species (A. astacus and P. leniusculus),
b) the repeated exposure experiment with the same crayfish specimens after 25 days and
c) the field validation of the experimental results.
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and there are no mussel populations in the stream of origin of P. leniusculus. This al-
lowed testing a possible learning effect of the crayfish to use mussels as prey. Thus, the
same experiment was repeated after holding the crayfish together with five mussels of
each species (8-9 cm), also providing them with five dead mussels to increase attraction
for 25 days (Fig. 12b). During this co-exposure, mussels were fed with 30 ml of an algae
mixture (Shellfish Diet 1800®, Nannochloropsis 3600® and tap water; 2:1:1; Varicon
Aqua Solutions Ltd, Worcester, UK) and crayfish with carrot slices every other day. We
observed crayfish feeding on all of the dead mussels, but we could not detect severe
damages on the living mussels. To recognize each crayfish, we individually marked the
crayfish carapaces with nail polish and frequently checked the tank for freshly moulted

crayfish.

Carapace length changed between the experiments because some of the crayfish
moulted. In the second experiments, the crayfish had a carapace length of 5.16 cm %
0.09 SD for female and 5.17 cm + 0.28 SD for male A. astacus, and 5.25 cm + 0.26 SD

for female and 5.17 cm + 0.34 SD for male P. leniusculus.

We used 8 new specimens of similar size classes of each mussel species per crayfish
species (Table S1; Fig. 12b), except for four completely intact individuals of A. cygnea

we re-used in the second experiment with A. astacus.

4.3.5 Field impact assessment

To assess the shell damage and mortality resulting from in-situ co-exposure of A. asta-
cus and P. leniusculus with three freshwater bivalves (A. anatina, A. cygnea and U. cras-
sus), we conducted field investigations (Fig. 12¢) in the stream Mooshamer Weiherbach
(47°53'25”N, 11°31°0”E) in October 2018. The stream belongs to the upper Danube
drainage system and has a similar water chemistry as in the laboratory experiment, for
details see Richter et al. (2016). Sampling frames (1 x 1 m) were placed onto the
streambed every 250 m of the stream within a stretch of 4.5 km after an outflow of a
pond. We collected all visible and buried mussels down to a substrate depth of 10 cm
within these frames, determined their species and measured their length, width and
height. We also examined all mussels carefully for predation marks. To confirm the pres-
ence of crayfish, we performed two capture events within seven days. For this purpose,
we laid out crayfish fyke traps (type “pirate”, Engel Netze, Germany) with a dimension of
61 cm x 31,5 cm x 25 cm (length, width, height) and a mesh size of 11 mm x 45 mm

baited with Frolic® dry dog food (Mars, Incorporated, USA) at each mussel sampling
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point for 24 hours. All trapped crayfish were sexed, determined to the species level and
the carapace length was measured. Afterwards we released all A. astacus at the point

they were caught. Caught P. leniusculus were not released.

4.3.6 Assessment of mussel damage

After each experiment, mortality and shell damage were assessed. For the assessment
of mussel damage patterns, shells were positioned on a reference grid and individually
photographed with a digital single-lens reflex camera (Canon EOS 650D). All images of
valves with predation marks were georeferenced by polynomial transformation (polyno-
mial 3) of the open source geographic information system software Quantum GIS v.3.4.5
(QGIS Development Team 2019) using nearest neighbour as resampling method and a
custom coordinate reference system with a transverse Mercator projection, a latitude
and longitude origin of 0 with a coordinate value at x and y origin of 0, a scale factor of
1, WGS84 as the ellipsoid used and the units in meter. For georeferencing, we distributed

12 control points on the reference grid around the valves. For a systematic analysis,

Right Valve

dorsal 1/2 heigth

ventral 1/2 heigth

posterior anterior

Fig. 13 Analysis of predation marks with shells divided into four sections,
posterior-dorsal (PD), posterior-ventral (PV), anterior-ventral (AV) and ante-
rior-dorsal (AD). The length (L) and the maximum depth (D) of each mark
were measured. Numbers show the count of the marks.

each shell side was subdivided into four areas: posterior-dorsal (PD), posterior-ventral
(PV), anterior-ventral (AV) and anterior-dorsal (AD). To distinguish between posterior

and anterior, we used the axis perpendicular to the hinge and running through the umbo,
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and to distinguish between dorsal and ventral, we used the axis running from posterior
to anterior in 1/2 of the height (Fig. 13).

We counted all marks and measured each length from the outermost, undamaged edge
of one side to the outermost, undamaged edge of the other side of the mark along the
natural edge of the shell and the depth of all marks from the natural edge of the shell to
the deepest part of the notch (see Fig. 13) using ArcGIS v.10.7.1 (ESRI 2019).

4.3.7 Statistical analyses

We calculated the total damage rates (%) as the proportion of each mussel species and
each quadrant of each mussel species being damaged in the pool of specimens as-
sessed. To assess the damage patterns, we summarised the number and length of shell
damages and calculated the maximum shell injury depth for each mussel used in the

experiments (see Fig. 13).

To test the effect of the two different crayfish species and to test for the learning effect
of the crayfish, we conducted three zero-inflated generalised linear mixed models using
the function “gimmTMB?” in the package “gimmTMB” (v. 0.2.3, Brooks et al. 2017) in R
(v. 3.5.0, R Core Team 2020). The models differed in the response variable, using length
of damages per quadrant in the first, maximum depth of damages per quadrant in the
second, and number of damages per quadrant in the third model. In the models, the
variance distribution was a Poisson regression function with a log link for the number,
and a Gaussian regression function for length and depth of damages. Since we used
four mussel specimens of four different species with one crayfish and eight replicates
per crayfish species for the co-exposure (experiment part 1) and we repeated the co-
exposure with the same crayfish individuals (experiment part 2), we included mussel
species, crayfish species, experimental parts and quadrant as fixed factors. We also
included interactions between crayfish species and mussel species, mussel species and
quadrant as well as between crayfish species and experimental parts in each of these
models. The factors tank (replicate) and mussel specimen were included as random ef-
fects to adjust for the repeated use of a tank as well as the four reused mussel speci-
mens. Significance levels of fixed effects were assessed with Wald chi-square tests us-
ing the function “Anova” within the package “car” (v. 3.0-7, Fox and Weisberg 2019).
Pairwise comparisons between treatment levels of fixed effects were calculated using
the function “emmeans” in the R package “emmeans” (v. 1.4.3.01, Lenth 2019). P-values

were adjusted using the “Bonferroni” method. We visually evaluated the residuals of the
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fitted models in terms of normality of errors and homogeneity of variances using diag-
nostic plots in the R package “DHARMa” (v. 0.2.7, Hartig 2020). For all statistical anal-

yses, significance levels were set to p < 0.05.
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4 4 Results

Across all mussel species, predation damages during the experiment were detected in
58.6% of all specimens, with the thick-shelled U. pictorum being most affected (81.3%).
For all mussel species pooled, this value was lower in the first part of the experiment
without previous contact (48.4%) than in the second part (68.8%). Mortality was only
observed in A. anatina, of which five specimens died (one in the first part of the experi-
ment with A. astacus, three in the second part of the experiment with A. astacus and one
in the second part of the experiment with P. leniusculus). No further mortality was ob-

served within an additional period of 7 days after the experimental parts.

4.41 Predation in co-exposure

In the co-exposure, each shell had an average of 10.6 + 15.9 SD marks per specimen
with a mean length of 33.4 mm £ 53.7 SD and a maximum depth of 0.5 mm + 0.6 SD per
mussel. Most of the predation marks were observed in A. cygnea (16.8 £ 23.8 SD) with
a length of 55.5 mm £ 82.0 SD and a maximum depth of 0.6 mm £ 0.9 SD, fewest in the
invasive S. woodiana (4.3 £ 11.8 SD) with a length of only 13.9 mm + 40.7 SD and a
maximum depth of only 0.2 mm + 0.4 SD (Table 5).

Significant differences in lengths of predation marks were only observed in the factor
quadrant (Model 1; x* = 41.36; p < 0.001) and for the interaction between mussel species
and quadrant (Model 1; x? = 19.3; p < 0.05). Model 1 showed no preference of A. astacus

or P. leniusculus for mussel species.

Considering depths of the marks, significant differences were detected for the factors
mussel species (Model 2; x° = 23.3; p < 0.001), crayfish species (Model 2; x* = 20.84; p
< 0.001), experimental parts (Model 2; x? = 13.9; p < 0.001) and quadrant (Model 2; x? =
133.76; p < 0.001) as well as for the interactions between crayfish species and mussel
species (Model 2; x* = 14.3; p < 0.01), crayfish species and experimental parts (Model
2; x? = 6.4; p < 0.05) and mussel species and quadrant (Model 2; x? = 39.5; p < 0.001)
(Table 6). Furthermore, pairwise comparison showed significant differences between
S. woodiana and A. cygnea (Model 2; p < 0.01) as well as between S. woodiana and
U. pictorum (Model 2; p < 0.001) for the depth of marks.

For A. astacus, the pairwise comparison only revealed significant differences in depth of

the marks between S. woodiana and A. anatina (Model 2; p < 0.05). In the experiment
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A. cygnea (Model 2; p < 0.05), S. woodiana and U. pictorum (Model 2; p < 0.01) as well

management
as between A. anatina and A. cygnea (Model 2; p < 0.01).
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Number of marks were significantly different in mussel species (Model 3; x? = 23.72; p <
0.001), crayfish species (Model 3; x? = 16.36; p < 0.001), experimental parts (Model 3;
X? = 8.49; p < 0.01), quadrant (Model 3; x? = 123.36; p < 0.001) and in the interaction
between crayfish species and experimental parts (Model 3; x> = 12.17; p < 0.001) as well

as between mussel species and quadrant (Model 3; x? = 47.12; p < 0.001).

Table 6: Results of zero-inflated generalised linear mixed models investigating
differences in mean length, maximum depth and mean number of damages per
shell quadrant between four mussel species, two crayfish species, two experi-
mental parts, four quadrants, as well as the interactions of crayfish species with
mussel species, crayfish species with the experimental parts and mussel spe-
cies with the quadrants.

Response
variable Source x2 df. P
length mussel species - - n.s.
R?=0.95 crayfish species - - n.s.
Experimental parts - - n.s.
quadrant 41.36 3 <0.001
crayfish species*mussel species - - n.s.
crayfish species*experimental - - n.s.
mussel species*quadrant 19.29 9 <0.05
depth mussel species 23.33 3 <0.001
R?=0.58 crayfish species 20.84 1 <0.001
Experimental parts 13.85 1 <0.001
quadrant 133.76 3 <0.001
crayfish species*mussel species  14.25 3 <0.01
crayfish species*experimental 6.35 1 <0.05
mussel species*quadrant 39.51 9 <0.001
number mussel species 23.72 3 <0.001
R?=0.76 crayfish species 16.36 1 <0.001
Experimental parts 8.49 1 <0.01
quadrant 123.34 3 <0.001
crayfish species*mussel species - - n.s.
crayfish species*experimental 12.17 1 <0.001
mussel species*quadrant 47.12 9 <0.001

Pairwise comparisons showed significant differences in number of predation marks be-

tween S. woodiana and the other three mussel species A. anatina (Model 3; p < 0.001),
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A. cygnea (Model 3; p < 0,01) and U. pictorum (Model 3; p < 0.001). In A. anatina and
U. pictorum most of the predation marks were found in the posterior-dorsal quadrant of
the shell (35.1% respectively 50.0%), but for A. cygnea and S. woodiana in anterior-ven-
tral (42.0% respectively 68.1%).

Astacus astacus caused a mean of 3.2 + 7.6 SD marks per mussel with an average
length of 8.5 mm + 19.8 SD and a maximum depth of 0.2 mm £ 0.4 SD per mussel. In
contrast, P. leniusculus caused more than five times more marks (18.1 mm + 18.4 SD)
with an average length of 58.3 mm + 64.7 SD and a maximum depth of 0.8 mm + 0.7 SD
per mussel. For A. astacus, pairwise comparisons revealed significant differences in
number of marks between S. woodiana and A. anatina (Model 3; p < 0.001) as well as
between S. woodiana and U. pictorum (Model 3; p < 0.001); and for P. leniusculus be-
tween S. woodiana and A. anatina (Model 3; p < 0.05), between S. woodiana and A. cyg-
nea (Model 3; p < 0.01) as well as between S. woodiana and U. pictorum (Model 3; p <
0.001).

Thus, A. astacus mostly damaged A. anatina with 6.0 + 6.8 SD and A. cygnea with 4.5
+12.7 SD marks per specimen, whereas P. leniusculus mostly damaged A. cygnea with
29.1 £ 26.5 SD and U. pictorum with 22.6 =+ 11.0 SD marks per specimen (Fig. 14; Table
S2).

4.4.2 Learning effect

The repeated exposure revealed a greater crayfish impact on the mussels as evident
from significantly deeper shell marks (Model 2; p < 0.001; mean: 0.7 mm + 0.6 SD) and
from a higher number of marks (Model 3; p <0.001; mean: 14.3 £ 15.8 SD) compared to
the first exposure. Concerning depth of the marks, pairwise comparison of mussel spe-
cies were significantly different between S. woodiana and A. cygnea (Model 2; p < 0.01),
and between S woodiana and U. pictorum (Model 2; p < 0.001) for the second co-expo-
sure. Between the experimental parts, pairwise comparison revealed significant differ-
ences in the depth of marks (Model 2; p < 0.001) caused by A. astacus, but not for marks

caused by P. leniusculus.
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Fig. 14 Boxplots of a) the length, b) the depth and c) the number of the predation
marks of each mussel species per crayfish species of the co-exposure experi-
ment. The horizontal lines indicate median values, dashed lines the mean 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 values observed in the percentile boxes.

In line with experiment part 1, significant differences were detected in number of preda-

tion marks between S. woodiana and the other three mussel species A. anatina (Model
3; p <0.001), A. cygnea (Model 3; p <0,01) and U. pictorum (Model 3; p < 0.001). Most

of the predation marks were observed in U. pictorum (22.2 £+ 12.8 SD) with a length of

86.1 mm % 41.1 SD and a maximum depth of 1.0 mm £ 0.3 SD, fewest in S. woodiana
(4.9 £ 6.6 SD) with a length of 23.4 mm £ 38.4 SD and a maximum depth of 0.4 mm %
0.5 SD (Table 5).
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The horizontal lines indicate median values, dashed lines the mean 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 values observed in the percentile boxes.
Between the experimental parts, pairwise comparison showed significant differences in
the number of marks (Model 3; p < 0.001) caused by A. astacus, but again not for marks
caused by P. leniusculus. In the second part of the experiment of A. astacus, the mean
number of damages as well as the length of the marks per mussel specimen strongly
increased in U. pictorum (+ 16.0 marks per specimen; + 73.3 mm) and in A. anatina (+
8.8 marks per specimen; + 49.1 mm) compared to the first part of the experiment. In the
second part of the experiment with P. leniusculus, this increase was much lower in
U. pictorum (+ 3.4 marks per specimen; + 14.8 mm) and in A. anatina (+ 3.4 marks per
specimen; + 45.7 mm). In A. cygnea (- 4.1; - 18.0 mm) and S. woodiana (- 3.5; - 11.4
mm), both the number and the length of predation marks, decreased in contrast to the

first part of the experiment with P. leniusculus (Fig. 15). Based on the mean number of
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marks, both crayfish species mostly preferred U. pictorum in the second part of the ex-
periment, with the number of marks being four to five times greater in this species com-

pared to S. woodiana where the lowest number of marks was found (Fig. 16; Table S2).

4.4.3 Field impact assessment

During our field investigation, we found a total of 196 mussel specimens in 8 out of 18
sampling frames (R10-R11 and R13-R18). With 127 individuals, most of these mussels
were U. crassus, but we also found 31 A. anatina and 38 A. cygnea (Table 7). The pres-
ence of crayfish was confirmed at 16 of the 18 locations, whereby only the native A. asta-
cus occurred at places with mussels. The invasive P. leniusculus was only found in the
lower parts of the Mooshamer Weiherbach (R02-R06) where no living mussels are found.

None of the found mussels showed any predation marks.

Table 7: Number of mussels and crayfish per species at the different locations in the
Mosshamer Weiherbach. R18 was the most upper point after the outflow of the pond
Mooshamer Weiher and R01 was the lowest point on the east side of the village Aschold-

ing.

Location U. crassus A. anatina A. cygnea A. astacus P. leniusculus
R18 9 12 28 2 -
R17 35 14 9 8 -
R16 14 3 1 8 -
R15 2 2 - 2 -
R14 51 - - 14 -
R13 14 - - 17 -
R12 - - - 5 -
R11 1 - - 10 -
R10 1 - - 7 -
R09 - - - 4 -
R08 - - - - -
RO7 - - - 3 -
R06 - - - - 9
R0O5 - - - - 4
RO4 - - - - 4
R0O3 - - - - 3
RO2 - - - - 8
RO1 - - - - -
Total 127 31 38 80 28
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4.5 Discussion

The findings of this study show that both the native A. astacus and the invasive P. le-
niusculus are able to learn how to prey on freshwater bivalves. Contrary to expectations,
the more thick-shelled U. pictorum had higher damage rates compared to mussel spe-
cies with thinner shells, indicating that other factors such as shell shape seem to be
important in determining susceptibility. The lowest observed damage occurring in the
non-native S. woodiana combined with the greater mussel predation damage caused by
the invasive crayfish species suggests that synergistic interactions of both non-native
species may lead to multiple stressors critical for native freshwater mussel populations

of conservation concern, yet no such effect could be confirmed in the wild.

4.5.1 Effects of native and invasive crayfish

Across all our laboratory experimental parts and all used mussel species, damages could
be observed. This was expected from previous studies that report mussel predation ef-
fects by crayfish (e.g., Glon et al. 2017; Klocker and Strayer 2004; Machida and Akiyama
2013; Meira et al. 2019; Perry et al. 1997; Schmidt and Vandré 2012; Sousa et al. 2019).
To the best of our knowledge, no other study had yet applied a cross-experimental de-
sign with native and invasive crayfish as well as native and invasive unionids, allowing a

direct comparison of predation effects.

As evident from the observed mussel damages in the co-exposure, P. leniusculus has
greater effects than the native A. astacus. In general, P. leniusculus is known for its
greater activity (Wutz and Geist 2013), faster growth and more aggressive behaviour
(Séderback 1991) compared to the native A. astacus, probably further exacerbating its
impact on both native crayfish and mussel populations. Several impacts of P. leniusculus
on freshwater biodiversity are known. For example, invasive crayfish such as P. lenius-
culus have negative effects on benthic invertebrates (Usio et al. 2009) and hence on
insectivorous fish (Guan and Wiles 1998). Their ecological impacts are greater compared
to native crayfish (James et al. 2015). According to Nystrédm et al. (1996), P. leniusculus
is also more efficient in grazing compared to the native A. astacus, which can result in
strong decreases of macrophyte biomass. Gherardi (2007) even suspects that predation
and competitive behaviour of non-indigenous crayfish species can also change interac-
tions within communities resulting in trophic cascade effects. In addition to the direct

effects on mussels, invasive crayfish such as P. leniusculus are geomorphic agents that
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mobilise sediment (Johnson et al. 2011) which can cause considerable damages to river
banks by burrowing (Sibley 2000). The resulting increased sediment erosion can have
negative impacts on water quality (Faller et al. 2016) and overall mussel habitat quality

(Geist and Auerswald 2007), negatively affecting mussel populations.

4.5.2 Effects on mussel species

Our hypothesis that predation effects would be greatest in mussel species with thinnest
and most delicate shells (i.e. A. anatina and A. cygnea) has to be rejected. Over all ex-
perimental parts, the thick-shelled U. pictorum was most strongly affected in terms of
number of damaged specimens and the invasive S. woodiana was hardly affected, with

A. anatina and A. cygnea in an intermediate position.

However, direct mortality was only observed in 5 out of 128 specimens used during the
experiment and only in A. anatina. In addition, it could be observed during the experiment
that crayfish lifted several specimens of A. anatina out of the sediment and moved them
into the tubes. Even if this suggests that the lower weight of the mussels plays an im-
portant role in being attractive for crayfish, these results should be interpreted with cau-
tion since no predation marks could be found in two of the empty dead shells and mor-
tality of A. anatina was also observed in mussels without treatment. Besides direct mor-
tality over the short time of the experiment, other effects like excavating and “playing”
with mussels result in shell clamping and consequently reduced filtration and energy
intake as well as translocation to less favourable sites (e.g., inside crayfish shelters),
even if this does not necessarily play a major role under natural conditions. Nevertheless,
this could lead to a weakening of the mussels which will — together with the slight dam-
ages all around the shells that result in mussels no longer being able to close completely
and being exposed unprotected to external influences — probably decrease fithess and

increase the risk for mortality.

For our experimental design, we choose a conservative approach and only used adult
mussels of similar size classes for inter-species comparison since shell size seems to
influence predation susceptibility. zu Ermgassen and Aldridge (2011) showed that P. le-
niusculus increasingly harmed smaller specimens of D. polymorpha with a size range of
7 to 12 mm. A likely explanation is that mussels reach their size very quickly and begin
to be unattractive as food for crayfish already at small sizes compared to adult mussels.
However, the size of this species stays much smaller in comparison to the unionids used

in our study and juvenile unionids stay burrowed into the substrate and thus are not easy
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to find or even accessible for crayfish in natural conditions (Ozgo et al. 2021). In addition,
Olden et al. (2009) found in a study of signal crayfish predation on non-native mystery
snails (Bellamya chinensis) a u-shaped relationship between snail size and prey value
to the crayfish. Small snails are valuable because they are easier to handle, whereas
very large snails are still valuable because the reward for breaking into their shell is high.
Intermediate sized snails were the least valuable, because they are both hard to handle
and consume but contain less food than the largest snails. Similar results were obtained
by Machida and Akiyama (2013) who showed in experiments with two margaritiferid spe-
cies from Japan and P. leniusculus that mortality resulting from predation only occurred
in juvenile specimens (10.09-19.37 mm), but damage rate was higher in larger mussels
(>50 mm), whereas Sousa et al. (2019) found higher damage rates and mortality in
smaller specimens of Margaritifera margatritifera (22.0-39.7 mm) caused by P. leniuscu-

lus.

Over all experimental parts, a clear difference in predation preference was evident.
Whilst the number of marks is likely an indicator for the intensity and number of crayfish
attacks proportional to disturbance, the depth of marks is likely more strongly linked to
the injury intensity. In line with our hypothesis, the first part of the experiment (without
previous contact to mussels) revealed a tendency of thin-shelled A. anatina and A. cyg-
nea being preferentially preyed upon by A. astacus and P. leniusculus, respectively.
However, in the second part of the experiment both crayfish species mostly preferred the
most thick-shelled U. pictorum, suggesting our original hypothesis has to be rejected.
This is in contrast to the results of Meira et al. (2019) where signal crayfish preferred
thin-shelled A. anatina over thick-shelled Potomida littoralis and Unio delphinus and in-
vasive species C. fluminea. The authors attributed this to the thinner and more fragile
shells and thus, an easier handling as well as a less energetically cost intensive preda-
tion. However, both results are difficult to compare since Meira et al. (2019) used two
different mussel species present in southern Europe and a wider range of shell sizes
(e.g., 35-126 mm for A. anatina; 44-78 mm for P. littoralis and 36-97 for U. delphinus).
Based on our results of experiment part 1 with A. astacus, it can be assumed that the
thinner shells and thus the lower weight makes these mussels more attractive for unex-
perienced crayfish. However, the observed damage patterns of our repeated exposure
experiment with both crayfish species as well as our behavioural observations suggest
that it is not the thickness of the shells that determines their susceptibility to crayfish
predation, but that this is rather a matter of how the crayfish manage to fix the shells and

can hold on to them to get access. In this respect, the more pointed shape of the shells
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as in U. pictorum allows easier access for crayfish mandibles. This may also explain the
differences in sectional damages as, for example, in the posterior-dorsal part in U. pic-
forum. In A. anatina most of the damages were also found in the posterior-dorsal part
which could be explained by the triangular shape of the hinge. Still, many damages were
also found in the originally buried anterior-ventral part of this species. It was observed
during the experimental parts that the crayfish used the first and second pairs of walking
legs to excavate the mussels and to turn them to find a spot accessible for their mandi-
bles. Perry et al. (1997) have also made similar observations in laboratory experiments

with Faxonius spp. crayfish and zebra mussels.

Hence, our findings can also explain the low damage rates of the invasive S. woodiana.
This species has a rounder shape and thus provides fewer angles to be fixed and at-
tacked by the crayfish. Considering, however, that size can affect predation susceptibil-
ity, S. woodiana may also have a considerable advantage over native ones due its much

greater maximum size and its faster growth.

Whilst our experimental approach allowed a standardised comparison between crayfish
and mussel species, these findings cannot directly be transferred to field situations as,
e.g., evident from the field validation at the Mooshamer Weiherbach. This may be ex-
plained by differences between the controlled laboratory exposure and realistic field set-
tings including differences related to food choice, ambient environmental conditions, the
greater variation of mussel sizes at the field site as well as the absence of P. leniusculus
at site with mussel occurrence. Under natural conditions, mussel species show great
differences in their burrowing behaviour (Ozgo et al. 2021; Zieritz et al. 2014) and thus
may be less accessible for crayfish compared to aquaria-based exposures with limited
substrate depth. In addition, invasive freshwater crayfish are omnivorous and often show
opportunistic feeding behaviour (see Guan and Wiles 1998; Lewis 2002; Nystrom et al.
1996). Therefore, if enough alternative and better accessible food sources are available,
the effects on mussels may not be that large, since excavation may be too time consum-
ing and energy costing for crayfish (Klocker and Strayer 2004). Furthermore, it is not
common that both native and invasive crayfish species occur in the same system, only
with A. astacus in the upper and P. leniusculus in the lower part of a stream as it was
found in the Mooshamer Weiherbach. All of these factors individually or in synergy can
explain why we did not find damaged mussel specimens. Nevertheless, there is already

evidence for crayfish predation on another species of freshwater mussel which is more
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exposed to open water conditions in its adult stage in natural conditions (e.g., Schmidt
and Vandré 2012).

Even though we cannot directly link shell damage of our results with population level
effects in the wild, the findings of our experiment still clearly suggest that invasive cray-
fish can exert significantly more effects on freshwater mussel communities than co-
evolved native species of crayfish. Moreover, since invasion of signal crayfish mostly
results in a timely die-out of native crayfish (e.g., Vorburger and Ribi 1999), signal cray-
fish rarely face direct competition with native crayfish. This mechanism provides the op-
portunity for a fast establishment and expansion of P. leniusculus. Additionally, signal
crayfish can reach high densities of 0.4 (Wutz and Geist 2013) to 2.2 (Guan 2000) spec-
imens per m?. In line with our results, this could rapidly lead to an increased predation

pressure on native mussels.

4.5.3 Effects of the spread of P. leniusculus

Given the fact that P. leniusculus can reach higher densities than the native crayfish
species (Guan and Wiles 1996), the expected increase in invasive crayfish densities as
well as their distribution expansion (Kouba et al. 2014) will increase predation pressure

since crayfish have a major impact on the benthic food web (Reynolds et al. 2013).

In addition, if signal crayfish colonise new habitats that were unsuitable for native cray-
fish, this will introduce a new stressor for mussels resulting in potentially irreversible spe-
cies diversity shifts (Hobbs et al. 1989). Our results of the co-exposures suggest that
with P. leniusculus appearing in new habitats, this could create high predation pressure
on mussel populations that never had been in contact with crayfish. Moreover, A. astacus
may be introduced into new refuges to conserve this species. James et al. (2015) pro-
pose that native and non-native crayfish are ecologically similar and accordingly native
crayfish should not be translocated to ark sites, since they may cause impacts to benthic
communities. Even if our results show a higher impact from invasive crayfish, the results
of the learning part of the experiment indicate that a translocation of native crayfish could

also be a threat for native mussel species after A. astacus learned to use mussels as

prey.

However, all this should be interpreted with caution. Even though we observed clear
mussel damage patterns directly linked to crayfish exposure, our experiment also shows

that mortality of adult mussels was relatively low over this short period of time, suggesting
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that most adult mussels survive even prolonged exposure to crayfish in a confined space.
Nevertheless, predation effects should not be ignored, particularly since they might be
much higher on juvenile mussels. Also, considering the lifespan of mussels, for example
over 28 years for Anodonta (Aldridge 1999), a cumulative predation and damage effect

over time, which begins with the early life stages, can be expected.

Given that the invasive S. woodiana was significantly less affected in both experimental
parts, and that P. leniusculus caused more damages than the native A. astacus, an oc-
currence of both invasive species could enhance the competitive ability of S. woodiana.
Considering the known competitive advantages of S. woodiana over native mussel spe-
cies, it can be assumed that an introduction of this species will already be disadvanta-
geous for native mussel populations in absence of crayfish predation. In particular, pos-
sible outcompeting effects have already been shown related to reproduction success:
The greater larval survival (Benedict and Geist 2021), the larger number of suitable
hosts, the higher excystment rates and the faster development of S. woodiana (Douda
et al. 2012; Huber and Geist 2019) as well as the greater glochidia output and the ability
for breeding multiple times a year (Labecka and Czarnoleski 2021; Labecka and
Domagala 2018) increase the reproduction success of S. woodiana. Contrary, the re-
duced transformation success rates of A. anatina on host fish previously infested with
S. woodiana (Donrovich et al. 2017) reduce the recruitment of native mussel populations.
Additionally, its wider tolerance towards changing environmental conditions, e.g., tem-
perature, also could give this species an advantage in times of climate change (e.g.,
Bielen et al. 2016; Corsi et al. 2007; Douda et al. 2012).

If both P. leniusculus as well as S. woodiana invade the same system, the high impact
in native species but the low impact of P. leniusculus on S. woodiana could potentially
lead to multiple stressors for native mussels as has already been similarly reported, inter
alia, in the upper Danube River (Brandner et al. 2013) or in laboratory experiment with
invasive round goby and amphipod on native gammarids (Beggel et al. 2016). This may
result in increased problems for, and local extinction of native mussel populations as well

as the facilitated spread of invasive species.
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5 A spatially explicit approach to prioritize protec-
tion areas for endangered freshwater mussels
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A similar version of this chapter was published: Dobler AH, Geist J, Stoeckl K, & Inoue
K 2019. A spatially explicit approach to prioritize protection areas for endangered fresh-
water mussels. Aquatic Conservation: Marine and Freshwater Ecosystems 29: 12-23.
DOI: 10.1002/aqc.2993
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5.1 Abstract

In spite of their conservation importance, only a fraction of lakes and streams globally —
including their catchments — are currently covered by conservation areas. To identify
conservation gaps, assessing the spatial distribution of biodiversity in relation to conser-

vation areas is a promising approach.

A gap analysis approach was used to evaluate the protection status of habitats of two
endangered freshwater mussel species, Margaritifera margaritifera and Unio crassus, in
the Federal State of Bavaria, Germany. First, ecological niche models (ENMs) were de-
veloped for both mussel species based on presence-only data in order to identify suitable
habitats. Secondly, binary maps of suitable/unsuitable habitats for the species were used

to compare different categories of currently protected areas in a gap analysis.

ENMs for M. margaritifera revealed a spatially restricted distribution with good model
performance, whereas the spatial distribution of U. crassus was wider and model perfor-
mance was weaker. For M. margaritifera, a higher percentage of suitable habitat is al-
ready under protection, whereas for U. crassus only half of the suitable habitats are un-

der any sort of protection.

Our results suggest that suitable habitats of both species are not sufficiently protected.
More effective conservation of M. margaritifera and U. crassus requires a separate man-
agement: increasing the respective protection categories of already protected habitats
of M. margaritifera and incorporating an increased area of suitable habitats under legal

protection for U. crassus.

Candidate's contribution: All authors contributed to the study conception and design. Ma-
terial preparation, data collection and analysis were performed by the candidate with
support from Kl and KS. The first draft of the manuscript was written by the candidate
and all authors commented on previous versions of the manuscript. All authors have

read and approved the final manuscript.
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5.2 Introduction

Identifying and implementing protected areas are important strategies to counteract the
increased rate of species extinctions and biodiversity loss. Systematic conservation plan-
ning can aid in effectively prioritizing and designing protected areas (Decker et al. 2017;
Margules and Pressey 2000; Moilanen et al. 2009). While this approach has been widely
applied to terrestrial and marine ecosystems, freshwater ecosystems are still underrepre-
sented (Abell 2002; Herbert et al. 2010; Hermoso et al. 2016; Lopes-Lima et al. 2017;
Nel et al. 2009; Nel et al. 2007). Given that freshwater ecosystems are considered the
most threatened ecosystems on the planet, with a pressing need for their conservation
and restoration (Geist 2011; Geist 2015; Geist and Hawkins 2016), spatial conservation
prioritization using SDMs can be an important tool to make conservation planning suc-
cessful (Moilanen et al. 2008; Moilanen et al. 2009).

The Federal Nature Conservation Act of 1977 (BNatSchG) is a major federal law for
environmental protection and landscape conservation in Germany. The regulation in-
cludes the conservation and protection of native species and designations of protected
areas for the conservation of species and natural landscapes. Additionally, along with
conservation areas designated by BNatSchG, the European Union (EU) created the
world’s largest protection network, the European Natura 2000 network (Council of the
European Communities, 1992), which has main focus on the conservation of terrestrial
biodiversity. These protected areas, which include Nature Reserve, Landscape Protec-
tion Area, National Park, Nature Park, Biosphere Reserve, and Special Area of Conser-
vation, have different regulations and protections (Table 8). For example, Natura 2000
Network’s Special Area of Conservation, Nature Reserve, and National Park have strict
regulations limiting modifications to nature and landscapes (Table 8). In those areas,
land-use management minimizes destruction of natural habitats and anthropogenic ac-
tivities in order to protect and preserve ecosystems. In contrast, Biosphere Reserves,
Nature Parks, and Landscape Protection Areas have moderate regulations on land man-
agement, particularly regarding land-use and accessibility (Meyerholt 2010). The aim in
those areas is to ensure sustainable land-use and regional development by maintaining
the functional capacity of natural habitats. Although the European Union Water Frame-

work Directive requires to meet other European Union
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directives’ objectives (e.g., Habitat Directive) relevant to aquatic areas, many currently
protected areas often do not sufficiently cover freshwater ecosystems and species such

as freshwater mussels (Hermoso et al. 2015).

Freshwater mussels (Bivalvia: Unionoida) are amongst the most endangered aquatic
organisms in the world (Bogan 1993; Lopes-Lima et al. 2017; Strayer et al. 2004). Over
the last decades, severe declines in species richness and abundance of freshwater mus-
sels have been observed worldwide (Bogan 1993; Haag 2012; Howard et al. 2015;
Lydeard et al. 2004). Primary causes of population decline include habitat fragmentation
and degradation, water pollution, introduction of invasive species, and climate change
(e.g., Bodis et al. 2016; Dudgeon et al. 2006; Lydeard et al. 2004; Regnier et al. 2009;
Strayer et al. 2004; Young and Williams 1983). The loss of mussel populations may
cause long-term ecological consequences to freshwater ecosystems because freshwa-
ter mussels often dominate benthic animal biomass in rivers and provide various eco-
system services such as water filtration, nutrient excretion, and sediment stabilization
(Boeker et al. 2016; Lummer et al. 2016; Richter et al. 2016; Vaughn 2018). The complex
life history of freshwater mussels, where larvae (glochidia) are obligate parasites of fish,
further complicate the conservation efforts of this group. As a result, research on the
conservation of freshwater mussels has increased exponentially in the last 30 years
(Lopes-Lima et al. 2014).

The freshwater pearl mussel, Margaritifera margaritifera (Linnaeus 1758), and the thick-
shelled river mussel, Unio crassus (Philipsson 1788), are two mussel species widely
distributed across north and central Europe; however, many populations suffer from dra-
matic declines in abundance due to a lack of recruitment (Geist 2010; Stoeckle et al.
2017). Therefore, both species are currently listed as “endangered” on the IUCN Red
List (IUCN (International Union for Conservation of Nature) 2017) and protected under
EU law (Annex Il and IV for U. crassus and Annex |l and V for M. margatritifera of the EU
Habitats and Species Directive). Despite their shared conservation status, these species
substantially differ in habitat requirements (Denic et al. 2014; Geist and Auerswald 2007)
and host-use (Taeubert and Geist 2017; Taeubert et al. 2012a; Taeubert et al. 2012b).
Margaritifera margaritifera is often considered as a habitat specialist. It occurs in cool,
oligotrophic upland streams with bedrock, cobble, and gravel substrates, consistent flow,
and low carbonate content (Bauer 1992; Geist 2010; Lopes-Lima et al. 2017). With a

lifespan of more than 100 years, M. margaritifera is one of the longest living invertebrates

87



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

(Geist 2010). Unio crassus has a broader range of environmental tolerance than M. mar-
garitifera (Stoeckle et al. 2017). The species occurs in oligotrophic headwater streams
to more eutrophic downstream reaches of large rivers (Lopes-Lima et al. 2017); it also
uses various microhabitats, hydrology, and substrate conditions often with high amounts
of fine sediments and organic matter (Denic et al. 2014). Furthermore, U. crassus uses
a wider variety of host fishes when compared with M. margaritifera (Stoeckl et al. 2015).
As suitable hosts for the thick-shelled river mussel especially three fish species were
detected in the upper Danube drainage, in particular the European minnow (Phoxinus
phoxinus), the common chub (Squalius cephalus) and the three-spined stickleback (Gas-
terosteus aculeatus) (Taeubert, Gum, & Geist, 2012; Taeubert, Martinez, Gum, & Geist,
2012). Conversely, only the brown trout (Salmo ftrutta f. fario) seems to be a suitable host

for the freshwater pearl mussel in this area (Geist et al. 2006; Taeubert and Geist 2017).

A previous study found associations of occurrence between mussel species and its fish
hosts, and the importance of environmental factors on mussel occurrences (Inoue et al.
2017). The same study hypothesized that mussel distributions are nested within the host
fish distributions and the presence of mussels at a given site is primarily driven by local
abiotic conditions. However, the distribution of suitable habitats for M. margaritifera and
U. crassus have not yet been modelled using ecological niche models (ENMs). Such
information is important when implementing effective conservation strategies and priori-
tizing conservation areas. Furthermore, although current protected areas were often des-
ignated primarily on terrestrial ecosystems (e.g., Nel et al. 2009), it is important to know
whether the current protected areas cover suitable habitat for aquatic fauna. For the im-
plementation of effective conservation strategies for endangered mussel species, Lopes-
Lima et al. (2017) recommend prioritizing species-specific conservation. This policy is
recommended for M. margaritifera and U. crassus given their differences in habitat re-

quirements and fish hosts (Inoue et al. 2017).

In light of the need for effective conservation of freshwater mussels, the objective of this
study was to test whether or not the distributions of suitable habitats for the target species
are sufficiently covered by currently protected areas. Ecological niche models for the two
mussel species, M. margaritifera and U. crassus, were developed and subsequently the
coverage between protected areas and areas that are predicted to be suitable for each

species, was compared.
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5.3 Methods

5.3.1 Study area

The study area is located in the federal state of Bavaria in southeast Germany (Fig. 17).
This area comprises four major river drainages: the Danube drainage (approx. 48,220
km?), the Rhine drainage (approx. 20,309 km?), the Elbe drainage (approx. 1,971 km?),
and the Weser drainage (approx. 48 km?) (LfU (Bayerisches Landesamt fir Umwelt)
2014). Only 1.8% of rivers in Bavaria are considered to be unmodified; most rivers have
been extensively altered by human activities (LfU (Bayerisches Landesamt fur Umwelt)
2014). These alterations include flow regulations, riparian modification, water retention,
and technical flood protection. A geographic information system (GIS) layer of streams
and rivers in Bavaria (Fig. 17) was obtained from the State Office for Environment in
Bavaria (Bayerisches Landesamt fir Umwelt, www.Ifu.bayern.de), which included the
German stream order system (LAWA 1993). Areas for ecological niche modelling were
set within a 500-m buffer around the river segments because river width information was
unavailable. Furthermore, using the 500-m buffer, the effect of riparian environments on
mussel occurrences was examined because diffuse pollution and sediment erosion as-
sociated with land use in riparian zone have the potential to affect aquatic organisms and
their habitat (Brim-Box and Mossa 1999; Inoue et al. 2017). The 500-m buffered river
layer was created using ARCGIS 10.3.1 (ESRI, Inc).

5.3.2 Species records

Species occurrence data for M. margaritifera and U. crassus was obtained from the spe-
cies conservation mapping database organized by the State Office for Environment in
Bavaria (LfU (Bayerisches Landesamt fur Umwelt) 2016). The occurrence data were col-
lected from 1990 to 2016. Initially, the dataset included 1,371 georeferenced occurrence
points (390 for M. margaritifera; 981 for U. crassus); however, a total of 71 occurrence
points were discarded (four for M. margaritifera; 67 for U. crassus) since these points
were located outside of river segments or recorded no live individuals. Therefore, 1,300
presence-only points (386 for M. margaritifera; 914 for U. crassus) were retained for the

analyses.

Given that occurrence data often show strong sampling bias in sampling efforts
(Fourcade et al. 2014), sdmtoolbox v1.0b (Brown 2014) in ARCGIS was used to reduce

spatial autocorrelation in the occurrence data by selecting
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Fig. 17 Map of the Federal State of Bavaria, Germany, depicting the
river systems and distribution of the 1371 occurrence points of Mar-
garitifera margaritifera (black crosses) and Unio crassus (black cir-
cles) collected from 1990 to 2016
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one record within a 2 km radius (Kramer-Schadt et al. 2013; Phillips et al. 2009). Briefly,
occurrence data were spatially filtered by the 2-km radius and reduced to a single point
within the 2 km Euclidian distance. After spatially rarefying occurrence points, 348 oc-

currence points (68 for M. margatritifera; 280 for U. crassus) were retained.

5.3.3 Environmental variables

The distribution of mussels can be influenced by a range of abiotic factors, including
variability of climate, heterogeneity in riparian land cover, geology, and variability in water
chemistry (Inoue et al. 2015; Morris and Corkum 1999; Osterling and Hogberg 2014;
Strayer 1993). Initially 29 environmental variables that potentially influence the distribu-
tion of M. margaritifera and U. crassus were obtained (Table 2). These variables included
21 climatic variables, three landscape variables, two anthropogenic variables, and three
physicochemical variables. For climate variables, 19 bioclimatic variables were obtained
from WorldClim (http://www.worldclim.org; Hijmans et al. 2005), and annual potential
evapotranspiration (PET in mm yr') and aridity index (ranged from 0 to 1; very arid to
very humid) from CGIAR-CSI (http://www.cgiar-csi.org, Zomer et al. 2008). The three
landscape variables include a global land-cover layer obtained from GlobelLand30 Land
Use and Land Cover (LULC) dataset (http://www.globallandcover.com), and the propor-
tions of cropland and pastureland obtained from the Global Agricultural Lands dataset
(Ramankutty et al. 2008). The two anthropogenic variables include human population
density (number of persons kilometre?) and human footprint index (ranged from 0 to 100;
most wild to least wild) obtained from the National Aeronautics and Space Administration
(NASA) Socioeconomic Data and Applications Center (SEDAC, http://sedac.ciesin.co-
lumbia.edu). Due to a lack of consistent hydrological data in Bavaria, the three physico-
chemical variables include equilibrium phosphorous concentration in rivers estimated
based on local lithology (equilibrium PO4* mg L") obtained from the European Commis-
sion’s Joint Research Centre Water Portal (http://water.jrc.ec.europa.eu/), and the
amount of nitrogen and phosphorus fertilizer inputs obtained from the Global Agricultural
Lands (Potter et al. 2010).
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Using sdmtoolbox, all environmental layers were re-projected to the Gauss-Kriger coor-
dinate system (Germany, zone 4). The spatial resolution was adjusted to 500 x 500 m,
and the layers were masked with the 500-m buffered river layer. Multicollinearity among
environmental variables was tested (= 0.6 Pearson correlation coefficient) and 12 uncor-
related environmental variables were randomly chosen and used for further analyses
(Table 9).

5.3.4 Ecological niche modelling

The maximum entropy algorithm in MAXENT v3.3.3k (Phillips et al. 2006) was used to
develop ecological niche models (ENMs) for M. margatritifera and U. crassus using the
georeferenced occurrence records and environmental variables. Given the sporadic dis-
tribution of the species and that it is ecologically realistic to sample background points
from the know occurrence area (Elith et al. 2011), a bias layer of Gaussian kernel density
of the occurrence points was created with a bandwidth of 50 km to control for background
sampling efforts. The bias layer and the following parameters were used to estimate
habitat suitability scores in MAXENT: random test percentage of 0, regularization multiplier
of 1, maximum number of background points of 10,000, and maximum iterations of 500.

The ten-fold cross-validation method with random seed was used to replicate models.

5.3.5 Model evaluation

Area under the receiver operating characteristic curve (AUC) was used to evaluate the
accuracy of models predicting distribution of suitable habitat (Liu et al. 2005; Phillips et
al. 2006). Based on Araujo et al. (2005) adapted from Swets (1988), AUC values were
categorized as follows: AUC value greater than 0.9 as ‘excellent’, AUC values between
0.8 and 0.9 as ‘good’, AUC values between 0.7 and 0.8 as ‘fair and AUC values less

than 0.7 as ‘poor’.

Marginal response curves for each environmental variable were graphed and relative
contributions of the environmental variables to each ENM were estimated. Based on the
suitability threshold scores (0.4377 for M. margaritifera; 0.3143 for U. crassus) that were
calculated from the 10™ percentile of occurrence records (i.e., the suitability of the occur-
rence records below which 10% of occurrence points’ suitabilities; hereafter, 10" per-
centile threshold value), binary maps (suitable/unsuitable) for each species were gener-
ated using 10 Percentile Training Presence function in MAXENT. These threshold values
constitute stricter criterion for converting a continuous suitability scores to binary one

compared to using the lowest presence threshold scores. Therefore, values above the
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threshold were classified as suitable habitat and values below as unsuitable habitat using

spatial analyst tools in ARCGIS.

5.3.6 Gap analysis

To identify gaps between current conservation areas and suitable habitats for M. mar-
garitifera and U. crassus in Bavaria, a gap analysis was conducted (Burley 1988). First,
current conservation areas in Bavaria, which are designated by BNatSchG and the Eu-
ropean Commission’s Natura 2000 Network, were identified. The types of conservation
areas included Nature Reserve (NR), Landscape Protection Areas (LPA), National Park
(NATP), Nature Park (NP), Biosphere Reserves (BR), and Natura 2000 Special Area of
Conservation (SAC) (Table 8). Note that some conservation areas are designated by
multiple overlapping conservation types. The GIS layer of conservation areas was ob-
tained from the State Office for Environment in Bavaria (Bayerisches Landesamt fur Um-
welt, www.lfu.bayern.de). The river layer was overlaid on the layer of conservation areas
and river segments within each conservation type was extracted. A total length of river
segments was calculated under each conservation category. Secondly, each species’
binary suitable/unsuitable layer was converted to polyline vector layers, and a total length
of suitable/unsuitable habitat within Bavaria was measured. Lakes were classified as
unsuitable, as neither of the two mussel species occurs in lentic habitats. Using the con-
servation area layers and each species’ suitable/unsuitable layer, protection gaps were
evaluated by estimating proportions of suitable habitat that were not in the segments of

each conservation category.
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5.4 Results

5.4.1 Ecological niche modelling and model evaluation
The model performance of ENMs was different between the species. Mean AUC value
for M. margaritifera was 0.936 (SD = 0.020) indicating excellent performance; however,

AUC value for U. crassus was 0.677 (SD = 0.045) indicating poor model performance.

Table 10 Estimates of relative contributions (%) of the environmental variables to the
MAXENT models for Margaritifera margaritifera and Unio crassus. AUCtest is area under
the receiver operating characteristic curve that was used to evaluate model perfor-
mance.

Variables M. margaritifera U. crassus
Aridity index 3.4 27.5
Isothermality (%) 0.1 0.3
Temperature seasonality (°C) 2.3 6.5

Mean temperature of driest quarter (°C) 11.6 3.7
Precipitation seasonality (%) 6.1 6.3

Area of cropland (%) 9.2 10.8

PO4* concentration (mg L) 61.5 15.7
Global landcover 1.5 4.3
Human footprint 3.1 1.7

Area of pasture (%) 0.8 5.1
Population density 0.3 2.7

Annual potential evapotranspiration (mm year ') 0.0 154
AUCtest 0.936+0.020 SD 0.677+0.045 SD

The best predicting variable of habitat suitability for M. margaritifera was equilibrium
phosphorus concentration in rivers (61.5%), followed by mean temperature of driest
quarter (11.6%), the proportion of cropland (9.2%), and precipitation seasonality (6.1%)
(Table 10). Strong negative correlation between phosphorus and the occurrence of M.
margaritifera (Fig. 18d) indicated a narrow tolerance range to phosphorus levels. The
best predictors of suitable habitats for U. crassus were aridity index (27.5%), equilibrium
phosphorus concentration in rivers (15.7%), potential evapotranspiration (15.4%), per-
centage of cropland (10.8%), and temperature seasonality (6.5%) (Table 10). Predicted
habitat suitability for U. crassus increased with higher phosphorus values (Fig. 19d) in-

dicating a higher tolerance than M. margaritifera.
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Fig. 18 Responses of Margaritifera margaritifera to each environmental variable (marginal
response curves) showing how each environmental variable affects the prediction of hab-
itat suitability.
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The 10™ percentile threshold values (0.4377 for M. margaritifera; 0.3143 for U. crassus)
were used to convert suitability scores for each species into binary predictions of suita-
ble/unsuitable habitats (Fig. 20). The total lengths of suitable river segments for M. mar-
garitifera were 2,211.5 km (segments ranged from <0.1 to 49.9 km; mean = 2.0 km;

median = 0.9 km), which represent 7.9% of total river segments in Bavaria. For U. cras-
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Fig. 19 Responses of Unio crassus to each environmental variable (marginal response
curves) showing how each environmental variable affects the prediction of habitat suitability.
sus, 52.8% of total rivers in Bavaria were suitable (16,273.3 km in total; ranged from <0.1
to 97.6 km; mean = 3.8 km; median = 1.6 km). Generally, suitable habitats for M. mar-
garitifera and U. crassus did not overlap (Fig. 20). Suitable habitats for M. margaritifera

were spatially restricted to east and northeast Bavaria (Fig. 20a). A small portion of
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northwest Bavaria also had suitable habitat for M. margaritifera. The spatial extents of
predicted suitable habitats were much wider for U. crassus than those of M. margaritifera
(Fig. 20b). The models predicted that alpine rivers in the extreme south of Bavaria were

unsuitable for both species (Fig. 20).

5.4.2 Gap analysis

Two of the most dominant conservation types in Bavaria were the Landscape Protection
Areas (21,209.4 km? in total; 9,759.7 km in total river segments) and Nature Parks
(22,449.0 km? in total; 8,098.2 km in total river segments), followed by the Natura 2000’s
Special Areas of Conservation (6,458.8 km? in total; 7,006.3 km in total river segments)
(Table 1). Landscape Protection Areas, Natura 2000’s Special Areas of Conservation,
Nature Reserves and Nature Parks are distributed across Bavaria, but National Parks
were located only in east Bavaria and there are only two areas classed as Biosphere

Reserves, one in the north and one in the south of Bavaria.

a) M. margaritifera b) U. crassus

0 2550 100 150 200 A
Kilometres

Fig. 20 Binary maps of the MAXENT model for (a) Margaritifera margaritifera and (b) Unio
crassus. Values below the 10" percentile threshold values (0.4377 for M. margaritifera;
0.3143 for U. crassus) were defined as unsuitable habitat (black) and values above as
suitable habitat (green).

The majority of predicted suitable habitats of M. margaritifera (86.7% of the total suitable

areas) were found within some sort of conservation area, while only half of the suitable
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areas of U. crassus (50.5%) were within conservation areas (Fig. 5). The majority of
predicted suitable habitat of M. margaritifera was covered by the Landscape Protection
Areas (67.7% of total suitable habitat) and Nature Parks (76.9%); the total exceeds 100%
because some of these conservation areas overlap. The Natura 2000’s Special Areas of
Conservation covered 29.8% of the total suitable habitat of M. margaritifera. Similarly,
these conservation areas were dominant for the predicted suitable habitats of U. crassus
(31.5% in the Landscape Protection Area; 23.4% in the Nature Parks; 24.4% in the
Natura 2000’s Special Area of Conservation; Fig. 21). For both species separately, the
Nature Reserve, Biosphere Reserve, and National Park covered less than 5% of total
suitable habitats (Fig. 21).
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Fig. 21 Percentage of suitable habitats for Margaritifera marqaritifera (black) and Unio
crassus (white) within the protected area types: landscape protection area (LPA), na-
ture park (NP), special area of conservation (SAC), nature reserve (NR), biosphere
reserve (BR) and national park (NATP).
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5.5 Discussion

In this study, ecological niche models were developed for two European mussel species
of high conservation priority, M. margaritifera and U. crassus, based on different uncor-
related environmental variables. ENMs provided a basis for a gap analysis, which al-
lowed quantification of the amount of protected suitable habitats within currently pro-
tected areas. While a large extent of the predicted suitable habitats of M. margatritifera is
already covered by protected areas, the predicted suitable habitats of U. crassus are

widespread throughout Bavaria and only sporadically covered by protected areas.

Model performance of ENMs differed between M. margaritifera and U. crassus, with bet-
ter performance in M. margaritifera. The poor performance of the model of U. crassus
was likely due to its broader ecological niche and life history plasticity (e.g., use of mul-
tiple host fish species, occurrence in both carbonate-rich and siliceous habitats), which
is also reflected in its wider distribution. Models of a species with limited distributional
range tend to reach higher AUC values than models of widespread species (Elith et al.
2006; Hernandez et al. 2006). Although the distribution of U. crassus was previously
thought to be strictly limited by water quality and habitat (e.g., Buddensiek et al. 1993;
Hochwald 1990; Hochwald 1997; Hus et al. 2006; Zettler and Jueg 2007), recent studies
suggested that this species has a much higher tolerance to various environmental con-
ditions (e.g., Denic et al. 2014; Douda 2010; Lewin 2014; Stoeckl and Geist 2016). Rel-
atively low contributions of the environmental factors to the ENM suggests that no single
environmental variable was a dominant factor in defining the habitat suitability of U. cras-
sus (Fig. 19; Table 10). Alternatively, however, the predicted suitable habitats of U. cras-
sus may be legacy effects that result in suitable, but unoccupied habitat. Recent improve-
ments of habtiat from historic habitat degradation (e.g., water pollution) may not be re-
flected in mussel assemblage in the models due to long population response times. Fur-
ther study incorporating additional environmental variables is needed to help improve
future model performance and better predict the suitable habitats of freshwater mussels.
These include characteristics of microhabitats and physicochemical conditions, hydro-
logical and hydraulic conditions, and substrates; however, such variables are currently
unavailable in the state of Bavaria. Furthermore, it is recommended groundtruthing the

predicted suitable habitats to verify the presence of mussel species.

The high AUC value of the ENM of M. margaritifera can be explained by its highly specific

habitat requirements. In contrast to U. crassus, M. margaritifera distribution is restricted
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to oligotrophic streams (Bauer 1988; Taeubert and Geist 2017). The marginal response
curves of M. margaritifera’s ENM showed that the amount of equilibrium phosphorus
concentration in rivers and the percentage of cropland surrounding rivers negatively cor-
related with habitat suitability for M. margaritifera (Fig. 18). This matches the expectation
and indicates that M. margaritifera has a strong preference to low levels of natural phos-
phate concentration and is sensitive to modification of riparian habitats, which can often
contribute to eutrophication. Croplands particularly, are often considered the maijor dif-
fuse source of phosphorus input into rivers through fertilizer (Carpenter et al. 1998). The

results of the current study are congruent with a previous study (Inoue et al. 2017).

While over 50% of suitable habitat for each species is within protected areas, most of
these areas have the lowest level of environmental protection (i.e., Landscape Protection
areas and Nature Parks) (Table 8). For example, the mission of the Landscape Protec-
tion Areas and Nature Parks is to protect and conserve cultural landscapes and promote
recreation and tourism. Only activities that modify the character of the landscape are
prohibited in these protection areas; thus, the regulation does not provide sufficient pro-
tection for fauna and flora in these areas. Conversely, the Nature Reserves and National
Parks have strict regulations for protecting their natural environment as these protected
areas are designated to minimize human influence on the area to preserve and protect
habitat and biodiversity. However, only a small fraction of the predicted suitable habitats
of both species lies within these protected areas. Furthermore, although the Nature Re-
serve sites are the third most abundant in Bavaria, the mean area of each site is rather
small (2.73 km?; Table 8). With regards to the National Parks, each park has large area
(mean area = 225.23 km?; Table 1); however, there are currently only two National Parks
in Bavaria that do not overlap with the current distribution range of U. crassus and M.
margaritifera. Finally, since the establishment of the Natura 2000’s Special Areas of Con-
servation, many newly protected areas have been added in Germany. However, the
mean area of these protected areas is 2.4 km? (Table 8) despite the fact that about a

quarter of the total suitable habitats for both species lies within these areas.

The small percentage of highly regulated protected areas may not sufficiently contribute
to the aim of sustainable conservation of both species and protection of its preferred
habitats. In many cases, protected areas only cover short stream segments. Given that
streams are longitudinally linked systems in which ecosystem-level processes in down-
stream areas are linked to those in upstream areas (Vannote et al. 1980), populations in

suitable habitats may be at risk if they are adjacent to low quality areas. The information
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of habitat connectivity and protection gaps can be used to further designate new pro-
tected areas. Freshwater mussels are considered to be ideal target species of conser-
vation, with some species simultaneously fulfilling the criteria of indicator, flagship, key-
stone and umbrella species (Geist 2010). Therefore, protecting freshwater mussels by
increasing connectivity of their habitats would improve conservation of other aquatic or-

ganisms in the region.

Based on the results of the ecological niche modelling and the observed differences in
protected area coverage for the two mussel species, different conservation management
implications can be deduced. In the case of M. margaritifera, given that the majority of
populations are already associated with some kind of protected area, albeit typically
weak levels of protection, the most useful strategy is to increase protection by upgrading
the respective protection categories that have stricter protection of landscape. This is
likely to mitigate further habitat degradation and population loss because M. margaritifera
populations are negatively impacted by even slight changes in the stream substrate con-
ditions (Geist and Auerswald 2007) and stream nutrient levels (this study; Bauer 1988;
British Standards Institution 2017; Inoue et al. 2017). In contrast, the greater tolerance
of U. crassus to substrate conditions and nutrient input, as well as the greater spectrum
of host fish species, will in most cases not require an extremely strict legal protection
category. Instead, the comparatively low coverage of current U. crassus populations with
any means of legally protected area management should be a major concern. Thus,

increasing the number of any protected areas should be the main priority for this species.

This study provides valuable information for possible management directions of mussel
conservation in Bavaria, with the same approach being applicable for wider geographic
scales. In recent years, new populations of freshwater mussels have been found primar-
ily due to the improvement of survey methods and occurrence mapping as well as
knowledge of habitat requirements for the target species. Implementing gap analyses
identifies protection gaps for newly found populations and provides comprehensive cov-
erage for the protection needs of mussels in Bavaria. It needs to be acknowledged that
legal protection of suitable habitats can only partly contribute to conservation. Additional
restoration of degraded habitats should also be followed, ideally following a systematic
and step-wise approach (Geist 2015; Geist and Hawkins 2016). A holistic approach
should be followed and is likely to be most successful over the long term since protected
area management alone cannot be successful if not accompanied by means of active

habitat and population conservation and restoration.
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This thesis provides novel insights into the effects of functional interactions of invasive
S. woodiana and P. leniusculus with native freshwater bivalves (Chapters 3 & 4). It also
uses a spatially explicit approach to assess conservation gaps in the protection of two

highly threatened freshwater bivalve species (Chapter 5).

Both invasive species, the Chinese pond mussel S. woodiana and the signal crayfish
P. leniusculus, which were suspected of having a negative impact on native freshwater
bivalves, but without sufficient scientific evidence, have now proven to pose a serious
threat to European freshwater unionids. On the one hand, it has been shown that
S. woodiana is already widespread in Bavarian water systems (Chapter 3) and thus often
overlaps with occurrences of native freshwater bivalves, where the already known neg-
ative effects of this invader can affect native bivalve populations. On the other hand,
cross-experiments with native and invasive crayfish species and native and non-native
bivalves revealed that S. woodiana is also less prone to predation by invasive crayfish
P. leniusculus (Chapter 4), giving this species another major advantage over its native
counterparts, especially when both species invade the same system. In addition, signal
crayfish, which is already widespread in European freshwater water systems, has proven
to be more problematic in terms of predation than native noble crayfish (Chapter 4).
However, a learning effect in the use of bivalves as a food source could be demonstrated

for both crayfish species.

The gap analysis of Chapter 5, which was based on two ecological niche models of the
highly threatened freshwater pearl mussel M. margaritifera and thick-shelled river mus-
sel U. crassus, respectively, revealed that the actual conservation management of these

species is deficient, since habitats of both species, which should be protected sufficiently,

103



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

seem not to be adequately covered by protected areas (Chapter 5). However, it has been
shown that such spatially explicit approaches can be powerful tools for identifying con-

servation gaps and for setting priorities in conservation planning.

104



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

6.1 Invasive bivalve species

Sinanodonta woodiana is non-native to Europe and, compared to others, a relatively
young invader, as it was first discovered in Romania in 1979 (Sarkany-Kiss 1986). Since
then, this species is spreading across Europe, Central and North America and Indonesia
(Sousa et al. 2014). In the eastern and southern part of Europe the distribution of this
species is well documented, whereas, up to now, systematic information for Germany
was still missing (see Konecny et al. 2018). However, as a generalist species, it is likely
that this non-native bivalve will continue to invade many more European aquatic systems
if its further spread is not stopped or at least reduced. As shown in the first study (Chapter
3), first evidence of the distribution of this relatively recent invader in the Bavarian part
of Germany was overdue, and this species does not appear to be a problematic threat
limited to a specific location. Moreover, the results revealed, that this species is already
widespread and established in many water systems that are also inhabited by other na-
tive freshwater bivalves, albeit not systematically documented until now. Additionally, its
spread, especially in the immediate vicinity of fish ponds, can mainly be attributed to fish
stockings as have already been shown by others (e.g., Sarkany-Kiss et al. 2000; Spyra
etal. 2012; Tomovic et al. 2013; Urbanhska et al. 2019). However, due to the high number
of suitable host fish species (Douda et al. 2012; Huber and Geist 2019; Sarkany-Kiss et
al. 2000; Urbanska et al. 2021) and its broad ecological niche shown in Chapter 3 and
by Urbanska et al. (2021), this species may have a high dispersal rate when released in
a natural water system. This can also be suggested, if one follows the spread of
S. woodiana, e.g., in the Danube. There, the downstream spread of this species from
Hungary to the Danube Delta in Romania took place in less than 10 years, and its most
upstream occurrence was found in 1998 in Austria (Sarkany-Kiss et al. 2000). However,
now that S. woodiana has been found in the Rothsee (Chapter 3), it can be expected
that this species will also occur in the Main-Danube-channel in Germany, using such
artificial connections to colonize other drainage systems. This shows the potential for
fast spread of this species and suggests that it will continue to expand its range rapidly,
especially as many more water systems than Danube and Main have been artificially

connected.

Besides S. woodiana, four other invasive bivalve species, are recognized in European
water systems so far: C. fluminea, C. fluminalis, D. polymorpha and D. r. bugensis
(Lopes-Lima et al. 2017). These species that have invaded European freshwaters for a

long time are well studied and their effects on ecosystems as well as on economics are
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well-known (Geist et al. 2023; Sousa et al. 2014). Dreissena polymorpha, e.g., which has
already invaded Europe in the 18™ and 19" century (Lopes-Lima et al. 2017), is consid-
ered one of the most worse invader (Nentwig et al. 2017), which predominantly has enor-
mous economic consequences (Aldridge et al. 2004). Another dreissenid, D. r. bugensis,
has also invaded Europe, although somewhat delayed compared to D. polymorpha.
Contrary to S. woodiana, which was brought to Europe by infested fish (Konecny et al.
2018), both dreissenid species were deliberately introduced by fouling hulls or in ballast
water of ships and rapidly spread throughout Europe. After a first colonization, they have
also fast spread along connected channels and rivers, but they also made big jumps
attached to recreational boats or fishing gear. Today, both species are already wide-
spread and common in many freshwater systems of Europe (Karatayev and Burlakova
2022).

Compared to species such as D. polymorpha, which seem to have almost reached their
full ecological distribution potential in the northern hemisphere (Alix et al. 2016; Quinn et
al. 2014), non-native S. woodiana will continue to expand its range in the future, resulting
in an increasing threat to native bivalves (Sousa et al. 2014; Urbanska et al. 2021), as it
has recently been detected for the first time in many aquatic systems in combination with
its broad ecological niche (Chapter 3). While this species currently appears to be prob-
lematic only for native species with a broader ecological niche, such as A. anatina,
A. cygnea or U. crassus, respectively, habitat overlap with highly specialized species
such as M. margatritifera is still lacking (this study; Geist et al. 2023). This may be ex-
plained by temperature limitations, as S. woodiana seems not to be able to successfully
reproduce at low water temperatures (Bespalaya et al. 2018; Spyra et al. 2016; Urbanska
et al. 2019). However, with climate change, condition of such habitats could change,
facilitating an invasion by S. woodiana. With increasing water temperatures as a result
of the ongoing climate change, even water systems that do not currently appear to be
suitable for S. woodiana recruitment could be successfully invaded in the future
(Urbanska et al. 2021). SDMs, such as those presented in Chapter 5, could be used to
assess the risk of invasion by this species under the expected climate scenarios. How-
ever, such models are usually based on environmental predictors and on observed data
of species distribution (Jeschke et al. 2022), which are often missing for invasive species.
Even for such prominent species like the dreissenids or C. fluminea, which have been
widely discussed both in the scientific community and in politics, many studies have only
reported single observations. Though, a systematic monitoring has not yet been estab-

lished neither in Germany nor in Europe. Nevertheless, it is generally crucial to have any
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basic ecological data of the distribution of such non-native species, not least in order to
understand their ecological niche and thus to predict a potential risk these non-natives

could pose on native species if their habitats overlap.
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6.2 Impacts on native biodiversity

When invading a new system with occurring native bivalves, non-native species can im-
pair native bivalve fauna by several mechanisms (see Section 1.2). This has already
been shown for some non-native bivalve species, which were found to have strong neg-
ative impacts on native bivalve populations (Sousa et al. 2014). However, so far, the
focus in freshwater bivalve conservation was on effects of invasive bivalve species such
as dreissenids and corbiculids, which are already well characterized (e.g., Ferreira-
Rodriguez et al. 2018; Karatayev and Burlakova 2022; Strayer and Malcom 2014;
Strayer and Smith 1996), while effects of other invaders such as S. woodiana or invasive
crayfish on native unionids are less studied. However, since at least the arrival of
S. woodiana is a more recent issue, information on its distribution or interaction with na-
tive fauna was still lacking. Nevertheless, it is essential to obtain long-term data series
on the distribution of such invaders and on their interactions with native and other inva-
sive fauna in order to assess the long-term effects on habitats and native species
(Karatayev and Burlakova 2022). As one of the most prominent examples of a long-term
study from the Hudson River in New York shows, significant reductions in turbidity have
been observed due to high filtration activities of the invasive D. polymorpha, in parallel
with reported declines in native species (Strayer et al. 2011; Strayer et al. 2014; Strayer
et al. 2019a; Strayer and Malcom 2014; Strayer and Smith 1996; Strayer et al. 2019b).

As shown in Chapter 3 of this study and by Geist et al. (2023), habitat overlap between
invasive S. woodiana and native unionids is more likely to occur with more generalist
species, such as Anodonta anatina. Competitive effects will therefore mainly affect these
species. However, with climate change, other habitats may be opened up for
S. woodiana invasion, which may also lead to stronger impacts on more specialized spe-
cies such as M. margaritifera. However, as such specialized native species often already
suffer from many other threats, at least from the changing habitat conditions, they are
more vulnerable to locally extinction, as these species often only have a small geograph-
ical range (Groom et al. 2006). However, conservation management has mainly focused
on such rare species. Based on the good knowledge of the distribution and ecological
niche of endangered native bivalves, climate models could be useful tools to predict fu-

ture risk of such invaders.

Spread and distribution of invasive crayfish in Europe are already well known and the

mechanisms these invaders can affect native crayfish populations are well studied
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(Holdich 2003). Signal crayfish, e.g., which are already widespread in many European
water systems, are more aggressive than native noble crayfish leading to strong com-
petitive effects (Sdderback 1991). Additionally, since invasive crayfish are often immune
to the crayfish plaque, but being a likely vector when invading new systems, total die-
offs of native crayfish populations have been observed (Vorburger and Ribi 1999). How-
ever, effects on other aquatic fauna such as native unionids were only assumed, alt-
hough not sufficiently studied. For native freshwater pearl mussels, predation by invasive
signal crayfish has long been suspected (Schmidt and Vandré 2012). Sousa et al. (2019)
have shown the first evidence of signal crayfish predation on freshwater pearl mussels
in systematic experiments. Even for other bivalve species, predation by invasive crayfish
has been shown (Machida and Akiyama 2013; Meira et al. 2019). However, some au-
thors assumed that predation susceptibility is based on shell size or on shell thickness
(Meira et al. 2019; Sousa et al. 2019). As the results of Chapter 4 show, even larger
shells can be damaged by crayfish and thicker shells do not preserve from predation.
The painter’s mussel (Unio pictorum), which has the thickest shells of all mussel species
used in the experiment, was one of the most affected species. It can be suggested that
predation susceptibility can be better explained by the shells shape, since shells of
U. pictorum are more elongated, which seems to facilitate the crayfish to attack the shells
with its mandibles. With predation being one of the four main topics in freshwater bivalve
conservation, further research is needed to better understand factors affecting mussel
autecology (Aldridge et al. 2023). However, predation by other fauna, such as mammals,
is known to be a major threat to native freshwater bivalves, leading to severe population
declines and changes in species composition (Diggins and Stewart 2000). And although
the experimental results of Chapter 4 could not be confirmed in the field, mainly due to
the lack of overlap between signal crayfish and native bivalves, predation by invasive
crayfish should be considered as an additional threat in future conservation management

of native unionids

However, results of Chapter 4 also suggest that pre-existing signal crayfish colonization
may promote subsequent S. woodiana colonization. Similar effects have already been
shown for habitats invaded by D. polymorpha, which are often subsequently invaded by
other Ponto-Caspian species such D. r. bugensis (Haltiner et al. 2022; Hetherington et
al. 2019), potentially resulting in invasional meltdown (Simberloff and Von Holle 1999).
Even other invertebrate species have been shown to be involved in such invasional melt-
down events, as evidenced by occurrences in the Danube (Beggel et al. 2016; Brandner
et al. 2012), Great Britain (Gallardo et al. 2015) or the North American Great Lakes
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(Ricciardi 2001). However, impacts to native bivalves have been shown for both studied
invasive species (see Chapters 3 & 4), which suggests that it is highly problematic for

native unionids if both invasive species invade the same freshwater system.
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6.3 Management recommendations

Based on the results of this thesis, both invaders, S. woodiana and P. leniusculus, which
have previously received little attention in their interactions with native bivalves, need to
be considered important players in freshwater ecosystems. These species have unique
distribution and population trends, as well as impacts on the ecosystem that must be
taken into account (see Chapters 3 & 4). While more was known about the impact of
S. woodiana on native aquatic fauna (e.g., Benedict and Geist 2021; Donrovich et al.
2017; Douda and Cadkova 2018; Douda et al. 2017b; Douda et al. 2012; Labecka and
Domagala 2018; Reichard et al. 2012; Taskinen et al. 2021; Urbanhska et al. 2021), there
was still a lack of understanding of its recent distribution. In contrast, P. leniusculus was
already known to be widespread in European freshwaters, however, its impact on fresh-

water bivalves was little understood.

Additionally, as shown in Chapter 5, recent conservation management of endangered
bivalve species is inefficient. Gap analysis for both highly endangered unionids species,
M. margaritifera and U. crassus, respectively, revealed that suitable habitats of both spe-
cies are not sufficiently covered by protected areas. However, protected areas are usu-
ally less affected by human activities and thus less prone to be invaded by non-native
species (Foxcroft et al. 2011; Lonsdale 1999; Pysek et al. 2003). In addition, undisturbed
native bivalve communities have a higher biotic resistance to invasion by non-native spe-
cies, as this was shown in a long-term study of the undisturbed Szeszupa River in Po-
land, where low densities and a stable abundance and distribution have been reported
over the last 35 years (Ozgo et al. 2021). To keep protected areas as strategic refugia
for native species (Gallardo et al. 2017), focus of conservation management should be
based on optimization and prevention of such areas. Implementing tools for conservation
prioritization could therefore help to improve conservation planning (Moilanen et al. 2008;
Moilanen et al. 2009). Given that conservation of intact habitats should be preferred over
restoration (Geist 2015), actual protection areas should be adjusted and their total area
should be increased to offer adequate protection for those endangered native species.
Additionally, as the results have shown, it is necessary to bring conservation and man-
agement of invasive species together in order to effectively protect and manage fresh-

water ecosystems.

Given the already widespread distribution of S. woodiana, which has also been shown

to have significant competitive effects on native mussel populations, and the fact that
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current protected areas do not fully match the suitable habitats of endangered native
mussels, this problem is likely to be further exacerbated by climate change. As shown in
Chapter 3, the methodology used is well suited to providing important insights into the
distribution and ecology of non-native species. However, such results should not only be
used for individual scientific studies, but using the methodology described in Chapter 3,
these results could be combined with other results to provide a complete picture of this
invasive species. Even though the results of Chapter 3 already provide a comprehensive
picture of the remarkable distribution of S. woodiana in Bavaria and at the same time
indicate some potential vectors, such tools could also be highly useful for the whole of
Europe. However, given the broad ecological niche identified, such systematic monitor-
ing should also include a wide range of water systems, as this was done for Bavaria
(Chapter 3), which also requires more effort. Approaches such as the ecological niche
models presented in Chapter 5 are powerful tools that have already been used in con-
servation management to show relationships between, for example, ecological niches
and conservation status for highly threatened species. However, the application of such
models to invasive species is currently hampered by a lack of available information on

ecology or actual distribution.

This all highlights the need for further scientific research and state-level monitoring to
better understand and manage such invasive species. From a scientific perspective,
there is a need for a more systematic collection of occurrences of non-native species
such as S. woodiana. This should include not only presence or absence data, but also
verification of the species' distribution, potential overlaps with native species, and possi-
ble overlaps with protected areas. Frequently, non-native species spread rapidly across
space and are often characterized by boom-bust dynamics (Cerwenka et al. 2014;
Strayer et al. 2017), causing different effects at different times and locations. These ef-
fects may include the sudden discharge of large amounts of nutrients from the decom-
posing soft tissues of these populations after a mass mortality event (McDowell and
Sousa 2019). Therefore, such information will be crucial for understanding the extent of
the problem and for developing effective management strategies. It is necessary to rou-
tinely track invasive species (Pergl et al. 2020) to understand their habitats, their eco-
system functions, and, not least, their impacts on native species (Geist 2011). Conduct-
ing studies on non-native species over a prolonged period is crucial for identifying the
species, times, and locations that require management interventions the most (Pergl et

al. 2020). When combined with control, mitigation, or restoration measures, these long-
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term studies can enhance the evaluation of management actions, leading to more evi-
dence-based decision-making in management of invasive species, which can help to
eliminate ineffective actions and to accelerate the development of effective approaches
(Geist and Hawkins 2016).

Ultimately, it is important to note that addressing the issue of invasive species in conser-
vation management goes beyond the realm of science and also requires the provision of
funding and political decision-making, where the focus has traditionally been on native
species. In contrast to protected native species, for which at least regular state-wide
monitoring is carried out regularly (e.g., Stoeckl et al. 2020), providing sufficient data on
occurrence (see Chapter 5) and ecological niches, such systematic monitoring is still
lacking for non-native species. Non-native species are often only noticed when they are
already established over large areas. In addition, the impact on native biodiversity is
often recognized only after a very long delay (Crooks 2005), and early management is
not possible due to the lack of such knowledge. The creation of a common database,
including invasive species monitoring results, and institutions such as the Bavarian Mus-
sel Coordination Office that is mainly focusing on native unionids, but could also extent
their activities on invasive species, could greatly improve our understanding and man-
agement of invasive species. However, such decisions are depending on the available

funding and political will.
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6.4 Outlook

This thesis has highlighted the actual and future challenges in freshwater bivalve con-
servation in Europe dealing with invading non-native species as an important threat for
native freshwater bivalve fauna. The results presented in the previous chapters provide
crucial knowledge on effects and interactions of invasive aquatic species and native un-
ionid bivalves. It was shown that, on the one hand, S. woodiana is already widespread
and thus has a large overlap with native freshwater bivalves, which was unexpected. On
the other hand, predation on native bivalves by already widespread invasive crayfish has
been demonstrated, and even a learning effect of the crayfish using bivalves as a food

source has been observed.

However, the approach presented in this thesis should be extended and applied to other
invasive species, as the used methods were effective in understanding the impact of the
two invasive species tested. However, the results presented are static and can only be
seen as a snapshot in time. In the face of ongoing global change, future studies should
focus on such effects in context of increasing temperatures, as this could at least open
up new habitats for an invasion by non-native species such as S. woodiana. In addition,
experiments with invasive crayfish, such as those presented in Chapter 4, should be
extended to other invasive crayfish species that are also already common in European
freshwaters, and to interactions with other native species such as macroinvertebrates,
to also investigate predatory effects on other native fauna beyond the well-studied dis-

ease transmission.

Approaches such as the ecological niche models presented in Chapter 5 exemplarily for
two endangered unionid species could be a powerful tool for estimating the dispersal
potential of a newly invaded non-native species such as S. woodiana. Systematic moni-
toring, as shown for S. woodiana in Chapter 3, should be used to define the ecological
niches of such species and to provide input variables on occurrences for the construction
of ecological niche models of invasive species as a tool for invasion management in the
future. In addition, such models can even be merged with spatially modelled habitats of
threatened species to predict potential future habitat overlap and thus threats for native
species, facilitating conservation management. However, as shown for native unionids,
most current conservation areas are not well adapted to fit the needs of native species
and therefore provide little protective effects or high resistance to invasions. Protected

areas need to be expanded or re-aligned also considering non-native species. Thus,
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conservation efforts need to be focused on both conservation of native and management
of invasive species. Furthermore, funding is required to support the research and moni-
toring necessary to better understand and manage the impacts of invasive species on

freshwater ecosystems.

Based on all of the above, it is clear that the current management of conservation and of
invasive species is inadequate. To address the conservation gaps identified in the pre-
vious chapters, it is necessary, firstly, to implement better monitoring also including in-
vasive species, secondly, to assess functional interactions between invasive and native
species using experimental set-ups, and thirdly, to combine the management of invasive

species with the conservation management of native species.

115



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Publication List

The following papers were included in this thesis*:

Dobler AH, Geist J, Stoeckl K, Inoue K (2019) A Spatially Explicit Approach to Prioritize
Protection Areas for Endangered Freshwater Mussels. Aquatic Conservation: Marine

and Freshwater Ecosystems 29: 12-23.

Dobler AH, Geist J (2022) Impacts of native and invasive crayfish on three native and

one invasive freshwater mussel species. Freshwater Biology 67(2): 389-403.

Dobler AH, Hoos P, Geist J (2022) Distribution and potential impacts of non-native Chi-
nese pond mussels Sinanodonta woodiana (Lea, 1834) in Bavaria, Germany. Biological
Invasions 24: 1689-1706.

*The candidate’s contribution to each main chapter is presented below the respective

abstract.

Papers with shared authorship or co-authorship (not included in this thesis):

Pander J, Dobler AH, Hoos P, Geist J (2022) Environmental Pollution by Lost Fishing

Tackle: A Systematic Assessment in Lake Eixendorf. Environments 9(11):144.

Geist J, Benedict A, Dobler AH, Hoess R, Hoos P (2023) Functional interactions of non-
native aquatic fauna with European freshwater bivalves: implications for management.

Hydrobiologia.

Oral contributions related to the PhD thesis:

Dobler AH, Geist J, Stoeckl K, Inoue K (2017) A spatially explicit approach to prioritize
protection areas using endangered freshwater mussels. Euromal - 8th European Con-

gress of Malacological Societies, 10-14 September 2017, Krakéw, Poland. (Oral)

Dobler AH, Stoeckl K, Geist J, Inoue K (2018) Prioritizing conservation areas for endan-
gered freshwater molluscs in Bavarian riverine systems, Germany. First International
Meeting of the Freshwater Mollusk Conservation Society in Europe, 16-20 September
2018, Verbania, Italy. (Poster)

116



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Dobler AH, Inoue K, Stoeckl K, Geist J (2019) A spatial conservation prioritization ap-
proach for two endangered freshwater mussel species in Bavaria, Germany. Interna-
tional workshop "Freshwater mussels: Search for resettlement habitats and evaluation

of protection measures", 25-27 March 2019, Dresden, Germany. (Poster)

Dobler AH, Geist J (2021) Predation effects of native and invasive crayfish on native
and invasive freshwater mussels. Euromal - 9th European Congress of Malacological
Societies, 05-09 September 2021, Prague, Czech Republic. (Oral)

Dobler AH, Geist J (2021) Crayfish predation on freshwater mussels. E Chat - Bivalve
Captive Breeding, 26 November 2021. (Oral)

Dobler AH (2021) Raumliche Verteilung, Gefahrdungsfaktoren und Schutzstatus von
heimischen GroRmuscheln. Examenskolloquium am Lehrstuhl fir Aquatische Systembi-
ologie (TUM), 29 November 2021. (Oral)

Dobler AH (2023) Interaktionen heimischer Unioniden mit zwei aquatischen invasiven
Arten im Kontext des Schutzmanagements. Examenskolloquium am Lehrstuhl fir Aqua-
tische Systembiologie (TUM), 09 Marz 2023. (Oral)

Dobler AH, Hoos P, Benedict A, Hoess R, Geist J (2023) Biotic interactions between
native unionids and invasive aquatic species. International freshwater mussel confer-
ence on "Conservation of freshwater mussels in light of climate change and human pres-
sures “, 26-28 April 2023, Hof, Germany. (Poster)

117



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

References

Abell, R. (2002). Conservation biology for the biodiversity crisis: a freshwater follow-up.
Conservation Biology 16(5): 1435-1437.

Adam, B. (2010). L’Anodonte chinoise Sinanodonta woodiana (Lea, 1834) (Mollusca,
Bivalvia, Unionidae) : une espéce introduite qui colonise le bassin Rhéne-
Méditerranée. Journal électronique de la malacologie continentale francgaise 6: 278-
287.

Adavoudi, R. & M. Pilot (2021). Consequences of hybridization in mammals: a
systematic review. Genes 13(1): 50. doi:10.3390/genes13010050.

Aldridge, D. C. (1999). The morphology, growth and reproduction of Unionidae
(Bivalvia) in a fenland waterway. Journal of Molluscan Studies 65(1): 47-60.
doi:10.1093/mollus/65.1.47.

Aldridge, D. C., P. Elliott & G. D. Moggridge (2004). The recent and rapid spread of the
zebra mussel (Dreissena polymorpha) in Great Britain. Biological Conservation
119(2): 253-261. doi:10.1016/j.biocon.2003.11.008.

Aldridge, D. C., I. S. Ollard, Y. V. Bespalaya, |. N. Bolotov, K. Douda, J. Geist, W. R.
Haag, M. W. Klunzinger, M. Lopes-Lima, M. C. Mlambo, N. Riccardi, R. Sousa, D.
L. Strayer, S. H. Torres, C. C. Vaughn, T. Zajac & A. Zieritz (2023). Freshwater
mussel conservation: a global horizon scan of emerging threats and opportunities.
Global Change Biology 29(3): 575-589. do0i:10.1111/gcb.16510.

Alexander, J. M., J. J. Lembrechts, L. A. Cavieres, C. Daehler, S. Haider, C. Kueffer,
G. Liu, K. McDougall, A. Milbau, A. Pauchard, L. J. Rew & T. Seipel (2016). Plant
invasions into mountains and alpine ecosystems: current status and future
challenges. Alpine Botany 126(2): 89-103. doi:10.1007/s00035-016-0172-8.

Alix, M., R. J. Knight & S. J. Ormerod (2016). Rapid colonisation of a newly formed lake
by zebra mussels and factors affecting juvenile settlement. Management of
Biological Invasions 7(4): 405-418. doi:10.3391/mbi.2016.7.4.10.

Anderson, M., R. Gorley & K. Clarke (2008). PERMANOVA+ for PRIMER: guide to

software and statistical methods. Primer-e, Plymouth, UK.

118



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Araujo, M. B., R. G. Pearson, W. Thuiller & M. Erhard (2005). Validation of species-
climate impact models under climate change. Global Change Biology 11(9): 1504-
1513. doi:10.1111/j.1365-2486.2005.001000.x.

Atkinson, C. L., S. P. Opsahl, A. P. Covich, S. W. Golladay & L. M. Conner (2010).
Stable isotopic signatures, tissue stoichiometry, and nutrient cycling (C and N) of
native and invasive freshwater bivalves. Journal of the North American
Benthological Society 29(2): 496-505. doi:10.1899/09-083.1.

Atkinson, C. L., C. C. Vaughn, K. J. Forshay & J. T. Cooper (2013). Aggregated filter-
feeding consumers alter nutrient limitation: consequences for ecosystem and
community dynamics. Ecology 94(6): 1359-1369. doi:10.1890/12-1531.1.

Bahr, A. L. & V. Wiese (2018). Freilandvorkommen von Sinanodonta woodiana (LEA
1834) in Ostholstein und Trockenfallen eines Teiches mit umfangreichen Verlusten

von GrofAmuscheln (Bivalvia: Unionidae). Schriften zur Malakozoologie 30: 39-44.

Barim-Oz, O. (2018). The effects on some non-enzymatic antioxidants and oxidative
stress of Astacus leptodactylus (Esch., 1823) of starvation periods. Aquaculture
Nutrition 24(1): 492-503. doi:10.1111/anu.12582.

Bauer, G. (1988). Threats to the freshwater pearl mussel Margaritifera margaritifera L.
in Central-Europe. Biological Conservation 45(4): 239-253. doi:10.1016/0006-
3207(88)90056-0.

Bauer, G. (1992). Ecology and evolution of the freshwater mussels unionoida with 38

tables. Springer, Berlin [u.a.].

Beggel, S., J. Brandner, A. F. Cerwenka & J. Geist (2016). Synergistic impacts by an
invasive amphipod and an invasive fish explain native gammarid extinction. BMC
Ecology 16: 32. doi:10.1186/s12898-016-0088-6.

Benedict, A. & J. Geist (2021). Effects of water temperature on glochidium viability of
Unio crassus and Sinanodonta woodiana: implications for conservation,
management and captive breeding. Journal of Molluscan Studies 87(2): eyab011.
doi:10.1093/mollus/eyab011.

119



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Benké&-Kiss, A., A. Ferincz, N. Kovats & G. Paulovits (2013). Spread and distribution
pattern of Sinanodonta woodiana in Lake Balaton. Knowledge and Management of
Aquatic Ecosystems 408: 09. doi:10.1051/kmae/2013043.

Bespalaya, Y. V., I. N. Bolotov, O. V. Aksenova, M. Y. Gofarov, A. V. Kondakov, I. V.
Vikhrev & M. V. Vinarski (2018). DNA barcoding reveals invasion of two cryptic
Sinanodonta mussel species (Bivalvia: Unionidae) into the largest Siberian river.
Limnologica 69: 94-102. doi:10.1016/j.limno.2017.11.009.

Bielen, A., I. BoSnjak, K. Sep¢i¢, M. Jakli¢, M. Cvitani¢, J. LusSi¢, J. Lajtner, T. Sim¢i¢ &
S. Hudina (2016). Differences in tolerance to anthropogenic stress between
invasive and native bivalves. Science of the Total Environment 543: 449-459.
doi:10.1016/j.scitotenv.2015.11.049.

Bij de Vaate, A., K. Jazdzewski, H. A. M. Ketelaars, S. Gollasch & G. Van der Velde
(2002). Geographical patterns in range extension of Ponto-Caspian
macroinvertebrate species in Europe. Canadian Journal of Fisheries and Aquatic
Sciences 59(7): 1159-1174. doi:10.1139/f02-098.

Binot-Hafke, M., S. Balzer, N. Becker, H. Gruttke, H. Haupt, N. Hofbauer, G. Ludwig,
G. Matzke-Hajek & M. Strauch (2011). Rote Liste geféhrdeter Tiere, Pflanzen und
Pilze Deutschlands - Band 3: Wirbellose Tiere (Teil 1). Bundesamt fur Naturschutz,

Bonn-Bad Godesberg.

Bodis, E., B. Toth & R. Sousa (2016). Freshwater mollusc assemblages and habitat
associations in the Danube River drainage, Hungary. Aquatic Conservation: Marine
and Freshwater Ecosystems 26(2): 319-332. doi:10.1002/aqc.2585.

Boeker, C., T. Lueders, M. Mueller, J. Pander & J. Geist (2016). Alteration of physico-
chemical and microbial properties in freshwater substrates by burrowing
invertebrates. Limnologica 59: 131-139. doi:10.1016/j.limno.2016.05.007.

Bogan, A. E. (1993). Freshwater bivalve extinctions (Mollusca: Unionoida): a search for
causes. American Zoologist 33(6): 599-609.

Bogan, A. E., J. Bowers-Altman & M. E. Raley (2011). The first confirmed record of the
Chinese pond mussel (Sinanodonta woodiana) (Bivalvia: Unionidae) in the United
States. The Nautilus 125(1): 41-43.

120



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Bolotov, I. N., Y. V. Bespalaya, M. Y. Gofarov, A. V. Kondakov, E. S. Konopleva & I. V.
Vikhrev (2016). Spreading of the Chinese pond mussel, Sinanodonta woodiana,
across Wallacea: one or more lineages invade tropical islands and Europe.
Biochemical Systematics and Ecology 67: 58-64. doi:10.1016/j.bse.2016.05.018.

Bdssneck, U. & J. Klingelhéfer (2011). Erster Nachweis der Chinesischen
Teichmuschel, Sinanodonta woodiana (LEA 1834) aus Thuringen. Mitteilungen der

Deutschen Malakozoologischen Gesellschaft 85: 11-16.

Bramick, U. (2019). Jahresbericht zur Deutschen Binnenfischerei und

Binnenaquakultur 2019. Institut fur Binnenfischerei Potsdam.

Brandner, J., K. Auerswald, A. F. Cerwenka, U. K. Schliewen & J. Geist (2012).
Comparative feeding ecology of invasive Ponto-Caspian gobies. Hydrobiologia
703(1): 113-131. doi:10.1007/s10750-012-1349-9.

Brandner, J., A. F. Cerwenka, U. K. Schliewen & J. Geist (2013). Bigger is better:
characteristics of round gobies forming an invasion front in the Danube River. Plos
One 8(9): €73036. doi:10.1371/journal.pone.0073036.

Brian, J. I, I. S. Ollard & D. C. Aldridge (2021). Don't move a mussel? Parasite and
disease risk in conservation action. Conservation Letters 14(4): e12799.
doi:10.1111/conl.12799.

Brim-Box, J. & J. Mossa (1999). Sediment, land use, and freshwater mussels:
Prospects and problems. Journal of the North American Benthological Society
18(1): 99-117. doi:10.2307/1468011.

British Standards Institution (2017). Water quality — Guidance standard on monitoring
freshwater pearl mussel (Margatritifera margaritifera) populations and their

environment. BSI, London, UK.

Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A.
Nielsen, H. J. Skaug, M. Maechler & B. M. Bolker (2017). gimmTMB balances
speed and flexibility among packages for zero-inflated generalized linear mixed
modeling. The R Journal 9(2): 378-400.

121



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Brown, J. L. (2014). SDMtoolbox: a python-based GIS toolkit for landscape genetic,
biogeographic and species distribution model analyses. Methods in Ecology and
Evolution 5(7): 694-700. doi:10.1111/2041-210x.12200.

Bubb, D. H., T. J. Thom & M. C. Lucas (2006). Movement, dispersal and refuge use of
co-occurring introduced and native crayfish. Freshwater Biology 51: 1359-1368.
doi:10.1111/j.1365-2427.2006.01578.x.

Buddensiek, V., H. Engel, S. Fleischauerrossing & K. Wachtler (1993). Studies on the
chemistry of interstitial water taken from defined horizons in the fine sediments of
bivalve habitats in several northern German lowland waters. II: microhabitats of
Margaritifera margaritifera L., Unio crassus (Philipsson) and Unio tumidus
Philipsson. Archiv Fur Hydrobiologie 127(2): 151-166.

Burley, F. W. (1988). Monitoring biological diversity for setting priorities in conservation.
In Wilson, E. O. & F. M. Peter (eds) Biodiversity. National Academy Press,
Washington, DC, 227-230.

Carpenter, S. R,, N. F. Caraco, D. L. Correll, R. W. Howarth, A. N. Sharpley & V. H.
Smith (1998). Nonpoint pollution of surface waters with phosphorus and nitrogen.
Ecological Applications 8(3): 559-568.

Cerwenka, A. F., P. Alibert, J. Brandner, J. Geist & U. K. Schliewen (2014). Phenotypic
differentiation of Ponto-Caspian gobies during a contemporary invasion of the
upper Danube River. Hydrobiologia 721(1): 269-284. doi:10.1007/s10750-013-
1668-5.

Cichy, A., M. Urbanska, A. Marszewska, W. Andrzejewski & E. Zbikowska (2016). The
invasive Chinese pond mussel Sinanodonta woodiana (Lea, 1834) as a host for
native symbionts in European waters. Journal of Limnology 75(2): 288-296.
doi:10.4081/jlimnol.2016.1334.

Cilenti, L. (2019). First record of Sinanodonta woodiana (Lea, 1834) in an artificial
reservoir in the Molise region, Southeast Italy. Biolnvasions Records 8(2): 320-328.
doi:10.3391/bir.2019.8.2.14.

122



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Cohen, R. R. H., P. V. Dresler, E. J. P. Phillips & R. L. Cory (1984). The effect of the
Asiatic clam, Corbicula fluminea, on phytoplankton of the Potomac River, Maryland.
Limnology and Oceanography 29(1): 170-180. doi:10.4319/10.1984.29.1.0170.

Corsi, |., A. M. Pastore, A. Lodde, E. Palmerini, L. Castagnolo & S. Focardi (2007).
Potential role of cholinesterases in the invasive capacity of the freshwater bivalve,
Anodonta woodiana (Bivalvia: Unionacea): a comparative study with the indigenous
species of the genus, Anodonta sp. Comparative Biochemistry and Physiology
145(3): 413-9. doi:10.1016/j.cbpc.2007.01.011.

Cox, G. W. (2005). Alien species and evolution: the evolutionary ecology of exotic
plants, animals, microbes, and interacting native species. Island Press,
Washington, DC, USA.

Crooks, J. A. (2005). Lag times and exotic species: the ecology and management of
biological invasions in slow-motion. Ecoscience 12(3): 316-329. doi:10.2980/i1195-
6860-12-3-316.1.

Crooks, J. A., A. L. Chang & G. M. Ruiz (2010). Aquatic pollution increases the relative
success of invasive species. Biological Invasions 13(1): 165-176.
doi:10.1007/s10530-010-9799-3.

Cuthbert, R. N., Z. Pattison, N. G. Taylor, L. Verbrugge, C. Diagne, D. A. Ahmed, B.
Leroy, E. Angulo, E. Briski, C. Capinha, J. A. Catford, T. Dalu, F. Essl, R. E.
Gozlan, P. J. Haubrock, M. Kourantidou, A. M. Kramer, D. Renault, R. J.
Wasserman & F. Courchamp (2021). Global economic costs of aquatic invasive
alien species. Science of the Total Environment. 145-238.
doi:10.1016/j.scitotenv.2021.145238.

Davis, M. A. & K. Thompson (2000). Eight ways to be a colonizer; two ways to be an
invader: a proposed nomenclature scheme for invasion ecology. Bulletin of the
Ecological Society of America 81(3): 226-230.

Decker, E., S. Linke, V. Hermoso & J. Geist (2017). Incorporating ecological function in
conservation decision making. Ecology and Evolution 7(20): 8273-8281.
doi:10.1002/ece3.3353.

123



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Denic, M., K. Stoeckl, B. Gum & J. Geist (2014). Physicochemical assessment of Unio
crassus habitat quality in a small upland stream and implications for conservation.
Hydrobiologia 735(1): 111-122. doi:10.1007/s10750-013-1467-z.

Diggins, T. P. & K. M. Stewart (2000). Evidence of large change in unionid mussel
abundance from selective muskrat predation, as inferred by shell remains left on
shore. International Review of Hydrobiology 85(4): 505-520. doi:10.1002/1522-
2632(200008)85:4<505::Aid-iroh505>3.0.Co;2-w.

Dobler, A. H. & J. Geist (2022). Impacts of native and invasive crayfish on three native
and one invasive freshwater mussel species. Freshwater Biology 67(2): 389-403.
doi:10.1111/fwb.13849.

Donrovich, S. W., K. Douda, V. Plechingerova, K. Rylkova, P. Horky, O. Slavik, H.-Z.
Liu, M. Reichard, M. Lopes-Lima & R. Sousa (2017). Invasive Chinese pond
mussel Sinanodonta woodiana threatens native mussel reproduction by inducing
cross-resistance of host fish. Aquatic Conservation: Marine and Freshwater
Ecosystems 27(6): 1325-1333. doi:10.1002/aqc.2759.

Douda, K. (2010). Effects of nitrate nitrogen pollution on Central European unionid
bivalves revealed by distributional data and acute toxicity testing. Aquatic
Conservation: Marine and Freshwater Ecosystems 20(2): 189-197.
doi:10.1002/aqc.1076.

Douda, K. & Z. Cadkova (2018). Water clearance efficiency indicates potential filter-
feeding interactions between invasive Sinanodonta woodiana and native freshwater
mussels. Biological Invasions 20(5): 1093-1098. doi:10.1007/s10530-017-1615-x.

Douda, K., H.-Z. Liu, D. Yu, R. Rouchet, F. Liu, Q.-Y. Tang, C. Methling, C. Smith & M.
Reichard (2017a). The role of local adaptation in shaping fish-mussel coevolution.
Freshwater Biology 62(11): 1858-1868. doi:10.1111/fwb.13026.

Douda, K., J. Velisek, J. Kolarova, K. Rylkova, O. Slavik, P. Horky & I. Langrova
(2017b). Direct impact of invasive bivalve (Sinanodonta woodiana) parasitism on
freshwater fish physiology: evidence and implications. Biological Invasions 19(3):
989-999. doi:10.1007/s10530-016-1319-7.

124



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Douda, K., M. Vrtilek, O. Slavik & M. Reichard (2012). The role of host specificity in
explaining the invasion success of the freshwater mussel Anodonta woodiana in
Europe. Biological Invasions 14(1): 127-137. doi:10.1007/s10530-011-9989-7.

Dudgeon, D., A. H. Arthington, M. O. Gessner, Z. |. Kawabata, D. J. Knowler, C.
Leveque, R. J. Naiman, A. H. Prieur-Richard, D. Soto, M. L. J. Stiassny & C. A.
Sullivan (2006). Freshwater biodiversity: importance, threats, status and
conservation challenges. Biological Reviews 81(2): 163-182.
doi:10.1017/s1464793105006950.

Dumpelmann, C. (2012). Erste Freilandnachweise der Chinesischen Teichmuschel
Sinanodonta woodiana (Lea) in Hessen mit Anmerkungen zu den Konsequenzen

ihrer Verbreitung (Bivalvia: Unionidae). Lauterbornia 74: 117-124.

Elith, J., C. H. Graham, R. P. Anderson, M. Dudik, S. Ferrier, A. Guisan, R. J. Hijmans,
F. Huettmann, J. R. Leathwick, A. Lehmann, J. Li, L. G. Lohmann, B. A. Loiselle, G.
Manion, C. Moritz, M. Nakamura, Y. Nakazawa, J. M. M. Overton, A. T. Peterson,
S. J. Phillips, K. Richardson, R. Scachetti-Pereira, R. E. Schapire, J. Soberdn, S.
Williams, M. S. Wisz & N. E. Zimmermann (2006). Novel methods improve
prediction of species? distributions from occurrence data Ecography. vol 29, 129-
151.

Elith, J., S. J. Phillips, T. Hastie, M. Dudik, Y. E. Chee & C. J. Yates (2011). A statistical
explanation of MaxEnt for ecologists. Diversity and Distributions 17(1): 43-57.
doi:10.1111/j.1472-4642.2010.00725.x.

Enders, M., M.-T. Hutt & J. M. Jeschke (2018). Drawing a map of invasion biology
based on a network of hypotheses. Ecosphere 9(3): e02146.
doi:10.1002/ecs2.2146.

ESRI (2019). ArcGIS Desktop. 10.3.1 edn. Environmental Systems Research Institute,
Redlands, CA.

European Parliament (2014). Regulation (EU) No 1143/2014 of the European
Parliament and of the Council of 22 October 2014 on the prevention and
management of the introduction and spread of invasive alien species. Official

Journal of the European Union.

125



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Faller, M., G. L. Harvey, A. J. Henshaw, W. Bertoldi, M. C. Bruno & J. England (2016).
River bank burrowing by invasive crayfish: spatial distribution, biophysical controls
and biogeomorphic significance. Science of the Total Environment 569-570: 1190-
1200. doi:10.1016/j.scitotenv.2016.06.194.

Ferreira-Rodriguez, N., Y. B. Akiyama, O. V. Aksenova, R. Araujo, M. Christopher
Barnhart, Y. V. Bespalaya, A. E. Bogan, |. N. Bolotov, P. B. Budha, C. Clavijo, S. J.
Clearwater, G. Darrigran, V. T. Do, K. Douda, E. Froufe, C. Gumpinger, L.
Henrikson, C. L. Humphrey, N. A. Johnson, O. Klishko, M. W. Klunzinger, S.
Kovitvadhi, U. Kovitvadhi, J. Lajtner, M. Lopes-Lima, E. A. Moorkens, S.
Nagayama, K.-O. Nagel, M. Nakano, J. N. Negishi, P. Ondina, P. Oulasvirta, V.
Prié, N. Riccardi, M. Rudzite, F. Sheldon, R. Sousa, D. L. Strayer, M. Takeuchi, J.
Taskinen, A. Teixeira, J. S. Tiemann, M. Urbanska, S. Varandas, M. V. Vinarski, B.
J. Wicklow, T. Zajgc & C. C. Vaughn (2019). Research priorities for freshwater
mussel conservation assessment. Biological Conservation 231: 77-87.
doi:10.1016/j.biocon.2019.01.002.

Ferreira-Rodriguez, N., R. Sousa & |. Pardo (2018). Negative effects of Corbicula
fluminea over native freshwater mussels. Hydrobiologia 810(1): 85-95.
doi:10.1007/s10750-016-3059-1.

Fourcade, Y., J. O. Engler, D. Rodder & J. Secondi (2014). Mapping species
distributions with MAXENT using a geographically biased sample of presence data:
a performance assessment of methods for correcting sampling bias. Plos One 9(5):
€97122. doi:10.1371/journal.pone.0097122.

Fox, J. & S. Weisberg (2019). An R Companion to Applied Regression, Third edn.
Sage, Thousand Oaks, CA.

Foxcroft, L. C., V. Jarosik, P. Pysek, D. M. Richardson & M. Rouget (2011). Protected-
area boundaries as filters of plant invasions. Conservation Biology 25(2): 400-5.
doi:10.1111/j.1523-1739.2010.01617 .x.

Foxcroft, L. C., P. Pysek, D. M. Richardson & P. Genovesi (2013). Plant invasions in

protected areas : patterns, problems and challenges. Springer, Dordrecht, NL.

Gallardo, B., D. C. Aldridge, P. Gonzalez-Moreno, J. Pergl, M. Pizarro, P. Pysek, W.

Thuiller, C. Yesson & M. Vila (2017). Protected areas offer refuge from invasive

126



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

species spreading under climate change. Global Change Biology 23(12): 5331-
5343. doi:10.1111/gcb.13798.

Gallardo, B., D. C. Aldridge & A. Punt (2015). Is Great Britain heading for a Ponto-
Caspian invasional meltdown? Journal of Applied Ecology 52(1): 41-49.
doi:10.1111/1365-2664.12348.

Geist, J. (2010). Strategies for the conservation of endangered freshwater pearl
mussels (Margaritifera margaritifera L.): a synthesis of conservation genetics and
ecology. Hydrobiologia 644(1): 69-88. doi:10.1007/s10750-010-0190-2.

Geist, J. (2011). Integrative freshwater ecology and biodiversity conservation.
Ecological Indicators 11(6): 1507-1516. doi:10.1016/j.ecolind.2011.04.002.

Geist, J. (2015). Seven steps towards improving freshwater conservation. Aquatic
Conservation: Marine and Freshwater Ecosystems 25(4): 447-453.
doi:10.1002/aqc.2576.

Geist, J. & K. Auerswald (2007). Physicochemical stream bed characteristics and
recruitment of the freshwater pearl mussel (Margaritifera margatritifera). Freshwater
Biology 52(12): 2299-2316. doi:10.1111/j.1365-2427.2007.01812.x.

Geist, J., A. Benedict, A. H. Dobler, R. Hoess & P. Hoos (2023). Functional interactions
of non-native aquatic fauna with European freshwater bivalves: implications for
management. Hydrobiologia: doi:10.1007/s10750-022-05121-2.

Geist, J. & S. J. Hawkins (2016). Habitat recovery and restoration in aquatic
ecosystems: current progress and future challenges. Aquatic Conservation: Marine
and Freshwater Ecosystems 26(5): 942-962. doi:10.1002/aqc.2702.

Geist, J., M. Porkka & R. Kuehn (2006). The status of host fish populations and fish
species richness in European freshwater pearl mussel (Margaritifera margaritifera)
streams. Aquatic Conservation: Marine and Freshwater Ecosystems 16(3): 251-
266. doi:10.1002/aqc.721.

Gherardi, F. (2007). Understanding the impact of invasive crayfish. In Gherardi, F. (ed)
Biological invaders in inland waters: profiles, distribution, and threats. Springer
Netherlands, Dordrecht, NL, 507-542.

127



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Glon, M. G., E. R. Larson, L. S. Reisinger & K. L. Pangle (2017). Invasive dreissenid
mussels benefit invasive crayfish but not native crayfish in the Laurentian Great
Lakes. Journal of Great Lakes Research 43(2): 289-297.
doi:10.1016/j.jgIr.2017.01.011.

Groom, M. J., G. K. Meffe & C. R. Carroll (2006). Principles of conservation biology.

Sinauer, Sunderland, Mass.

Guan, R. (2000). Abundance and production of the introduced signal crayfish in a
British lowland river. Aquaculture International 8(1): 59-76.
doi:10.1023/a:1009272916339.

Guan, R. & P. R. Wiles (1996). Growth, density and biomass of crayfish, Pacifastacus
leniusculus, in a British lowland river. Aquatic Living Resources 9(3): 265-272.
doi:10.1051/alr:1996030.

Guan, R. & P. R. Wiles (1998). Feeding ecology of the signal crayfish Pacifastacus
leniusculus in a British lowland river. Aquaculture 169(3-4): 177-193.
doi:10.1016/S0044-8486(98)00377-9.

Guo, X. (2009). Use and exchange of genetic resources in molluscan aquaculture.
Reviews in Aquaculture 1(3-4): 251-259. doi:10.1111/j.1753-5131.2009.01014 .x.

Gutiérrez-Yurrita, P. J., G. Sancho, M. A. Bravo, A. Baltanas & C. Montes (1998). Diet
of the red swamp crayfish Procambarus Clarkii in natural ecosystems of the
Dofana National Park temporary freshwater marsh (Spain). Journal of Crustacean
Biology 18(1): 120-127. doi:10.1163/193724098X00124.

Haag, W. R. (2012). North American freshwater mussels: natural history, ecology, and

conservation. Cambridge University Press, Cambridge, UK.

Haag, W. R., J. Culp, A. N. Drayer, M. A. McGregor, D. E. J. White & S. J. Price
(2021). Abundance of an invasive bivalve, Corbicula fluminea, is negatively related
to growth of freshwater mussels in the wild. Freshwater Biology 66(3): 447-457.
doi:10.1111/fwb.13651.

Haag, W. R. & J. D. Williams (2014). Biodiversity on the brink: an assessment of
conservation strategies for North American freshwater mussels. Hydrobiologia
735(1): 45-60. doi:10.1007/s10750-013-1524-7.

128



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Haltiner, L., H. Zhang, O. Anneville, L. De Ventura, T. DeWeber, J. Hesselschwerdt, M.
Koss, S. Rasconi, K.-O. Rothhaupt, R. Schick, B. Schmidt, P. Spaak, P. Teiber-
Siessegger, M. Wessels, M. Zeh & S. Dennis (2022). The distribution and spread of
quagga mussels in perialpine lakes north of the Alps. Aquatic Invasions 17(2): 153-
173. doi:10.3391/ai.2022.17.2.02.

Hartig, F. (2020). DHARMa: residual diagnostics for hierarchical (multi-level / mixed)

regression models.

Havel, J. E., K. E. Kovalenko, S. M. Thomaz, S. Amalfitano & L. B. Kats (2015).
Aquatic invasive species: challenges for the future. Hydrobiologia 750(1): 147-170.
doi:10.1007/s10750-014-2166-0.

Herbert, M. E., P. B. Mcintyre, P. J. Doran, J. D. Allan & R. Abell (2010). Terrestrial
reserve networks do not adequately represent aquatic ecosystems. Conservation
Biology 24(4): 1002-1011. doi:10.1111/j.1523-1739.2010.01460.x.

Hermoso, V., R. Abell, S. Linke & P. Boon (2016). The role of protected areas for
freshwater biodiversity conservation: challenges and opportunities in a rapidly
changing world. Aquatic Conservation: Marine and Freshwater Ecosystems 26: 3-
11. doi:10.1002/aqc.2681.

Hermoso, V., A. F. Filipe, P. Segurado & P. Beja (2015). Effectiveness of a large
reserve network in protecting freshwater biodiversity: a test for the Iberian
Peninsula. Freshwater Biology 60(4): 698-710. doi:10.1111/fwb.12519.

Hernandez, P. A,, C. H. Graham, L. L. Master & D. L. Albert (2006). The effect of
sample size and species characteristics on performance of different species
distribution modeling methods. Ecography 29(5): 773-785. doi:10.1111/j.0906-
7590.2006.04700.x.

Hetherington, A. L., L. G. Rudstam, R. L. Schneider, K. T. Holeck, C. W. Hotaling, J. E.
Cooper & J. R. Jackson (2019). Invader invaded: population dynamics of zebra
mussels (Dreissena polymorpha) and quagga mussels (Dreissena rostriformis
bugensis) in polymictic Oneida Lake, NY, USA (1992-2013). Biological Invasions
21(5): 1529-1544. doi:10.1007/s10530-019-01914-0.

129



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones & A. Jarvis (2005). Very high
resolution interpolated climate surfaces for global land areas. International Journal
of Climatology 25(15): 1965-1978. doi:10.1002/joc.1276.

Hobbs, H. H., J. P. Jass & J. V. Huner (1989). A review of global crayfish introductions
with particular emphasis on two north american species (Decapoda, Cambaridae).
Crustaceana 56: 299-316.

Hochwald, S. (1990). Populationsparameter der Bachmuschel (Unio crassus Phil.
1788) im Sallingbach (Landkreis Kehlheim). vol Heft 97. Schriftenreihe Bayerisches

Landesamt fuer Umweltschutz, Muenchen, Germany.

Hochwald, S. (1997). Das Beziehungsgeflige innerhalb der Gréfienwachstums- und
Fortpflanzungsparameter bayerischer Bachmuschelpopulationen (Unio crassus
PHIL. 1788) und dessen Abhangigkeit von Umweltparametern. PhD dissertation,

Universitat Bayreuth, Germany.

Holdich, D. M. (2002). Distribution of crayfish in Europe and some adjoining countries.
Bulletin Francais de la Péche et de la Pisciculture 367(367): 611-650.
doi:10.1051/kmae:2002055.

Holdich, D. M. (2003). Crayfish in Europe—an overview of taxonomy, legislation,
distribution, and crayfish plague outbreaks. Paper presented at the Management &
conservation of crayfish Proceedings of a conference held on 7th November, 2002,

Environment Agency.

Holdich, D. M., J. D. Reynolds, C. Souty-Grosset & P. J. Sibley (2009). A review of the
ever increasing threat to European crayfish from non-indigenous crayfish species.
Knowledge and Management of Aquatic Ecosystems 394-395: 11.
doi:10.1051/kmae/2009025.

Howard, J. K., J. L. Furnish, J. B. Box & S. Jepsen (2015). The decline of native
freshwater mussels (Bivalvia: Unionoida) in California as determined from historical

and current surveys. California Fish and Game 101(1): 8-23.

Huber, V. & J. Geist (2019). Reproduction success of the invasive Sinanodonta
woodiana (Lea 1834) in relation to native mussel species. Biological Invasions 21:
3451-3465. doi:10.1007/s10530-019-02060-3.

130



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Hudina, S., N. Gali¢, I. Roessink & K. Hock (2011). Competitive interactions between
co-occurring invaders: identifying asymmetries between two invasive crayfish
species. Biological Invasions 13(8): 1791-1803. doi:10.1007/s10530-010-9933-2.

Hulme, P. E. (2007). Chapter 3. Biological invasions in Europe: drivers, pressures,
states, impacts and responses Biodiversity Under Threat. Issues in Environmental

Science and Technology, 56-80.

Hus, M., M. Smialek, K. Zajac & T. Zajac (2006). Occurrence of Unio crassus (Bivalvia,
Unionidae) depending on water chemistry in the foreland of the Polish Carpathians.
Polish Journal of Environmental Studies 15: 169-172.

Inoue, K., B. K. Lang & D. J. Berg (2015). Past climate change drives current genetic
structure of an endangered freshwater mussel species. Molecular Ecology 24(8):
1910-1926. doi:10.1111/mec.13156.

Inoue, K., K. Stoeckl & J. Geist (2017). Joint species models reveal the effects of
environment on community assemblage of freshwater mussels and fishes in
European rivers. Diversity and Distributions 23(3): 284-296. doi:10.1111/ddi.12520.

IUCN (International Union for Conservation of Nature) (2017). The IUCN Red List of

Threatened Species. http://www.iucnredlist.org. Accessed 30 June 2016.

James, J., F. M. Slater, I. P. Vaughan, K. A. Young & J. Cable (2015). Comparing the
ecological impacts of native and invasive crayfish: could native species'
translocation do more harm than good? Oecologia 178(1): 309-16.
doi:10.1007/s00442-014-3195-0.

Jeschke, J. M. & T. Heger (2018). Invasion biology: hypotheses and evidence. CABI

International, Boston, MA.

Jeschke, J. M., C. Liu, W.-C. Saul & H. Seebens (2022). Biological invasions:
Introduction, establishment and spread. In Mehner, T. & K. Tockner (eds)
Encyclopedia of Inland Waters (Second Edition). Elsevier, 355-367.

Jeschke, J. M. & D. L. Strayer (2005). Invasion success of vertebrates in Europe and
North America. Proceedings of the National Academy of Sciences of the United
States of America 102(20): 7198-202. doi:10.1073/pnas.0501271102.

131



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Jeschke, J. M. & D. L. Strayer (2008). Usefulness of bioclimatic models for studying
climate change and invasive species. The Year in Ecology and Conservation
Biology 2008 1134(1): 1-24. doi:10.1196/annals.1439.002.

Johnson, M. F., S. P. Rice & I. Reid (2011). Increase in coarse sediment transport
associated with disturbance of gravel river beds by signal crayfish (Pacifastacus
leniusculus). Earth Surface Processes and Landforms 36(12): 1680-1692.
doi:10.1002/esp.2192.

Kamburska, L., R. Lauceri & N. Riccardi (2013). Establishment of a new alien species
in Lake Maggiore (Northern Italy): Anodonta (Sinanodonta) woodiana (Lea, 1834)
(Bivalvia: Unionidae). Aquatic Invasions 8(1): 111-116. doi:10.3391/ai.2013.8.1.13.

Kapitza, K., H. Zimmermann, B. Martin-Lépez & H. von Wehrden (2019). Research on
the social perception of invasive species: a systematic literature review. NeoBiota
43: 47-68. doi:10.3897/neobiota.43.31619.

Karatayev, A. Y. & L. E. Burlakova (2022). What we know and don't know about the
invasive zebra (Dreissena polymorpha) and quagga (Dreissena rostriformis
bugensis) mussels. Hydrobiologia: 1-74. doi:10.1007/s10750-022-04950-5.

Karatayev, A. Y., L. E. Burlakova & D. K. Padilla (2005). Contrasting distribution and
impacts of two freshwater exotic suspension feeders, Dreissena polymorpha and
Corbicula fluminea The comparative roles of suspension-feeders in ecosystems.
NATO Science Series |IV: Earth and Environmental Series, 239-262.

Keller, R. P., J. Geist, J. M. Jeschke & I. Kihn (2011). Invasive species in Europe:
ecology, status, and policy. Environmental Sciences Europe 23: 23.
doi:10.1186/2190-4715-23-23.

Keller, R. P., P. S. Zu Ermgassen & D. C. Aldridge (2009). Vectors and timing of
freshwater invasions in Great Britain. Conservation Biology 23(6): 1526-34.
doi:10.1111/j.1523-1739.2009.01249.x.

Killeen, I., D. Aldridge & G. Oliver (2004). Freshwater Bivalves of Britain and Ireland,
vol 82. Field Studies Council (FSC).

Kinzelbach, R. (1992). The main features of the phylogeny and dispersal of the zebra

mussel. In Neumann, D. & H. A. Jenner (eds) The zebra mussel Dreissena

132



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

polymorpha: ecology, biological monitoring and first applications in the water quality

management. vol 4. Gustav Fischer, Stuttgart, Germany, 4-17.

Klocker, C. A. & D. L. Strayer (2004). Interactions among an invasive crayfish
(Orconectes rusticus), a native crayfish (Orconectes limosus), and native bivalves
(Sphaeriidae and Unionidae). Northeastern Naturalist 11(2): 167-178.
doi:10.1656/1092-6194(2004)011[0167:iaaico]2.0.co;2.

Kolar, C. S. & D. M. Lodge (2000). Freshwater nonindigenous species: Interactions
with other global changes. In Mooney, H. A. & R. J. Hobbs (eds) Invasive species

in a changing world. Island Press, Washington, D.C.

Kolar, C. S. & D. M. Lodge (2001). Progress in invasion biology: predicting invaders.
Trends in Ecology & Evolution 16(4): 199-204. doi:10.1016/s0169-5347(01)02101-
2.

Kondakov, A., Y. Bespalaya, |. Vikhrev, E. Konopleva, M. Gofarov, A. Tomilova, M.
Vinarski & I. Bolotov (2020). The Asian pond mussels rapidly colonize Russia:
successful invasions of two cryptic species to the Volga and Ob rivers.
Biolnvasions Records 9(3): 504-518. doi:10.3391/bir.2020.9.3.07.

Kondakov, A. V., D. M. Palatov, Z. P. Rajabov, M. Y. Gofarov, E. S. Konopleva, A. A.
Tomilova, I. V. Vikhrev & I. N. Bolotov (2018). DNA analysis of a non-native lineage
of Sinanodonta woodiana species complex (Bivalvia: Unionidae) from Middle Asia
supports the Chinese origin of the European invaders. Zootaxa 4462(4): 511-522.
doi:10.11646/zootaxa.4462.4 4.

Konecny, A., O. P. Popa, V. Bartakova, K. Douda, J. Bryja, C. Smith, L. O. Popa & M.
Reichard (2018). Modelling the invasion history of Sinanodonta woodiana in
Europe: Tracking the routes of a sedentary aquatic invader with mobile parasitic
larvae. Evolutionary Applications 11(10): 1975-1989. doi:10.1111/eva.12700.

Kouba, A., A. Petrusek & P. Kozak (2014). Continental-wide distribution of crayfish
species in Europe: update and maps. Knowledge and Management of Aquatic
Ecosystems 413: 05. doi:10.1051/kmae/2014007.

Kowarik, I. (1995). Time lags in biological invasions with regard to the success and

failure of alien species. In Pysek, P., K. Prach, M. Rejmanek & M. Wade (eds)

133



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Plant Invasions - General Aspects and Special Problems. SPB Academic
Publishing, Amsterdam, NL, 15-38.

Kramer-Schadt, S., J. Niedballa, J. D. Pilgrim, B. Schroder, J. Lindenborn, V.
Reinfelder, M. Stillfried, |. Heckmann, A. K. Scharf, D. M. Augeri, S. M. Cheyne, A.
J. Hearn, J. Ross, D. W. Macdonald, J. Mathai, J. Eaton, A. J. Marshall, G.
Semiadi, R. Rustam, H. Bernard, R. Alfred, H. Samejima, J. W. Duckworth, C.
Breitenmoser-Wuersten, J. L. Belant, H. Hofer & A. Wilting (2013). The importance
of correcting for sampling bias in MaxEnt species distribution models. Diversity and
Distributions 19(11): 1366-1379. doi:10.1111/ddi.12096.

Kraszewski, A. & B. Zdanowski (2007). Sinanodonta woodiana (Lea, 1834) (Mollusca) -
a new mussel species in Poland: occurrence and habitat preferences in a heated
lake system. Polish Journal of Ecology 55(2): 337-356.

Labecka, A. M. & M. Czarnoleski (2021). Patterns of growth, brooding and offspring
size in the invasive mussel Sinanodonta woodiana (Lea, 1834) (Bivalvia:
Unionidae) from an anthropogenic heat island. Hydrobiologia 848(12): 3093-3113.
doi:10.1007/s10750-019-04141-9.

Labecka, A. M. & J. Domagala (2018). Continuous reproduction of Sinanodonta
woodiana (Lea, 1824) females: an invasive mussel species in a female-biased
population. Hydrobiologia 810(1): 57-76. doi:10.1007/s10750-016-2835-2.

Lajtner, J. & P. Crncan (2011). Distribution of the invasive bivalve Sinanodonta
woodiana (Lea, 1834) in Croatia. Aquatic Invasions 6(Supplement 1): S119-S124.
doi:10.3391/ai.2011.6.51.027.

LAWA (1993). Richtlinie fur die Gebietsbezeichnung und die Verschlisselung von
FlieRgewassern (Guidelines for grid marking and coding of river basins).

Landesarbeitsgemeinschaft Wasser.

Lean, C. H. (2021). Invasive species increase biodiversity and, therefore, services: An
argument of equivocations. Conservation Science and Practice 3(12): e553.
doi:10.1111/csp2.553.

Lenth, R. (2019). emmeans: Estimated Marginal Means, aka Least-Squares Means.

134



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Lewin, I. (2014). Mollusc communities of lowland rivers and oxbow lakes in agricultural
areas with anthropogenically elevated nutrient concentration. Folia Malacologica
22(2): 87-159. doi:10.12657/folmal.022.012.

Lewis, S. (2002). Pacifastacus. In Holdich, D. M. (ed) Biology of Freshwater Crayfish.
Blackwell, Oxford, 511-540.

LfU (Bayerisches Landesamt flir Umwelt) (2014). Methodenband fiir die
Bestandsaufnahme WRRL in Bayern, October 2014 edn, Augsburg, Germany.

LfU (Bayerisches Landesamt flir Umwelt) (2016). Artenschutzkartierung Bayern.

Bayerisches Landesamt fur Umwelt, Augsburg, Germany.

LfU (Bayerisches Landesamt flir Umwelt) (2020). Artenschutzkartierung Bayern.

Bayerisches Landesamt fur Umwelt, Augsburg, Germany.

Liu, A. Y., E. F. Schisterman & C. Q. Wu (2005). Nonparametric estimation and
hypothesis testing on the partial area under receiver operating characteristic
curves. Communications in Statistics-Theory and Methods 34(9-10): 2077-2088.
doi:10.1080/03610920500203786.

Lonsdale, W. M. (1999). Global patterns of plant invasions and the concept of
invasibility. Ecology 80(5): 1522-1536. doi:10.1890/0012-
9658(1999)080[1522:Gpopia)2.0.Co;2.

Lopes-Lima, M., L. E. Burlakova, A. Y. Karatayev, K. Mehler, M. Seddon & R. Sousa
(2018). Conservation of freshwater bivalves at the global scale: diversity, threats
and research needs. Hydrobiologia 810(1): 1-14. doi:10.1007/s10750-017-3486-7.

Lopes-Lima, M., A. Hattori, T. Kondo, J. Hee Lee, S. Ki Kim, A. Shirai, H. Hayashi, T.
Usui, K. Sakuma, T. Toriya, Y. Sunamura, H. Ishikawa, N. Hoshino, Y. Kusano, H.
Kumaki, Y. Utsugi, S. Yabe, Y. Yoshinari, H. Hiruma, A. Tanaka, K. Sao, T. Ueda,
I. Sano, J.-I. Miyazaki, D. V. Gongalves, O. K. Klishko, E. S. Konopleva, I. V.
Vikhrev, A. V. Kondakov, M. Yu. Gofarov, |. N. Bolotov, E. M. Sayenko, M. Soroka,
A. Zieritz, A. E. Bogan & E. Froufe (2020). Freshwater mussels (Bivalvia:
Unionidae) from the rising sun (Far East Asia): phylogeny, systematics, and
distribution. Molecular Phylogenetics and Evolution 146: 106755.
doi:10.1016/j.ympev.2020.106755.

135



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Lopes-Lima, M., R. Sousa, J. Geist, D. C. Aldridge, R. Araujo, J. Bergengren, Y.
Bespalaya, E. Bodis, L. Burlakova, D. Van Damme, K. Douda, E. Froufe, D.
Georgiev, C. Gumpinger, A. Karatayev, U. Kebapci, |. Killeen, J. Lajtner, B. M.
Larsen, R. Lauceri, A. Legakis, S. Lois, S. Lundberg, E. Moorkens, G. Motte, K. O.
Nagel, P. Ondina, A. Outeiro, M. Paunovic, V. Prie, T. von Proschwitz, N. Riccardi,
M. Rudzite, M. Rudzitis, C. Scheder, M. Seddon, H. Sereflisan, V. Simic, S.
Sokolova, K. Stoeckl, J. Taskinen, A. Teixeira, F. Thielen, T. Trichkova, S.
Varandas, H. Vicentini, K. Zajac, T. Zajac & S. Zogaris (2017). Conservation status
of freshwater mussels in Europe: state of the art and future challenges. Biological
Reviews 92(1): 572-607. doi:10.1111/brv.12244.

Lopes-Lima, M., A. Teixeira, E. Froufe, A. Lopes, S. Varandas & R. Sousa (2014).
Biology and conservation of freshwater bivalves: past, present and future
perspectives. Hydrobiologia 735(1): 1-13. doi:10.1007/s10750-014-1902-9.

Lummer, E. M., K. Auerswald & J. Geist (2016). Fine sediment as environmental
stressor affecting freshwater mussel behavior and ecosystem services. Science of
the Total Environment 571: 1340-1348. doi:10.1016/j.scitotenv.2016.07.027.

Lydeard, C., R. H. Cowie, W. F. Ponder, A. E. Bogan, P. Bouchet, S. A. Clark, K. S.
Cummings, T. J. Frest, O. Gargominy, D. G. Herbert, R. Hershler, K. E. Perez, B.
Roth, M. Seddon, E. E. Strong & F. G. Thompson (2004). The global decline of
nonmarine mollusks. Bioscience 54(4): 321-330. doi:10.1641/0006-
3568(2004)054[0321:tgdonm]2.0.co;2.

Machida, Y. & Y. B. Akiyama (2013). Impacts of invasive crayfish (Pacifastacus
leniusculus) on endangered freshwater pearl mussels (Margatritifera laevis and M.
togakushiensis) in Japan. Hydrobiologia 720(1): 145-151. doi:10.1007/s10750-013-
1665-8.

Macisaac, H. J. (1996). Potential abiotic and biotic impacts of zebra mussels on the
inland waters of North America. American Zoologist 36(3): 287-299.
doi:10.1093/icb/36.3.287.

Mack, R. N., D. Simberloff, W. Mark Lonsdale, H. Evans, M. Clout & F. A. Bazzaz

(2000). Biotic invasions: Causes, epidemiology, global consequences, and control.

136



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Ecological Applications 10(3): 689-710. doi:10.1890/1051-
0761(2000)010[0689:Bicegc]2.0.Co;2.

Malmgqvist, B. & S. Rundle (2002). Threats to the running water ecosystems of the
world. Environmental Conservation 29(2): 134-153.
doi:10.1017/s0376892902000097.

Margules, C. R. & R. L. Pressey (2000). Systematic conservation planning. Nature
405(6783): 243-253.

Maron, J. L. & M. Vila (2001). When do herbivores affect plant invasion? Evidence for
the natural enemies and biotic resistance hypotheses. Oikos 95(3): 361-373.
doi:10.1034/j.1600-0706.2001.950301..x.

Martin-Torrijos, L., M. Campos Llach, Q. Pou-Rovira & J. Dieguez-Uribeondo (2017).
Resistance to the crayfish plague, Aphanomyces astaci (Oomycota) in the
endangered freshwater crayfish species, Austropotamobius pallipes. Plos One
12(7): e0181226. doi:10.1371/journal.pone.0181226.

Martin-Torrijos, L., M. Martinez-Rios, G. Casabella-Herrero, S. B. Adams, C. R.
Jackson & J. Dieguez-Uribeondo (2021). Tracing the origin of the crayfish plague
pathogen, Aphanomyces astaci, to the Southeastern United States. Scientific
Reports 11(1): 9332. doi:10.1038/s41598-021-88704-8.

Mason, J. C. (1975). Crayfish production in a small woodland stream. Freshwater
Crayfish 2: 449-479.

McDowell, W. G. & R. Sousa (2019). Mass mortality events of invasive freshwater
bivalves: Current understanding and potential directions for future research.
Frontiers in Ecology and Evolution 7: 331. doi:10.3389/fevo.2019.00331.

Meira, A., M. Lopes-Lima, S. Varandas, A. Teixeira, F. Arenas & R. Sousa (2019).
Invasive crayfishes as a threat to freshwater bivalves: Interspecific differences and
conservation implications. Science of the Total Environment 649: 938-948.
doi:10.1016/j.scitotenv.2018.08.341.

Meyerholt, U. (2010). Umweltrecht. BIS-Verl. der Carl-von-Ossietzky-Universitat
Oldenburg, Oldenburg, Germany.

137



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Millennium Ecosystem Assessment (2005). Ecosystems and human well-being:

biodiversity synthesis. World Resources Institute, Washington, DC, USA.

Moilanen, A., J. Leathwick & J. Elith (2008). A method for spatial freshwater
conservation prioritization. Freshwater Biology 53(3): 577-592. d0i:10.1111/j.1365-
2427.2007.01906.x.

Moilanen, A., K. A. Wilson & H. P. Possingham (2009). Spatial conservation
prioritization: quantitative methods and computational tools. Oxford University
Press, Oxford; New York.

Morris, T. J. & L. D. Corkum (1999). Unionid growth patterns in rivers of differing
riparian vegetation. Freshwater Biology 42(1): 59-68. doi:doi:10.1046/j.1365-
2427.1999.00468.x.

Munjiu, O., I. Subernetkii, N. Andreev, N. Railean & |. Toderas (2020). Distribution and
characteristics of the invasive alien species Sinanodonta woodiana (Lea, 1834)
(Bivalvia: Unionidae) in the Republic of Moldova. Acta Zoologica Bulgarica 72(4):
531-538.

Nagel, K.-O. & M. Pfeiffer (2019). Die Chinesische Teichmuschel (Sinanodonta
woodiana) in Baden-Wirttemberg. [The Chinese pond mussel (Sinanodonta

woodiana) in Baden-Wurttemberg, Germany].

Nel, J. L., B. Reyers, D. J. Roux & R. M. Cowling (2009). Expanding protected areas
beyond their terrestrial comfort zone: Identifying spatial options for river
conservation. Biological Conservation 142(8): 1605-1616.
doi:http://dx.doi.org/10.1016/j.biocon.2009.02.031.

Nel, J. L., D. J. Roux, G. Maree, C. J. Kleynhans, J. Moolman, B. Reyers, M. Rouget &
R. M. Cowling (2007). Rivers in peril inside and outside protected areas: A
systematic approach to conservation assessment of river ecosystems. Diversity
and Distributions 13(3): 341-352. doi:10.1111/j.1472-4642.2006.00308.x.

Nentwig, W., S. Bacher, S. Kumschick, P. PySek & M. Vila (2017). More than “100
worst” alien species in Europe. Biological Invasions 20(6): 1611-1621.
doi:10.1007/s10530-017-1651-6.

138



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Nordheimer, R. & J. M. Jeschke (2018). Disturbance hypothesis. In Jeschke, J. M. & T.
Heger (eds) Invasion biology: hypotheses and evidence. CABI invasives series.
CABI International, Boston, MA, 71-78.

Nystrom, P., C. Bronmark & W. Granéli (1996). Patterns in benthic food webs: a role
for omnivorous crayfish? Freshwater Biology 36(3): 631-646. doi:10.1046/j.1365-
2427.1996.d01-528.x.

Nystrom, P. & J. Strand (2003). Grazing by a native and an exotic crayfish on aquatic
macrophytes. Freshwater Biology 36(3): 673-682. doi:10.1046/j.1365-
2427.1996.d01-508.x.

Olden, J. D., E. R. Larson & M. C. Mims (2009). Home-field advantage: native signal
crayfish (Pacifastacus leniusculus) out consume newly introduced crayfishes for
invasive Chinese mystery snail (Bellamya chinensis). Aquatic Ecology 43(4): 1073-
1084. doi:10.1007/s10452-009-9244-9.

Osterling, M. & J.-O. Hogberg (2014). The impact of land use on the mussel
Margaritifera margaritifera and its host fish Salmo trutta. Hydrobiologia 735(1): 213-
220. doi:10.1007/s10750-013-1501-1.

0Ozgo, M., M. Urbanska, P. Hoos, H. K. Imhof, M. Kirschenstein, J. Mayr, F. Michl, R.
Tobiasz, M. von Wesendonk, S. Zimmermann & J. Geist (2020). Invasive zebra
mussel (Dreissena polymorpha) threatens an exceptionally large population of the
depressed river mussel (Pseudanodonta complanata) in a postglacial lake. Ecology
and Evolution 10(11): 4918- 4927. doi:10.1002/ece3.6243.

0Ozgo, M., M. Urbanska, M. Marzec, A. Kamocki, W. Andrzejewski, J. Golski, K.
Lewandowski & J. Geist (2021). Lake-stream transition zones support hotspots of
freshwater ecosystem services: evidence from a 35-year study on unionid mussels.
Science of the Total Environment 774(145114):
doi:10.1016/j.scitotenv.2021.145114.

Paglianti, A. & F. Gherardi (2004). Combined effects of temperature and diet on growth
and survival of young-of-year crayfish: a comparison between indigenous and
invasive species. Journal of Crustacean Biology 24(1): 140-148. doi:10.1651/c-
2374.

139



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Paunovi¢, M., B. Csanyi, V. Simi¢, B. Stojanovi¢ & P. Caki¢ (2006). Distribution of
Anodonta (Sinanodonta) woodiana (Rea, 1834) in inland waters of Serbia. Aquatic
Invasions 1(3): 154-160. doi:10.3391/ai.2006.1.3.10.

Pergl, J., P. Pysek, F. Essl, J. M. Jeschke, F. Courchamp, J. Geist, M. Hejda, I.
Kowarik, A. Mill, C. Musseau, P. Pipek, W. C. Saul, M. von Schmalensee & D.
Strayer (2020). Need for routine tracking of biological invasions. Conservation
Biology 34(5): 1311-1314. doi:10.1111/cobi.13445.

Perry, W. L., D. M. Lodge & G. A. Lamberti (1997). Impact of crayfish predation on
exotic zebra mussels and native invertebrates in a lake-outlet stream. Canadian
Journal of Fisheries and Aquatic Sciences 54(1): 120-125. doi:10.1139/f96-255.

Pfeiffer, M. (2002). Chinesische Teichmuschel, Sinanodonta woodiana (Lea, 1834),

nun auch in der Oberlausitz. Ber Naturforsch Ges Oberlausitz 10: 67-71.

Phelps, H. L. (1994). The asiatic clam (Corbicula fluminea) invasion and system-level
ecological change in the Potomac River Estuary near Washington, D.C. Estuaries
17(3): 614-621. doi:10.2307/13524009.

Phillips, S. J., R. P. Anderson & R. E. Schapire (2006). Maximum entropy modeling of
species geographic distributions. Ecological Modelling 190(3-4): 231-259.
doi:10.1016/j.ecolmodel.2005.03.026.

Phillips, S. J., M. Dudik, J. Elith, C. H. Graham, A. Lehmann, J. Leathwick & S. Ferrier
(2009). Sample selection bias and presence-only distribution models: implications
for background and pseudo-absence data. Ecological Applications 19(1): 181-197.
doi:10.1890/07-2153.1.

Pipalova, I. (2006). A review of grass carp use for aquatic weed control and its impact

on water bodies. Journal of Aquatic Plant Management 44: 1-12.

Pollux, B. J. A., G. Van der Velde & A. Bij de Vaate (2010). A perspective on global
spread of Dreissena polymorpha: a review on possibilities and limitations. In van
der Velde, G., S. Rajagopal & A. bij de Vaate (eds) The zebra mussel in Europe.
Backhuys Publ., Leiden, 45-58.

140



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Popa, O. (2007). New records of Sinanodonta woodiana (Lea, 1834) (Mollusca:
Bivalvia: Unionidae) from Eastern Romania. Aquatic Invasions 2(3): 265-267.
doi:10.3391/ai.2007.2.3.12.

Potter, P., N. Ramankutty, E. M. Bennett & S. D. Donner (2010). Characterizing the
spatial patterns of global fertilizer application and manure production. Earth
Interactions 14: 1-22. doi:10.1175/2009¢i288.1.

Prior, K. M., T. H. Q. Powell, A. L. Joseph & J. J. Hellmann (2014). Insights from
community ecology into the role of enemy release in causing invasion success: the
importance of native enemy effects. Biological Invasions 17(5): 1283-1297.
doi:10.1007/s10530-014-0800-4.

Pysek, P., T. M. Blackburn, E. Garcia-Berthou, I. Perglova & W. Rabitsch (2017).
Displacement and local extinction of native and endemic species. In Vila, M. & P.
E. Hulme (eds) Impact of Biological Invasions on Ecosystem Services. Invading
Nature - Springer Series in Invasion Ecology, vol 12. Springer International
Publishing, Cham, 157-175.

Pysek, P., V. Jarosik & T. Kucera (2003). Inclusion of native and alien species in
temperate nature reserves: an historical study from Central Europe. Conservation
Biology 17(5): 1414-1424. doi:10.1046/j.1523-1739.2003.02248.x.

Pysek, P. & D. M. Richardson (2010). Invasive species, environmental change and
management, and health. Annual Review of Environment and Resources 35(1): 25-
55. doi:10.1146/annurev-environ-033009-095548.

QGIS Development Team (2019). QGIS Geographic Information System. 3.4.5 edn.
QGIS Association.

Quinn, A., B. Gallardo & D. C. Aldridge (2014). Quantifying the ecological niche overlap
between two interacting invasive species: the zebra mussel (Dreissena
polymorpha) and the quagga mussel (Dreissena rostriformis bugensis). Aquatic
Conservation: Marine and Freshwater Ecosystems 24(3): 324-337.
doi:10.1002/aqc.2414.

R Core Team (2020). R: A language and environment for statistical computing. R

Foundation for Statistical Computing. Vienna, Austria.

141



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Rabitsch, W. & S. Nehring (2017). Naturschutzfachliche Invasivitdtsbewertungen fiir in
Deutschland wild lebende gebietsfremde aquatische Pilze, Niedere Pflanzen und
Wirbellose Tiere BfN-Skripten 458. Bundesamt fir Naturschutz, Bonn, 220 p.

Ramankutty, N., A. T. Evan, C. Monfreda & J. A. Foley (2008). Farming the planet: 1.
Geographic distribtion of global agricultural lands in the year 2000. Global
Biogeochemical Cycles 22: GB1003.

Regnier, C., B. Fontaine & P. Bouchet (2009). Not knowing, not recording, not listing:
numerous unnoticed mollusk extinctions. Conservation Biology 23(5): 1214-1221.
doi:10.1111/j.1523-1739.2009.01245 .x.

Reichard, M., M. Vrtilek, K. Douda & C. Smith (2012). An invasive species reverses the
roles in a host-parasite relationship between bitterling fish and unionid mussels.
Biology Letters 8(4): 601-4. doi:10.1098/rsbl.2011.1234.

Reynolds, J., C. Souty-Grosset & A. Richardson (2013). Ecological roles of crayfish in
freshwater and terrestrial habitats. Freshwater Crayfish 19(2): 197-218.
doi:10.5869/fc.2013.v19-2.197.

Ricciardi, A. (2001). Facilitative interactions among aquatic invaders: is an "invasional
meltdown" occurring in the Great Lakes? Canadian Journal of Fisheries and
Aquatic Sciences 58(12): 2513-2525. doi:10.1139/f01-178.

Richardson, D. M., P. Pysek, M. Rejmanek, M. G. Barbour, F. D. Panetta & C. J. West
(2000). Naturalization and invasion of alien plants: concepts and definitions.
Diversity and Distributions 6(2): 93-107. doi:10.1046/j.1472-4642.2000.00083.x.

Richardson, D. M. & A. Ricciardi (2013). Misleading criticisms of invasion science: a
field guide. Diversity and Distributions 19(12): 1461-1467. doi:10.1111/ddi.12150.

Richter, A., K. Stoeckl, M. Denic & J. Geist (2016). Association between the occurrence
of the thick-shelled river mussel (Unio crassus) and macroinvertebrate, microbial,
and diatom communities. Freshwater Science 35(3): 922-933. doi:10.1086/687811.

Robertson, P. A., A. Mill, A. Novoa, J. M. Jeschke, F. Essl, B. Gallardo, J. Geist, I.
Jari¢, X. Lambin, C. Musseau, J. Pergl, P. PySek, W. Rabitsch, M. von
Schmalensee, M. Shirley, D. L. Strayer, R. A. Stefansson, K. Smith & O. Booy

(2020). A proposed unified framework to describe the management of biological

142



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

invasions. Biological Invasions 22(9): 2633-2645. doi:10.1007/s10530-020-02298-
2.

Sarkany-Kiss, A. (1986). Anodonta woodiana (Lea, 1834) a new species in Romania
(Bivalvia, Unionacea). Travaux du Museum d'Histoire Naturelle Grigore Antipa 28:
15-17.

Sarkany-Kiss, A., I. Sirbu & O. Hulea (2000). Expansion of the adventive species
Anodonta woodiana (Lea, 1834) (Mollusca, Bivalvia, Unionoidea) in central and

eastern Europe. Acta Oecologica 7: 49-57.
Schlesinger, W. H. (1991). Biogeochemestry. Academic Press, Inc., San Diego, CA.

Schmidt, C. & R. Vandré (2012). Do signal crayfish Pacifastacus leniusculus harm
freshwater pearl mussels? Some field observations. In Henrikson, L., B. Arvidsson
& M. Osterling (eds) Aquatic conservation with focus on Margaritifera margaritifera
- Proceedings of the International Conference in Sundsvall, Sweden, 12-14 August,
2009. Karlstad University Studies, 167-179.

Scott, M. C. & G. S. Helfman (2001). Native invasions, homogenization, and the
mismeasure of integrity of fish assemblages. Fisheries 26(11): 6-15.
doi:10.1577/1548-8446(2001)026<0006:Nihatm>2.0.Co;2.

Sibley, P. (2000). Signal crayfish management in the River Wreake catchment. In
Rogers, D. & J. Brickland (eds) Crayfish Conference Leeds. Environment Agency,
Leeds, UK, 84-96.

Simberloff, D. & B. Von Holle (1999). Positive interactions of nonindigenous species:
invasional meltdown? Biological Invasions 1(1): 21-32.
doi:10.1023/a:1010086329619.

Sdderback, B. (1991). Interspecific dominance relationship and aggressive interactions
in the freshwater crayfishes Astacus astacus (L.) and Pacifastacus leniusculus
(Dana). Canadian Journal of Zoology 69(5): 1321-1325. doi:10.1139/z91-186.

Sousa, R., J. G. Nogueira, A. Ferreira, F. Carvalho, M. Lopes-Lima, S. Varandas & A.
Teixeira (2019). A tale of shells and claws: The signal crayfish as a threat to the
pearl mussel Margatritifera margaritifera in Europe. Science of the Total
Environment 665: 329-337. doi:10.1016/j.scitotenv.2019.02.094.

143



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Sousa, R., A. Novais, R. Costa & D. L. Strayer (2014). Invasive bivalves in fresh
waters: impacts from individuals to ecosystems and possible control strategies.
Hydrobiologia 735(1): 233-251. doi:10.1007/s10750-012-1409-1.

Sousa, R., F. Pilotto & D. C. Aldridge (2011). Fouling of European freshwater bivalves
(Unionidae) by the invasive zebra mussel (Dreissena polymorpha). Freshwater
Biology 56(5): 867-876. doi:10.1111/j.1365-2427.2010.02532.x.

Sousa, R., T. Zajac, D. Halabowski, O. V. Aksenova, Y. V. Bespalaya, F. Carvalho, P.
Castro, K. Douda, J. P. da Silva, N. Ferreira-Rodriguez, J. Geist, C. Gumpinger, A.
M. Labecka, J. Lajtner, I. Lewin, M. Lopes-Lima, A. Meira, K. Nakamura, J. G.
Nogueira, P. Ondina, M. Ozgo, J. Reis, N. Riccardi, S. Shumka, M. O. Son, A.
Teixeira, F. Thielen, M. Urbanska, S. Varandas, N. Wengstrom, K. Zajac, A. Zieritz
& D. C. Aldridge (2023). A roadmap for the conservation of freshwater mussels in
Europe. Conservation Biology 37(2): €13994. doi:10.1111/cobi.13994.

Spyra, A., N. Jedraszewska, M. Strzelec & M. Krodkiewska (2016). Further expansion
of the invasive mussel Sinanodonta woodiana (Lea, 1834) in Poland —
establishment of a new locality and population features. Knowledge & Management
of Aquatic Ecosystems 417: 41. doi:10.1051/kmae/2016028.

Spyra, A., M. Strzelec, |. Lewin, M. Krodkiewska, A. Michalik-Kucharz & M. Gara
(2012). Characteristics of Sinanodonta woodiana (Lea, 1834) populations in fish
ponds (Upper Silesia, Southern Poland) in relation to environmental factors.
International Review of Hydrobiology 97(1): 12-25. doi:10.1002/iroh.201111425.

Stoeckl, K., M. Denic & J. Geist (2020). Conservation status of two endangered
freshwater mussel species in Bavaria, Germany: Habitat quality, threats, and
implications for conservation management. Aquatic Conservation: Marine and
Freshwater Ecosystems 30(4): 647-661. doi:10.1002/aqc.3310.

Stoeckl, K. & J. Geist (2016). Hydrological and substrate requirements of the thick-
shelled river mussel Unio crassus (Philipsson 1788). Aquatic Conservation: Marine
and Freshwater Ecosystems 26(3): 456-469. doi:10.1002/aqc.2598.

Stoeckl, K., J. E. Taeubert & J. Geist (2015). Fish species composition and host fish

density in streams of the thick-shelled river mussel (Unio crassus) - implications for

144



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

conservation. Aquatic Conservation: Marine and Freshwater Ecosystems 25(2):
276-287. doi:10.1002/aqc.2470.

Stoeckle, B. C., R. Araujo, J. Geist, R. Kuehn, C. Toledo & A. Machordom (2017).
Strong genetic differentiation and low genetic diversity of the freshwater pearl
mussel (Margatritifera margaritifera L.) in the southwestern European distribution
range. Conservation Genetics 18(1): 147-157. doi:10.1007/s10592-016-0889-3.

Strayer, D. L. (1993). Macrohabitats of freshwater mussels (Bivalvia: Unionacea) in
streams of the northern atlantic slope. Journal of the North American Benthological
Society 12(3): 236-246. doi:10.2307/1467458.

Strayer, D. L. (1999). Effects of alien species on freshwater mollusks in North America.
Journal of the North American Benthological Society 18(1): 74-98.
doi:10.2307/1468010.

Strayer, D. L. (2009). Twenty years of zebra mussels: lessons from the mollusk that
made headlines. Frontiers in Ecology and the Environment 7(3): 135-141.
doi:10.1890/080020.

Strayer, D. L., N. F. Caraco, J. J. Cole, S. Findlay & M. L. Pace (1999). Transformation
of freshwater ecosystems by bivalves: a case study of zebra mussels in the
Hudson River. Bioscience 49(1): 19-27. doi:10.1525/bisi.1999.49.1.19.

Strayer, D. L., N. Cid & H. M. Malcom (2011). Long-term changes in a population of an
invasive bivalve and its effects. Oecologia 165(4): 1063-72. doi:10.1007/s00442-
010-1792-0.

Strayer, D. L., J. J. Cole, S. E. G. Findlay, D. T. Fischer, J. A. Gephart, H. M. Malcom,
M. L. Pace & E. J. Rosi-Marshall (2014). Decadal-scale change in a large-river
ecosystem. Bioscience 64(6): 496-510. doi:10.1093/biosci/biu061.

Strayer, D. L., C. M. D'Antonio, F. Essl, M. S. Fowler, J. Geist, S. Hilt, |. Jaric, K. Johnk,
C. G. Jones, X. Lambin, A. W. Latzka, J. Pergl, P. Pysek, P. Robertson, M. von
Schmalensee, R. A. Stefansson, J. Wright & J. M. Jeschke (2017). Boom-bust
dynamics in biological invasions: towards an improved application of the concept.
Ecology Letters 20(10): 1337-1350. doi:10.1111/ele.12822.

145



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Strayer, D. L., J. A. Downing, W. R. Haag, T. L. King, J. B. Layzer, T. J. Newton & S. J.
Nichols (2004). Changing perspectives on pearly mussels, North America's most
imperiled animals. Bioscience 54(5): 429-439. doi:10.1641/0006-
3568(2004)054[0429:cpopmn]2.0.co;2.

Strayer, D. L. & D. Dudgeon (2010). Freshwater biodiversity conservation: recent
progress and future challenges. Journal of the North American Benthological
Society 29(1): 344-358. doi:10.1899/08-171.1.

Strayer, D. L., D. T. Fischer, S. K. Hamilton, H. M. Malcom, M. L. Pace & C. T.
Solomon (2019a). Long-term variability and density dependence in Hudson River
Dreissena populations. Freshwater Biology 65(3): 474-489. doi:10.1111/fwb.13444.

Strayer, D. L. & H. M. Malcom (2007). Effects of zebra mussels (Dreissena
polymorpha) on native bivalves: the beginning of the end or the end of the
beginning? Journal of the North American Benthological Society 26(1): 111-122.
doi:10.1899/0887-3593(2007)26[111:EO0ZMDP]2.0.CO;2.

Strayer, D. L. & H. M. Malcom (2014). Long-term change in the Hudson River’s bivalve
populations. In Nalepa, T. F. & D. W. Schloesser (eds) Quagga and zebra mussels:

Biology, impacts, and control. CRC Press, Boca Raton, FL, 71-81.

Strayer, D. L. & L. Smith (1996). Relationships between zebra mussels (Dreissena
polymorpha) and unionid clams during the early stages of the zebra mussel

invasion of the Hudson River. Freshwater Biology 36: 771-779.

Strayer, D. L., C. T. Solomon, S. E. G. Findlay & E. J. Rosi (2019b). Long-term
research reveals multiple relationships between the abundance and impacts of a
non-native species. Limnology and Oceanography 64(S1): S105-S117.
doi:10.1002/In0.11029.

Swets, J. A. (1988). Measuring the accuracy of diagnostic systems. Science
240(4857): 1285-1293. doi:10.1126/science.3287615.

Taeubert, J. E. & J. Geist (2017). The relationship between the freshwater pearl mussel
(Margaritifera margaritifera) and its hosts. Biology Bulletin 44(1): 67-73.
doi:10.1134/s1062359017010149.

146



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Taeubert, J. E., B. Gum & J. Geist (2012a). Host-specificity of the endangered thick-
shelled river mussel (Unio crassus, Philipsson 1788) and implications for
conservation. Aquatic Conservation: Marine and Freshwater Ecosystems 22(1): 36-
46. doi:10.1002/aqc.1245.

Taeubert, J. E., A. M. P. Martinez, B. Gum & J. Geist (2012b). The relationship
between endangered thick-shelled river mussel (Unio crassus) and its host fishes.
Biological Conservation 155: 94-103. doi:10.1016/j.biocon.2012.06.005.

Taskinen, J., M. Urbanska, F. Ercoli, W. Andrzejewski, M. Ozgo, B. Deng, J. Choo & N.
Riccardi (2021). Parasites in sympatric populations of native and invasive
freshwater bivalves. Hydrobiologia 848: 3167-3178. doi:10.1007/s10750-020-
04284-0.

Thienemann, A. (1950). Verbreitungsgeschichte der Stiwassertierwelt Europas, vol

18. E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany.

Todesco, M., M. A. Pascual, G. L. Owens, K. L. Ostevik, B. T. Moyers, S. Hubner, S.
M. Heredia, M. A. Hahn, C. Caseys, D. G. Bock & L. H. Rieseberg (2016).
Hybridization and extinction. Evolutionary Applications 9(7): 892-908.
doi:10.1111/eva.12367.

Tomovic, J., K. Zoric, V. Simic, M. Kostic, Z. Kljajic, J. Lajtner & M. Paunovic (2013).
The first record of the Chinese pond mussel Sinanodonta woodiana (Lea, 1834) in
Montenegro. Archives of Biological Sciences 65(4): 1525-1531.
doi:10.2298/abs1304525t.

Torchin, M. E. & C. E. Mitchell (2004). Parasites, pathogens, and invasions by plants
and animals. Frontiers in Ecology and the Environment 2(4): 183-190.
doi:10.1890/1540-9295(2004)002[0183:Ppaibp]2.0.Co;2.

Urbanska, M. & W. Andrzejewski (2019). An invasion in progress — Sinanodonta
woodiana (Lea, 1834) (Bivalvia: Unionidae) in Poland. Folia Malacologica 27(4):
327-335. doi:10.12657/folmal.027.022.

Urbanhska, M., A. Kamocki, M. Kirschenstein & M. Ozgo (2021). The Chinese pond
mussel Sinanodonta woodiana demographically outperforms European native
mussels. Scientific Reports 11(1): 17058. doi:10.1038/s41598-021-96568-1.

147



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Urbanska, M., M. Kirschenstein, K. Obolewski & M. Ozgo (2019). Silent invasion:
Sinanodonta woodiana successfully reproduces and possibly endangers native
mussels in the north of its invasive range in Europe. International Review of
Hydrobiology 104(5-6): 127-136. doi:10.1002/iroh.201801971.

Urbanska, M., A. takomy, W. Andrzejewski & J. Mazurkiewicz (2012). The story of one
clam. Probably the oldest location of the Chinese pond mussel Sinanodonta
woodiana (Lea, 1834) (Bivalvia, Unionidae) in Poland. Oceanological and
Hydrobiological Studies 41(1): 41-45. doi:10.2478/s13545-012-0005-3.

Usio, N., R. Kamiyama, A. Saji & N. Takamura (2009). Size-dependent impacts of
invasive alien crayfish on a littoral marsh community. Biological Conservation
142(7): 1480-1490. doi:10.1016/j.biocon.2009.02.016.

Van der Velde, G., S. Rajagopal & A. bij de Vaate (2010). The zebra mussel in Europe.
Backhuys/Margraf, Leiden, NL/Weikersheim, DE.

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell & C. E. Cushing (1980).
The river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences
37(1): 130-137. doi:10.1139/f80-017.

Vaughn, C. C. (2018). Ecosystem services provided by freshwater mussels.
Hydrobiologia 810(1): 15-27. doi:10.1007/s10750-017-3139-x.

Vaughn, C. C. & C. C. Hakenkamp (2001). The functional role of burrowing bivalves in
freshwater ecosystems. Freshwater Biology 46(11): 1431-1446.
doi:10.1046/j.1365-2427.2001.00771 .x.

Vaughn, C. C., S. J. Nichols & D. E. Spooner (2008). Community and foodweb ecology
of freshwater mussels. Journal of the North American Benthological Society 27(2):
409-423. doi:10.1899/07-058.1.

Vitousek, P. M. (1996). Biological invasions and ecosystem processes: towards an
integration of population biology and ecosystem studies Ecosystem Management:
Selected Readings. Springer New York, New York, NY, 183-191.

Vorburger, C. & G. Ribi (1999). Aggression and competition for shelter between a
native and an introduced crayfish in Europe. Freshwater Biology 42: 111-119.
doi:10.1046/j.1365-2427.1999.00465.x.

148



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Walther, G. R., A. Roques, P. E. Hulme, M. T. Sykes, P. Pysek, I. Kuhn, M. Zobel, S.
Bacher, Z. Botta-Dukat, H. Bugmann, B. Czucz, J. Dauber, T. Hickler, V. Jarosik,
M. Kenis, S. Klotz, D. Minchin, M. Moora, W. Nentwig, J. Ott, V. E. Panov, B.
Reineking, C. Robinet, V. Semenchenko, W. Solarz, W. Thuiller, M. Vila, K.
Vohland & J. Settele (2009). Alien species in a warmer world: risks and
opportunities. Trends in Ecology & Evolution 24(12): 686-93.
doi:10.1016/j.tree.2009.06.008.

Williamson, M. H. (1996). Biological invasions. Chapman & Hall, London.

Wutz, S. & J. Geist (2013). Sex- and size-specific migration patterns and habitat
preferences of invasive signal crayfish (Pacifastacus leniusculus Dana).
Limnologica 43(2): 59-66. doi:10.1016/j.limno.2012.02.002.

Yanuta, G., D. Klich, R. Gtogowski, N. Shilovich & M. Balcerak (2022). Alien versus
alien: the American mink, Neovison vison, as an indicator of invasive crayfish
presence in the environment. Ecological Indicators 139: 108927.
doi:10.1016/j.ecolind.2022.108927.

Young, M. & J. Williams (1983). The status and conservation of the freshwater pearl
mussel Margaritifera margaritifera Linn. in Great Britain. Biological Conservation
25(1): 35-52. doi:10.1016/0006-3207(83)90029-0.

Zahner-Meike, E. & J. M. Hanson (2001). Effect of muskrat predation on naiads. In
Bauer, G. & K. Wachtler (eds) Ecology and evolution of the freshwater mussels
Unionoida Ecological studies (analysis and synthesis). vol 145. Springer, Berlin,

Heidelberg.

Zettler, M. L. & U. Jueg (2007). The situation of the freshwater mussel Unio crassus
(Philipsson, 1788) in north-east Germany and its monitoring in terms of the EC
Habitats Directive. Mollusca 25(2): 165-174.

Zieritz, A., A. E. Bogan, E. Froufe, O. Klishko, T. Kondo, U. Kovitvadhi, S. Kovitvadhi,
J. H. Lee, M. Lopes-Lima, J. M. Pfeiffer, R. Sousa, T. Van Do, I. Vikhrev & D. T.
Zanatta (2018a). Diversity, biogeography and conservation of freshwater mussels
(Bivalvia: Unionida) in East and Southeast Asia. Hydrobiologia 810(1): 29-44.
doi:10.1007/s10750-017-3104-8.

149



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

Zieritz, A., A. E. Bogan, K. A. A. Rahim, R. Sousa, L. Jainih, S. Harun, N. F. A. Razak,
B. Gallardo, S. McGowan, R. Hassan & M. Lopes-Lima (2018b). Changes and
drivers of freshwater mussel diversity and distribution in northern Borneo. Biological
Conservation 219: 126-137. doi:10.1016/j.biocon.2018.01.012.

Zieritz, A., J. Geist & B. Gum (2014). Spatio-temporal distribution patterns of three
stream-dwelling freshwater mussel species: towards a strategy for representative
surveys. Hydrobiologia 735(1): 123-136. doi:10.1007/s10750-014-1897-2.

Zieritz, A., B. Gum, R. Kuehn & J. Geist (2012). Identifying freshwater mussels
(Unionoida) and parasitic glochidia larvae from host fish gills: a molecular key to
the North and Central European species. Ecology and Evolution 2(4): 740-50.
doi:10.1002/ece3.220.

Zieritz, A., M. Lopes-Lima, A. E. Bogan, R. Sousa, S. Walton, K. A. Rahim, J. J.
Wilson, P. Y. Ng, E. Froufe & S. McGowan (2016). Factors driving changes in
freshwater mussel (Bivalvia, Unionida) diversity and distribution in Peninsular
Malaysia. Science of the Total Environment 571: 1069-78.
doi:10.1016/j.scitotenv.2016.07.098.

Zomer, R. J., A. Trabucco, D. A. Bossio, O. van Straaten & L. V. Verchot (2008).
Climate change mitigation: a spatial analysis of global land suitability for clean
development mechanism afforestation and reforestation. Agriculture, Ecosystems &
Environment 126: 67-80.

zu Ermgassen, P. S. E. & D. C. Aldridge (2011). Predation by the invasive American
signal crayfish, Pacifastacus leniusculus Dana, on the invasive zebra mussel,
Dreissena polymorpha Pallas: the potential for control and facilitation.
Hydrobiologia 658(1): 303-315. doi:10.1007/s10750-010-0500-8.

150



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

List of Tables

Table 1 List of variables, their units and material and method used for sampling........ 28

Table 2: Population density (Ind m™) 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. .........ccuuuiiiiiee e 44

Table 3: 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 2. ......................... 45

Table 4: 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 2................cccocoiiiiiiiiii, 48

Table 5: Percentage (%) of damaged mussels (Anodonta anatina, Anodonta cygnea,
Unio pictorum and Sinanodonta woodiana), average number of predation marks per
specimen and percentage of marks within the four quadrants (anterior-ventral, anterior-
dorsal, posterior-ventral and posterior-dorsal) after first (part 1) and second (part 2) co-

20T 1= U = PSP PPPPPP 70

Table 6: Results of zero-inflated generalised linear mixed models investigating
differences in mean length, maximum depth and mean number of damages per shell
quadrant between four mussel species, two crayfish species, two experimental parts,
four quadrants, as well as the interactions of crayfish species with mussel species,

crayfish species with the experimental parts and mussel species with the quadrants. 71

Table 7: Number of mussels and crayfish per species at the different locations in the
Mosshamer Weiherbach. R18 was the most upper point after the outflow of the pond
Mooshamer Weiher and R01 was the lowest point on the east side of the village
X1 g T ] o [ o o SR PSPPRRRR 76

Table 8 Protection types, legislation, level of protection, designation of protected area,
number of sites, total and mean areas (km?), and total river segments (km) under the

protection types iN BaVAria..........cceeiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee ettt 86

Table 9 Abiotic covariates used in the ecological niche models (ENMs). Of 29

bioclimatic, landscape, anthropogenic, and physicochemical variables initially

Xl



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

examined, 12 uncorrelated covariates were chosen for ENMs (Pearson correlation

coefficient < 0.6; ‘%’ in the ‘Used’ column) ..., 92

Table 10 Estimates of relative contributions (%) of the environmental variables to the
MAXENT models for Margaritifera margaritifera and Unio crassus. AUCest is area under
the receiver operating characteristic curve that was used to evaluate model

[T o] 1 4 F=T o o7 = TP 95

Table S1 Sizes of the four different mussel species used for both exposure
experiments with the potential predators A. astacus and with P. leniusculus (' indicates

non-native SPEcies t0 EUIOPE) .............uueeeiiiei et XVI

Table S2 Mean number of predation marks of each mussel species resulting from the

two experimental parts with A. astacus and P. leniusculus. ....................................... XVII

X



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

List of Figures

Fig. 1 Large and fast growing unionid, the Chinese pond mussel (Sinanodonta
woodiana Lea, 1934), non-native to European water systems is considered a major

potential threat to native mussels. Yet, little knowledge is available on its distribution. 13

Fig. 2 Functional interactions of invasive and native aquatic fauna: 1) Trophic
competition with native fauna by high filtration activity of dense assemblages of
invasive bivalves such as the Asian clam Corbicula fluminea; 2) Habitat competition
between dense aggregations of invasive bivalves and native unionids; 3) Competition
for host fish, e.g., by infestation with high rates and volumes of non-native glochidia
can indirectly lead to cross-resistance to native glochidia; 4) Physical fouling by
invasive bivalves limits reproduction, movement, and filter activity of native unionids; 5)
Predation by invasive fauna upon native mussels occurs at higher rates (adapted and
changed from Geist et al. (2023)) ....ceoiiiiiiiiiiiie e 14

Fig. 3 Invasive signal crayfish, Pacifastacus leniusculus, with distinctive marks (light
oval patches at the joint of the fingers of the claw), is already a known factor for the
decline of native crayfish in Europe, though little is known about functional interactions

with mussels in Central Europe. Picture taken from Dobler and Geist (2022).............. 17

Fig. 4 Schematic illustration of the study concept this thesis was based on. Field
monitoring was conducted to obtain information on actual distribution, abundance and
population demography of a non-native unionid species and to potentially observe
effects functional interactions with native species. Laboratory experiments were
conducted to assess effects of mechanistic interactions between invasive and native
species, which were subsequently validated in the field. A systematic conservation
approach was used to develop ecological niche models for native bivalve species
based on regional monitoring results. Such models can be used to derive new

[aaTe] aT1 (o] g aTe [ eo] g e=T o) 3RS 23

Fig. 5 Sampling methods adapted to the sampling habitat, with a visual and tactile
sampling approach in a smaller stream (left) and a scuba diving sampling in a deeper
lake with high turbidity (fight). ..o 26

Fig. 6 Schematic illustration of the ecological niche modeling and the subsequent gap
analysis (left to right). Based on different input layers (occurrence layer, a bias layer, 12
different abiotic layers and a buffered stream layer) ecological niche models were

created using MAXENT. Niche models were transformed into binary maps using the 10™

XII



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation
management

percentile of suitability scores, which were subsequently overlaid by maps of the actual

protected areas to reveal conservation gaps. .........coouiuiiiiiiiee i 31

Fig. 7 Map of the study area with the three main drainage systems of Bavaria,

Germany. Black crosses indicate the nine sampling locations. ..........ccccccooviiiiiieeneenn. 39

Fig. 8 Percentage contribution of a) the number of individuals and b) the biomass of all

native and invasive mussel species for each sampled water body. ............c.ccccccceeee. 46

Fig. 9 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 values observed in the percentile boxes. Abbreviations

for water systems originate from Table 2. ... 47

Fig. 10 Total number a) and biomass b) of S. woodiana and of native mussel species

at each samPling SPOL.........eeiiiie e 49

Fig. 11 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
number 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 species
composition and were correlated with the dbRDA plot using Pearson correlation. The
length of the lines indicates the strength of correlation, with the radius of the black
circle representing 100% correlation. Vectors indicating the orientation of S. woodiana

density represent no significant influence and are shown only for illustration. ............. 50

Fig. 12 Schematic illustration of the study design showing a) the co-exposure
experiment placing one crayfish specimen together with one specimen each of three
native (A. anatina, A. cygnea, U. pictorum) and one invasive (S. woodiana) mussel
species in each aquarium with eight replicates per crayfish species (A. astacus and
P. leniusculus), b) the repeated exposure experiment with the same crayfish

specimens after 25 days and c) the field validation of the experimental results........... 64

Fig. 13 Analysis of predation marks with shells divided into four sections, posterior-
dorsal (PD), posterior-ventral (PV), anterior-ventral (AV) and anterior-dorsal (AD). The
length (L) and the maximum depth (D) of each mark were measured. Numbers show

the COUNt Of the MATKS. ... e 66

XV



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-
tion management

Fig. 14 Boxplots of a) the length, b) the depth and c) the number of the predation
marks of each mussel species per crayfish species of the co-exposure experiment. The
horizontal lines indicate median values, dashed lines the mean 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

values observed in the percentile DOXeS. ...........cooiiiiiiiii e 73

Fig. 15 Differences in the mean a) number and b) length of predation marks per
mussel species between the first and the second part of the experiments with

A. aStaCUS AN P. [ENIUSCUIUS. ...t 74

Fig. 16 Boxplots of a) the length, b) the depth and c) the number of the predation
marks of each mussel species per crayfish species of the learning experiment. The
horizontal lines indicate median values, dashed lines the mean 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

values observed in the percentile DOXeS. ...........oooviiiiiiii e 75

Fig. 17 Map of the Federal State of Bavaria, Germany, depicting the river systems and
distribution of the 1371 occurrence points of Margaritifera margaritifera (black crosses)

and Unio crassus (black circles) collected from 1990 t0 2016..........ccovvvvvvvviviiiieiinnnnnn. 90

Fig. 18 Responses of Margaritifera margaritifera to each environmental variable
(marginal response curves) showing how each environmental variable affects the

prediction of habitat sutability. ............cc.eeiiii i 96

Fig. 19 Responses of Unio crassus to each environmental variable (marginal response
curves) showing how each environmental variable affects the prediction of habitat
U] 2= o] 11 42U P PP PPPPRRRNt 97

Fig. 20 Binary maps of the MAXENT model for (a) Margaritifera margaritifera and (b)
Unio crassus. Values below the 10" percentile threshold values (0.4377 for M.
marqatritifera; 0.3143 for U. crassus) were defined as unsuitable habitat (black) and

values above as suitable habitat (green). ... 98

Fig. 21 Percentage of suitable habitats for Margaritifera margatritifera (black) and Unio
crassus (white) within the protected area types: landscape protection area (LPA),
nature park (NP), special area of conservation (SAC), nature reserve (NR), biosphere
reserve (BR) and national park (NATP). ... 99

XV



Biotic interactions of native freshwater bivalves with aquatic invasive species in relation to conservation

management

Appendix

dass8soFwo#/'Q
dScroF wo $0'6
dS890F WO ¥L'6
dS GS'0 F wo $¢'g

dSG90FwWoZe6
das 98 0Fwdg/g
dSGeoFwo €9y
dsS /9 0F wdpG'8

asS8S0Fwdg6 .
dso0L0Fwo9z'g
dasS G/ 0Fwoe66.
dasesoFwo9lL'g

dS 690 F W $#8'Q
dS 9v'0 ¥ W $G'Q
dS ey oFwo 60’8
dS 690 F wd $g8°/

Z¢  euelpoom 'S
rAS wnuojoid ‘N
AN eoaubAo 'y
[4> eujeue 'y

Z Wed juswiadx3

| ued juswuadxgy

[Snnasnjusj ‘o

Z Wed juswiadx3

| ued juswuadxgy

snogjse 'y

u saloads |jessnwi

(adounz o} saj0ads aAjeu-UOU S8JRIIPUI |) SNINISNIUS| "d UIM PUE SNIBJSE "y Sioje

-paid |enusiod ay} yum sjuswiiadxs ainsodxs Yjog Joj pasn soloads [9ssnw Jualaylp Jnoy 8y} Jo SozIS LS dlqel

XVI



Biotic interactions between native freshwater unionids and aquatic invasive species in relation to conserva-

tion management

ase9 *1G daso9lL+98
asevL+09¢ asotL+9de
asoec*+0ac dsGoc+l6c
aseoc*eal dasooL*e6LlL

ascdl #9v asoo 00
das ool *v8lL asos *v¢
asol *9¢G aslcl+Gv
asogL*8vl asse9 *09

FAN euelipoom ‘S
FAN wnuojoid ‘N
rAS eaubAo 'y

ze euneue 'y

Z Weduswuadxy | pedjuswuadxy g Medjuswuadxy | ped juswuadxg

snjnasnius| "o

snoegjse 'y

u saloads |assniy

"SNINasnIug| ‘g PUe snoejse "y Yim

sped [eluswiiadxe om) ay) wodj Buninsas saioads [gssnwl Yoes Jo sylew uonepald Jo Jaquinu ues|y ZS ajqel

XVII





