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From left to right:
Hydra sp., Dikerogammerus villosysAthripsodes cinereyusGyraulus albus Corbicula

flumineg statoblast o€ristatella mucedoAll animals were found in Lake Neuchétel (photos:
Stephanie Schmidlin and Pascal Stucki).
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SUMMARY

Summary

Invasive species are of great concern in consevdtiology, in economy and as well as in
human health. River and lakes are vulnerable et&rsggsand are prone to human-caused
introductions of non-indigenous species. Researcthe ecology of invasive species, their
impact on native communities and the introducti@ihpiays is needed to manage these
invasive species and to prevent further introdunstio

The present thesis concentrates on aquatic invasgivertebrate species and
documents the spread of the Asian cl@oarbicula spp. into Switzerland. In particular, we
focused orCorbicula flumineaand examined its ecological preference, populasioacture
and dispersal in the river Rhine. Furthermore, walysed the clam’s and other non-
indigenous molluscs’ possible impact on the natwediversity in a sandy flat in Lake
Neuchatel.

A literature survey about the influence of invasimon-indigenous species on the
biodiversity in the river Rhine documented greaarayes in river morphology, water quality
and species composition during the last centuryeiRengineering, pollution and the opening
of canals connecting formerly separated river systeallowed the invasion of many new
species. Some of them reached extraordinary desstind hampered the development of
native taxa. Many typically riverine species weeplaced by large numbers of euryoecious
and non-indigenous species. Competition for food apace, the hosting of parasites and
intraguild predation were the main biological medbms underlying the alteration of the
river community. Most studies on invasive specikewsed negative correlations between
introduced invasive species and native biodiversity experimental evidence is so far
lacking.

The Asian clanC. flumineahas been introduced in the Lower Rhine with ballsger
of cargo ships in the second half of the 1980tres\aas first recorded in Basel, Switzerland,
in 1995. There, the clam established a well stnectypopulation. It occurred initially in the
internationally navigable section of the river Rhiand in the Canal de Huningue, which
obtains water containing clam larvae from the riRé&ine. Our field survey showed that the
clam preferred slowly flowing, shallow water sitegh fine-grained sediment, mainly sand. A
substratum-choice experiment in the river Rhineficmed the empirical evidence.

In spring 2011, there is still no evidence tha tkam has colonized any tributaries of
the Rhine in the region of Basel. However, in 2003flumineapassed a weir and was found
22 km upstream of Basel where cargo shipping israb$n the same year, records were made
in Lake Constance and in Lake Neuchatel and sulesdiguin other Swiss lowland lakes.
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SUMMARY

Today, their interconnecting rivers have not yedrbeolonized apart from some river sections
near lake outlets and the river Aare between Aaralits confluence with the river Rhine.

We present evidence for separate introductionsarofidentical haplotype ot€C.
flumineainto five lakes in Switzerland based on mitoch@addNA-sequences of the COIl in
specimens sampled. This indicates passive dispefdhke clam by human activities and/or
waterfowl. All but one of the 72 genetically anagsindividuals were assigned to a single
haplotype ofC. fluminea A second haplotype belonging to the sister sgeCierbicula
fluminalis was found only in the river Rhine near Basel. Récecords of specimens which
were not genetically analysed all showed the sheliphology ofC. fluminea confirming the
dominance of this clam in Swiss rivers and lakessRe dispersal by waterfowl, recreational
boating and other human activities may facilitabe further spread o€. flumineain
Switzerland. However, the clam might be less swgfaésn colonizing rivers with rapid
current, which might be important refuges for natspecies.

We investigated a sandy flat in Lake Neuchatehgi$CUBA diving to assess the
abundance of macroinvertebrate species, and tgsstile impact of non-indigenous mollusc
species €. fluminea Dreissena polymorphaPotamopyrgus antipodarurand Lithoglyphus
naticoide3 on the native macroinvertebrate community. Then-imadigenous molluscs
dominated the sand flat in numbers and influenéedcomposition and diversity of native
macroinvertebrates, mostly by transforming the gamdbstratum into a partly hard
substratum habitat. Differences observed in comtgwamposition between shallow (< 3.5
m) and deep sites>(5 m) resulted to a certain extent from the reduakdndance obD.
polymorphaat shallow sites most probably due to depth-sekedeeding of ducks. A shell
decay study showed that the shellsGfflumineaand D. polymorphapersist for a longer
period in the sediment than those of native mo#iustherefore, shells of these non-
indigenous molluscs have a long-lasting impact ugho modification of sandy habitat.
Several native taxa benefit from such ecosystenineagng, but for other taxa with more
specific habitat requirements it might be harmful.

In Lake Neuchatel, high densities ©f flumineanegatively influenced the abundance
of sand preferring native taxa. Negative impact€ oflumineain industrial facilities such as
clogging of water pipes along the river Rhine ds® &nown. Consequently, we recommend
classifying C. flumineaas an invasive species in Switzerland and furthenitoring and

studying this clam.
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GENERAL INTRODUCTION

General Introduction

After the loss of habitats, invasive species amdgaised as the major threat for global
biodiversity (Meffe and Carroll 1997). Particulaity freshwater habitats the load of invasive
species is very high and among the leading thteat®shwater ecosystems and biodiversity
(Sala 2000). At the same time only about a quartestudies on biological invasion are
dedicated to inland waters and most of them atmtgtl in North America (Gherardi 2007).
Scientific studies aim to understand invasion psees and may lead in the best case to the
prevention of further introductions or to a susshile management of the introduced invasive
species. Complete eradication from a new site #saicase of the seawe€dulerpa taxifolia

in California was hardly ever possible in Europex@&rson 2005, Genovesi 2005). Genovesi
(2005) showed that in European inland waters ooball eradication success was achieved
from semiaquatic species (e. g. the nutriaMyocastor coypusn Britain; Baker 2006).
However, so far no complete eradications of almrertebrates and marine organisms have
been recorded. In Genovesi’s opinion, the lackratlieation attempts in Europe iprbbably
due to the limited awareness of the public and dbeision makers, the inadequacy of the legal
framework, and the scarcity of resourtcé&enovesi 2005).

Based on the Convention on Biological Diversityrt{éle 8. In-situ Conservation,
letter h; www.cbd.int) all countries who signed ttemvention shouldgtevent the introduction
of, control or eradicate those alien species whluteaten ecosystems, habitats or spécié® work
out a strategy on how to deal with invasive spectte commission of the European
communities (2008) summarized the nature of theélpro as follows:

“..." Alien species" are species which are introducedidettheir natural past or present distribution
area and succeed in surviving and subsequentlyockpring. "Invasive Alien Species” (IAS) are alien
species whose introduction and/or spread threatetogical diversity. The Millennium Ecosystem
Assessment revealed that IAS impact on all econgst&he problem of biological invasions is
growing rapidly as a result of increased trade waities. Invasive species (IS) negatively affect
biodiversity e.g. by competing with other organisand changing habitat structure, being toxic, being
a reservoir for parasites or a vector for pathogehgbridising with related species or varieties,
predating on native organisms, altering the locabd web, e.g. invasive plants alter nutrient
availability, disrupting pollination services, cdng extinction of native species, being an ecosyste
engineer by altering energy and nutrient flowsweedl as physical factors in habitats and ecosystems
IS can cause congestion in waterways, damage &stigr, crops and buildings and damage in urban
areas. The costs of preventing, controlling an@d/adicating IS and the environmental and economic

damage are significant. The costs of control, altjio lower than the costs of continued damage by
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GENERAL INTRODUCTION

the invader, are often high. These costs couldvmédad or minimised by decisions to prevent and
stop introductions at an earlier staggCommission of the European Communities, 2008).

This summary highlights the variety of severe intpanvasive species may have for
the ecology and economy as a result of growing aisétion of trade markets. In
Switzerland, the Federal Office for the EnvironrméROEN 2008) treats invasive alien
species within the Swiss Release Ordinance (SRO;rm&e Schweizerische
Freilassungsverordung, FrSV). In Article 51 an emwvinental monitoring for invasive alien
species and scientific investigations, whether asah connection could exist between
observed damage and the presence of the monitogadisms, are mandatory.

In the scientific literature the term “invasiveesges” is not consistently used. To
overcome the confusion of the term, Colautti andcl¥sac (2004) suggest focusing on an
invasion framework which is process-based and deduoperational terms such as “stages”
with no proper meaning. If the term “invasive” tillgequired Colautti and Maclssac (2004)
prefer to speak of individual populations insteddtlee entire species since a biological
invasion is mostly a biogeographical phenomenoherathan a taxonomic one. In this
dissertation the term “invasive” is used accordiegthe commission of the European
communities (2008) but references to single stagilsalso be made. Nentwig (2010)
distinguished four main generalized process stagk®mlogical invasions:

1) Introduction: Usually only a few individuals argroduced and they are not yet a threat to
other organisms.

2) Establishment and adaptation: Population sizen@easing and impact on native
biodiversity is still low. This stage may last veskiort or take several decades, depending
often on the life-history traits of an introducqeksies and habitat conditions at the new site.
3) Invasion: In an enlarging area the populatiae shcreases strongly. This leads to new
dispersal events in so far not yet colonised sitéss is the stage of biological invasion.
Pressure on native species increases and may deadntiderable impacts. Economical
damage is likely.

4) Saturation: All suitable habitats in the newgarare colonized and no further expansion is
possible. Impact on native species is mostly seri@cosystems may have changed and
economical damage is costly.

Williamson’s “Tens Rule” (Williamson 1996) suggeshat 10% of introduced species
into a new environment can establish and anoth&s @Dthose will spread (stage 2 and 3).
But Jeschke and Strayer (2005) could show thavdaebrates and insects the probability of

establishing and spreading lies around 50%, andduoatic species it is even higher (e.qg. fish:
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GENERAL INTRODUCTION

55% establish and 60% spread). The major invastetovs of aquatic non-indigenous species
into Europe are shipping, aquaculture and stochtyities (Gollasch 2006). They underline
three main qualities of the act of dispersal of-natigenous species: The spread occurs with
the help of men (1), over biogeographical barri@sand within relative short time periods
(3). That means that neither the introduced taxathe native community had time for

evolutionary adaptation to the new situation (Negt2010).

Why is Corbicula spp. the focus of this work?

In Europe,Corbiculaspp. was first recorded in France and Portugab80 (Mouthon 1981),
and in the Lower Rhine in the Netherlands in 19Bibde Vaate and Greijdanus-Klaas 1990).
In 1995, the clam was reported for the first timehe river Rhine near Basel in Switzerland
(Rey et al. 2004)Corbicula flumineaand Corbicula fluminalis well-known of having
negative impact on indigenous species in otherdasgarts of the world (Leff 1990, Strayer
1999), are perceived as potential threats to Sinestiwater habitats and organisms. They are
therefore under surveillance by the authorities aadd monitoring and scientific research
(Wittenberg 2005).

With this thesis | intend to broaden the knowledfeut the invasion process of the
genusCorbicula into Switzerland and to identify potential effe¢tee clammight have on
native biodiversity. My work may raise the awarenes$ invasive aquatic species and their
ways of introduction and may serve to decision makethe management of invasive aquatic
species and conservation biology.

In the following part, | will present the main éagical features of the genus

Corbiculaas background information and then give detaisiaithe aims of the thesis.

The genusCorbicula (Corbiculidae familiy)

Occurrence

The genugLCorbicula occurs naturally in Australia, Southeast Asia,idndiddle and Near
East and as well as in Africa. In the Pleistoc&d@biculawas spread in Europe but shrunk
to a rest population in the Kaukasus during thé dgeciation (lllies 1978, Krolopp 1987,
Meijer and Preece 2000). The global dispersaCaibicula started in the early 20th century
parallel to the Chinese emigration wave to Northetica. The first record was made in
British Colombia and from then on, the clam’s sgreaer the world (Counts 1981). Thanks

to the international trade, it reached far desiomet in the ballast water of cargo ships and
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GENERAL INTRODUCTION

easily dispersed within European waterways (Gdiad@06, Galil et al. 2007). Today, it is
widespread in North and South America and in Eultpee et al. 2005; Europe: Renard et al.
2000, Pfenninger et al. 2002, Sousa et al. 2008).

5mm

5mm

Figure 1 Presentation of the external view 6f fluminea(round form, l1a) and o€C.
fluminalis (saddle form, 1b) and the inner view®f fluminea(1c) and ofC. fluminalis(1d).
Both specimens were collected in the river Rhirar iBasel (photos: S. Schmidlin 2003).

Morphological taxonomy and evolutionary systematic

General uncertainties exist about the numbeCafbicula species present in several Asiatic,
American and European freshwater ecosystems, tlh@nomy and their origin(s) (Renard et
al. 2000, Siripattrawan et al. 2000, Pfenningerlet2002, Park and Kim 2003, Lee et al.
2005, Sousa 2007, Hedtke et al. 2008). Based omphuooretric and genetic analyses two
morphotypes were found in French and Dutch rivBen@rd et al. 2000). One belongs to the
speciesC. fluminea(few wide, concentric ridges and a round shelinfjpand the other t&.
fluminalis (many narrow, concentric ridges and a saddle-shapell form). A third species
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GENERAL INTRODUCTION

Corbiculaspec. was found but it was not possible to naredgakon. Pfenninger et al. (2002)
confirmed the presence of mitochondrial haplotype€ oflumineaand Corbicula spec. as
defined by Renard et al. (2000) in the river Rhimat, they also highlighted the repeatedly
observed mismatches in morphological and genetexisp identification and therefore
preferred referring to th€orbicula complex. Park and Kim (2003) examined the differen
Corbicula lineages within the native Asian range and class$iC. fluminalisand Corbicula
spec. sensu Renard et al. (2000) only as freshw@mbicula without a specific
nomenclature.

In general, in my thesis | will use the morphotmgitermsC. flumineafor the round

form andC. fluminalisfor the saddle-shaped form (Figures 1a-d).

Ecological and life-history traits

Corbicula usually lives in well-oxygenated lotic and lensigstems in sediments of different
composition (Belanger et al. 1985). Compared witlteofreshwater bivalve species the clam
seems to be less tolerant to environmental fluinatsuch as elevated temperature, hypoxia,
emersion, low pH and low calcium concentration (&yrand McMahon 1994, McMahon
1999, Johnson and McMahon 1998, Sousa et al. 2008)clam filter- and pedal-feeds and
allocates most of the assimilated energy to groewid reproduction (McMahon 1999,
Hakenkamp et al. 2001).

In many invaded areas, studies about life-histaiys exist (North-America: Aldridge
and McMahon 1978; South-America: Cataldo and Bakoy 1998; Europe: Meister 1997,
Rajagopal et al. 2000) and they all agree withwbeds of Flreder and Pdckel (2007)he
relatively short lifespan, early maturity, high €edity, bivoltine juvenile release patterns, high
growth rates, small juvenile size, and the capafotydownstream dispersal @. flumineamake it

highly invasive and adapted for life in unstabléddabitats subject to unpredictable catastrophic

environmental disturbances.”
In summary, the invasion success and subsequsmgrdal of the clam relies more on
its high fecundity and short life-span (r-strategy)d its association with human activities

than on its physiological tolerance (McMahon 208@usa et al. 2008).

Aims of the thesis

The aims of my thesis were to follow up the sprefithe invasive clam genworbiculainto

Switzerland, to examine its ecological prefereneesl its potential effects on native
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GENERAL INTRODUCTION

freshwater communities. To assess possible inttamugathways into Switzerland we
combined first observations records with molecdkaa.

In Chapter 1, we examined the impact of invasive non-nativectse on the
biodiversity in the river Rhine on behalf of a fd&ure survey. We reviewed major changes in
the biota of the river Rhine, focusing on mechasisonderlying changes in species
abundance following the invasion of non-native secOur emphasis was on benthic
macroinvertebrates, such d&3orbicula, but interactions with other animals were also
considered. Additionally, we identified importardps in knowledge and suggested areas for
further research.

In Chapter 2, we examined the distribution @forbicula along the bank of the river
Rhine, in three tributaries and in the Canal deihkigure in the region of Basel (Switzerland,
Germany and France) in 2003. Additionally, we @afrout an experiment on substratum
preferences and measured several abiotic variablksinalysed them in relation to the clam’s
occurrence and abundance. Further, we followedhe@population growth a€orbiculain the
river Altrhein to assess seasonal changes in #eessiucture of this river population.

In Chapter 3, we expanded the area of erbiculasurvey fromChapter 1 to whole
Switzerland and analysed mitochondrial DNA-sequsnot Corbicula clams sampled at
different sites in Europe. Additionally, we disceds possible dispersal vectors and
introduction pathways into the alpine country.

In Chapter 4, using SCUBA-diving we investigated the native noatvertebrate
community in relation to the densities of four alimollusc speciesd. fluminea Dreissena
polymorphaPotamopyrgus antipodaruandLithoglyphus naticoidgan a sandy flat of Lake
Neuchatel, Switzerland. A controlled shell decaydgtwas performed to give insight in the
persistence of native and alien mollusc shells #me possible implications for other

macroinvertebrates.
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CHAPTER1: EFFECTS OF INVASIVE NONNATIVE SPECIES

Chapter 1: Effects of Invasive Non-native Speciesnahe Native
Biodiversity in the River Rhine

Bruno Baur and Stephanie Schmidlin

In: Biological Invasions (Nentwig, W. ed). Springégerlag Berlin (2007): 257-273

Introduction

Besides habitat degradation, the impacts of noivaatvasive species are a major cause of
extinction of native species (Groombridge 1992a%lal. 2000, Cox 2004). Invading species
may interact with the native biota in a variety whys, for example, by competition,
predation, parasitism, disease and hybridizatioomé non-native species may enter an
ecosystem and remain at low densities for manysyeadisappear gradually whereas others
might have a profound impact on the existing comityuny changing species abundance,
food webs and energy fluxes. Linking invasion patiewith interspecific processes is often
difficult but such information is crucial to pretlithe impacts of non-native species on the
biodiversity of newly invaded locations (Moyle ahight 1996, Williamson 1996, 1999).

The Convention on Biodiversity exhorts the coniragtparties to frevent the
introduction, control or eradicate those alien sgscwhich threaten ecosystems, habitats or species
(Glowka et al. 1994). To implement these directiveetailed knowledge on native
biodiversity, and on potential interactions betweevading non-native species and native
species is required. Compared to the attention fgaéktinctions in terrestrial habitats, much
less focus has been given to species loss in fiagshvwecosystems, and this despite several
studies demonstrating a growing number of extimstion freshwater animal species (fishes,
molluscs, crayfishes; e.g. Kaufman 1992, Stray®@91Ricciardi and Rasmussen 1999).

This chapter examines the impact of invasive ndiveapecies on the biodiversity in
the river Rhine. The occurrence and spread of rativan species are relatively well
documented in the Rhine (e.g. Tittizer et al. 20G@jtler et al. 2002, Rey et al. 2004).
Quantitative studies on changes in abundance ofnatime species and on species

composition of native communities complement theperts (e.g. Van den Brink et al. 1990,
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Figure 1.1 Map of the river Rhine, with most of the locatianentioned in the text.
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mechanisms underlying changes in species abundaho®ing the invasion of non-native
species. Our emphasis is on benthic macroinvetebhait interactions with other animals are
also considered. Along the way, we identify impottgaps in knowledge and suggest areas

for further research.

The River Rhine

With a length of 1,320 km and a catchment area85fd00 ki, the river Rhine is one of the
largest rivers in central Europe (Van Urk 1984 e#irich and Miller 1984). It originates in
the Eastern Swiss Alps, flows north to form thenfrer with Liechtenstein and Austria
(Alpenrhein), and empties into Lake Constance (feidul). The Rhine (High Rhine) then re-
emerges and flows west, mainly on the border betveitzerland and Germany. In Basel, it
turns to the north and forms the southern parthefliorder between France and Germany
(Upper Rhine) in a wide valley, before entering i@any exclusively (Middle Rhine). Here,
the Rhine encounters some of its main tributartbe (Neckar, the Main and then the
Moselle). Between Bingen and Bonn, the Rhine fltwsugh the Rhine gorge, a formation
created by erosion (this gorge is a UNESCO Worldthige Site since 2002). After passing
the Ruhr area, the Rhine (Lower Rhine) turns wetst The Netherlands. After crossing the
border, it splits into three main distributariebe tWaal, the 1Jssel and the Nederrijn/Lek,
before discharging into the North Sea.

The flow regime can be characterized as rain-fes¥sied, the highest water levels
usually being attained in March—-May and the lowesAugust—November. The mean annual
river discharge of the Rhine is 1,033/sin Basel and 2,260¥s (range 800-12,000¥s) at
the Dutch border. This results in the minimum arekimum water levels differing by up to 8
m in The Netherlands (Van Geest et al. 2005).

The deterioration of the Rhine started in the NedAges, with the deforestation of
large areas on the floodplains (Nienhuis and LeuM@98). By the early 18th century, almost
all beech and oak forests had been replaced bylgnas The river morphology became
increasingly degraded because of straighteningjctexh of channel networks to a single
channel, and disconnection from the floodplainthie 19th century, major river regulations in
the Upper and Lower Rhine modified the river bedr Example, in the so-called Tulla-
correction carried out between 1817 and 1874 asd @ subsequent channelisations, the
Upper Rhine north of Basel was transformed fromvarrsystem up to 6 km wide, with
numerous branches, slow-flowing meanders, islaad,sand and gravel flats, into a 130-m-

wide, fast-flowing petrified canal (Grand Canal ®d@ce). During channelisation, flood
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control dams were built, stone groynes were cootdito strengthen the channel, and some
parts of the river bank were reinforced by stones.

Since Roman times, the Rhine has been a navigailerway, carrying travellers and
goods deep inland. As the river became more impbga transport route, it was channelled
even more to increase its discharge and maintsidepth. In modern times, cargo shipping
on the Rhine is possible from Rotterdam (North SealRheinfelden, 20 km upstream of
Basel. The importance of international shippingrélased further with the construction of
river-connecting canals. The Rhine-Main-Danube Capanects the Rhine via the Danube
with the Black Sea which, in turn, is connectedchyals and rivers to the Caspian Sea (see
Galil et al. 2007). Another navigation route to Black Sea and Caspian Sea is the German
Mittelland-Elbe-Vistula-Pripyat-Bug-Dnieper cangkgem.

Parallel to the channelisation, the floodplain bt tRhine has been extensively
modified to extend agricultural and industrial @@ad settlements. Nowadays, the Rhine is a
completely man-manipulated river, more intensiwedgd than ever before (Tittizer and Krebs
1996). Besides its function as transportation rout@rovides water for communities and
industry, is used to generate hydroelectric poweoyides cooling water and a means of
effluent transport, and is increasingly a focus recreation. Despite profound alterations of
river characteristics, the river still has a lafgkbeit not unlimited) self-cleaning capacity, and
natural and semi-natural banks and areas of tloglain, with abandoned meanders, brooks,
sand and gravel pits, and remnants of ripariansfoséll harbour an extraordinarily high
diversity of plants and animals, and are there@drbigh conservation value (e.g. LfU 2000,
Baur et al. 2002).

Native Biodiversity and Invasion History

Faunal diversity decreased dramatically in the rrivghine between 1900 and 1970
(Kinzelbach 1972, Van den Brink et al. 1990, Sti€i92). For example, species richness of
selected groups of macroinvertebrates in the Datattion of the Rhine declined from 83
species in 1900 to 43 species in 1940 and to 4diespén 1981/1987 (Van den Brink et al.
1990, Den Hartog et al. 1992). Omitting the nonuw@aspecies arriving in the 20th century,
however, the total number of species for 1940 waneldO, and only 27 for 1981/1987. Schall
(2002) presented a list of 21 typical riverine nodravertebrate species (seven mayflies, 10
stoneflies and four caddis flies) occurring in tAerman part of the Rhine in 1900 — none
were found in the river between 1960 and 2000. Mwsbably, these specialized benthic

species went extinct in the river Rhine. Howevee, actual causes of extinction are unknown.
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In the Rhine near Basel, the number of stoneflyciggedeclined from 13 to four between
1910 and 1990, and those of mayflies from 19 t@KiBy 1994).

The decline of the freshwater fauna in the rivein@hs linked to extensive habitat
deterioration caused by channelisation and flowulegn by weirs, stream fragmentation,
organic pollution from land-use activities, toxiontaminants from municipal and industrial
sources, and interactions with an increasing nurobeon-native species (Streit 1992, Baur
and Ringeis 2002, Van der Velde et al. 2002, Neh#003). Since the industrial revolution
and the construction of sewage systems, domestciratustrial pollution have led to a
gradual deterioration in water quality, and th@nfrthe second half of the 19th century to the
end of the 1960s. Water quality was very poor dytire period 1950-1970, with low oxygen
levels, serious eutrophication, high chemical arghoic pollution loads, salination caused by
French potassium mines and mining water from browoal mines in Germany, and thermal
pollution (Rhine river water temperature has rikgnapproximately 2 °C above its natural
value, Admiraal et al. 1993).

Faunal diversity in the river Rhine was lowest ire tlate 1960s, when levels of
toxicants were highest and oxygen levels extrenh@ly (Kinzelbach 1972, Streit 1992).
During the period 1970-1986, waste water treatrpéanits were constructed along the river,
resulting in improvements of water quality incluglian increase in oxygen levels and a
reduction of some heavy metals and organic pesscidlso, faunal diversity began to
recover (Admiraal et al. 1993). Driven partly b ttoxic spill following the Sandoz accident
(see below), ministers from riparian countries dediin 1986 to establish the Rhine Action
Programme. One of its aims is the restoration efritver ecosystem.

Haas et al. (2002) described three successionakepha the development of benthic
communities in the German section of the Rhindp¥ahg the extreme toxic and organic
contamination which the river has known in earisres.

1. From 1970 to 1986, the aquatic community waigs-poor and still in an early
recovery. Because of the remaining organic poliytmnly sewage-resistant taxa such as the
leech Erpobdella octoculatathe isopodAsellus aquaticysthe snailRadix ovata sponges,
chironomids and oligochaetes occurred. The norv@aebra mussddreissena polymorpha
started to colonise hard substrates. However, tiem$andoz industrial accident near Basel
in 1986, when runoff from water used in firefiglgicarried nearly 30 t of toxic chemicals
(insecticides, fungicides and herbicides) into Rfgne, caused serious damage to the flora
and fauna over hundreds of kilometres, resettiegd¢lcovery process. In 1987, benthic faunal

densities were still close to zero (Den Hartogletl892). Yet,D. polymorphawas able to
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quickly recolonise the Rhine following the Sandpi#l$ecause of the immigration of pelagic
larvae from unaffected sites.

2. In 1987 and 1988, the non-native amphip@brophium curvispinum
(=Chelicorophium curvispinunand the Asiatic clam&orbicula flumineaandC. fluminalis
invaded the Rhine. Already in 1989, the populatiemsity ofC. curvispinumn the Middle
and Lower Rhine was so high that the hard subswétéhe channel bottom had been
essentially completely overgrown due to the spéeiegineering activity. ThB. polymorpha
population collapsed because adult shells werdlsapivergrown byC. curvispinum and
their muddy tubes inhibited the development of m&wolymorphapatches — the planktonic
larvae can settle only on hard surfaces (Van dédé/et al. 1994, Tittizer and Krebs 1996,
Haas et al. 2002).

3. A new phase started with the invasion of th@l@podDikerogammarus villosus
1995. In 2000, maximum densities of 3,000 individuan2 were recorded. Since 1996, the
population densities df. curvispinumhave decreased wherdaspolymorphahas recovered
and again reached high densities. Subsequent taghearance ob. villosus two other
amphipods,Gammarus tigrinusand Echinogammarus ischnufave declined in the Upper
Rhine; G. tigrinus finally disappeared in 1999. In 1997 and 1998g¢hnew non-native
invertebrates reached the river Rhine, originafirggn the Danube and the Ponto-Caspic
region: the isopodaera istri the turbellarian wornbendrocoelum romanodanubiased the
polychaeteHypania invalida(Haas et al. 2002).

There is an accelerating colonisation rate of native macroinvertebrate species in
the Rhine (Figure 1.2). The shape of the cumulatolenisation curve shows that 55% of the
total number of colonisations were recorded afté70L Thus, more than half of all
colonisations in the 175-year record have beenrtegpdhese last 35 years. The average rate
of colonisation has increased from 0.15 new speemablished per year in the period
1831-1970 to 0.74 new species per year for thepe®71-2005. Considering exclusively
the period 1991-2005, the current rate of colomsatverages 1.27 new species per year.

Similarly to macroinvertebrates, fish species cosipm in the river Rhine has altered
in the past century. There is ample evidence thatriver engineering works have had
deleterious effects on the species number and almgedof fish (Lelek and Kéhler 1989).
Associated river modifications have led to the ppzarance of specific spawning grounds,
feeding biotopes and nursery areas, and to therudlisn of migration routes. The
construction of fish passes at almost every wenglthe main stream section seems to have

been insufficient to prevent the declinetbé migrating fish populations. Low oxygen

28



CHAPTER1: EFFECTS OF INVASIVE NONNATIVE SPECIES

50
40
30-
201

10 +

Cumulative number of species

o
]

1831-1850
1851-1870
1871-1890
1891-1910
1911-1930
1931-1950
1951-1970
1971-1990
1991-2005

Figure 1.2 Increasing number of non-native macroinvertebsgecies colonising the river
Rhine. Cumulative data are shown for periods oyedrs (note: th&ast barincludes data for
only 15 years). The exponential model was fittedldnst-squares regression (y=5.5936 x
1022 9%%% h=9 R=0.98, t indicates the year). Data were obtainenffTittizer et al.

(2000), Geitler et al. (2002) and Rey et al. (2004)

concentration and the massive discharge of toxitenads contributed substantially to this
decline. Since the water quality of the Rhine betgaimprove in the 1970s, however, the fish
community has been recovering (Cazemier 1988, LatekKohler 1989).

Lelek (1996) presented a list of 27 non-native fglecies for the German part of the
Rhine. Eighteen of the 27 species (67%) were imeally introduced by fishermen, another
seven species (26%) having been inadvertently doted by the aquarium trade.
Interestingly, among the phytoplankton, an ecolalycimportant group, no non-native
species have yet been observed in the Rhine (NpB€Q5).

About one of two non-native aquatic species enge@erman rivers could spread over
large areas, and about one of five non-native spdtave become invasive (Nehring 2003).
In the Rhine delta in The Netherlands, the propartf non-native species in the biodiversity
of river channels and floodplain lakes ranges fr6ni0% among macrophytes to 5-12%
among macroinvertebrates and 17-19% among fish @&m Brink et al. 1996). In the
Middle and Upper Rhine, non-native species repted®r15% of total species richness
(Haas et al. 2002). Non-native species dominateerims of total abundance and biomass,
however, the values exceeding 80% (Tittizer e2@D0, Haas et al. 2002).
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Thus, species composition in the river Rhine hasgkd remarkably in the past four
decades. Replacing characteristic riverine speta@ge numbers of euryoecious and non-
native species, in particular macroinvertebrates feah, have invaded this river system (e.g.
Van den Brink et al. 1988, 1990). Some of the sme@ntered the river via ports and
estuaries, and then moved upstream whereas othmredndownstream after entering via
canals. Several of these species have penetratethenlarger, still-water expanses but others
seem to be restricted to flowing water (Van derdéett al. 2002). Cargo shipping appears to
influence the velocity of spread in invasive speckeor example, the cla@. flumineaspread
approximately 150 km per year in the navigable paiihe Rhine but only 2.4 km per year
upstream of Basel, where cargo shipping is largefuced (Schmidlin and Baur 2007).
Corbicula flumineamay also be displaced by waterfowl, because jle@eriams use their
mucous secretions to stick to ducks' feet.

Interestingly, the number of non-native speciesreses significantly upstream of
Rheinfelden where cargo shipping ends (Rey et0fl4P However, the weir in Rheinfelden is
not an absolute barrier for the spread of invadipegcies. In fact, several non-native species
have crossed the weir and are now spreading upsifeg.D. polymorphaC. fluminea and
the annelidBranchiura sowerbyandCaspiobdella fadejeWi some having even entered the
tributary Aare (e.g. the gastropd®btamopyrgus antipodarurand the flatwormDugesia
tigrina; Rey et al. 2004).

Species Interactions and Mechanisms of Replacement
Amphipods

The amphipodCorophium curvispinumoriginating from the Ponto-Caspic region, wastfir
observed in the Middle and Lower Rhine in 1987 (#ch990). A few years laterC.
curvispinumwas found to be by far the most numerous macroiebeate species in the
Lower Rhine (Van den Brink et al. 1991). Its deysitcreased up to 200,000 specimen$ /m
on groynes (Van den Brink et al. 1993). It has beammed thatC. curvispinumhad filled an
‘empty niche' because it was the first tubiculauplaipod to colonise the Rhine (Den Hartog
et al. 1992). The animals produced extensive mhtdense silty tubes which covered all
available hard surface. As a consequence, othdith@piinvertebrates were negatively
affected by this muddy layer. Significant declinegpopulation densities were recorded for
the amphipodGammarus tigrinusthe zebra mussdéreissena polymorphathe gastropod

Potamopyrgus antipodarunthe caddis flyHydropsyche contubernaliand several species of

30



CHAPTER1: EFFECTS OF INVASIVE NONNATIVE SPECIES

Chironomidae (Van den Brink et al. 1993). The forrigee are non-native species whereas
H. contubernaligs native. It has been suggested that these chamgdundance were at least
partly the result of competition for food €. curvispinum D. polymorpha and H.
contubernalisare all filter-feeders (Rajagopal et al. 1999)fdat, the exponential increase in
the density of C. curvispinumduring 1989-1991 coincided with a decrease in the
concentrations of total organic carbon and totapsaded matter in the Lower Rhine, which
may be related to an increase in filtration capaaitthe river. Stable isotope analysis showed
very similar values for carbon and nitrogen souiicethe stone-dwelling. curvispinumD.
polymorphaand the sand-dwelling Asiatic clan@orbicula flumineaand C. fluminalis
indicating a common source of phytoplankton andipaate organic matter for these filter-
feeding animals (Marguillier et al. 1998).

Besides competition for food, there might also hla@en competition for space among
benthic macroinvertebrates. For example, specinéms polymorphawere observed to be
completely overgrown by the tubes®f curvispinumMoreover, in building its muddy tubes,
the amphipod modifies the substrate, thereby ptewgrthe settlement of larvae @.
polymorpha However, relatively little is known about the @lamental features of tube
building activity and filtration rate i€. curvispinum

The impact of the population explosion Gf curvispinumon the density of other
macroinvertebrates has also resulted in a shifthen diet of the European ednguilla
anguilla. In 1989, prior to the population explosion ©f curvispinum Gammarus tigrinus
andDreissena polymorphdominated the diet of the eel (Van der Velde e1888). In 1994,
however,C. curvispinumoccurred in 80% of the eels sampled whef@asigrinusdecreased
in percentage occurrence from 32 to 4%. Simildblypolymorphawas eaten to a far lesser
extent in 1994 than in 1989 (Van der Velde et 888). The perclPerca fluviatilisshowed a
similar shift in diet (Kelleher et al. 1998).

The amphipod<C. curvispinumand Dikerogammarus villosuand the isopodaera
istri act as intermediate hosts for a variety of pagasif the eel. In the German part of the
Rhine, nine metazoan species were found to infels €ures et al. 1999). Among-site
differences in eel parasite diversity was relaedhie presence and abundance of invading
crustacean species (Sures and Streit 2001).

Since 1984, there has also been a significantaseren the distribution and abundance
of the amphipodsammarus tigrinuswhich originated from North America. In many seans
of the RhineG. tigrinushas displace@ammarus duebena native and originally widespread

species in Western Europe (Tittizer et al. 2000thke late 1990s, however, the abundance of
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G. tigrinusdeclined sharply, coincidental with the invasidrihe amphipodikerogammarus
villosus. This species is native to the Ponto-Caspian regimahhas invaded Western Europe
via the Main-Danube canal, appearing in the riv@inR at the German-Dutch border in
1994-1995 (Tittizer et al. 2000. villosushas wide environmental tolerances in terms of
temperature and salinity, and thus is able to ¢séowmarious microhabitats.

Stable isotope analyses have shown Ehatillosusis a predatory species wheréas
duebeniis a detrivorous/herbivorous amphipod. It was higpsized that the rapid expansion
of D. villosus and its devastating impact @ duebeniand related species may involve
intraguild predation, rather than interspecific gatition. In laboratory experiments, survival
of femaleG. duebenivas lower when malB. villosus— rather than mal&. duebeni- were
present (Dick and Platvoet 2000). Similaf, villosuspreyed uporG. tigrinus D. villosus
killed and consumed recently moulted and, lessuiat]ly, intermoult victims. Thus, the
predatory impact oD. villosusis not restricted to the short (approximately }2oariod of
post-moult vulnerability, facilitating rapid elimations of all stages of reproducing females
(Dick and Platvoet 2000). No mate. duebenwas killed during the experiment, indicating
that the larger males are more able to fend off@egatory attack, although this may not be
the case at moult (Dick 1996). Compared to otheshiwater amphipods, the large sizédof
villosusmight partly explain its successful predatory tvednar.

Gut content analyses showed timat villosus preyed also orC. curvispinumin the
wild, thereby interfering in the interspecific coetpion for space between the two filter-
feedersC. curvispinumand D. polymorpha In amphipods and many other arthropods,
intraguild predation has been increasingly recagphizas an important mechanism in
structuring communities (e.g. Polis et al. 1989).many cases, intraguild predation may
override interspecific competition. In the presexample, intraguild predation also appears to

be the mechanism for the exclusion of both nonveand native species.

Molluscs

The zebra muss@reissena polymorphaoriginating from the Caspian and Black Sea region
was first recorded in the Lower Rhine near Rotterda 1826. In the following decades, it
expanded upstream and reached large densitiesgldach 1972). However, water pollution
in the mid-20th century, and subsequent competititeractions withC. curvispinum
strongly reduced. polymorphapopulations in the Rhine. Continuous improvemanwater

quality these past decades and redu€edcurvispinumdensities have allowed thB.
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polymorphapopulations to recover; nowadays, they have agtained densities of up to
40,000 individuals /fh

The zebra mussel attaches to solid surfaces asihgsive byssal fibres, and possesses
a planktonic larval (veliger) stage which can remiai the water column for several weeks
before settlement. Native unionid mussels havenaptex life cycle in which the larvae are
obligate parasites of fish, with survivorship degemt on the availability of appropriate fish
hosts and accessibility to favourable habitats. [Adnionid mussels live partially buried in
the sediments of lakes and rivers, with their posteshell exposed to the water column,
providing a suitable surface for colonisationypolymorpha Infestation byD. polymorpha
is considered to impair the metabolic activity (fewg, respiration, excretion) and locomotion
of unionid mussels, thereby depleting their eneggerves and effectively starving them to
death (Haag et al. 1993). Moreover, data from NoMimerica demonstrate thab.
polymorphacan also harm other suspension-feeding bivalvesidpleting food resources
(phytoplankton) through massive filtration (Carat@l. 1997).

Dreissena polymorphhas virtually eliminated the native unionid faunanany parts
of the lower Great Lakes in North America (Ricciagtlal. 1998, Strayer 1999). In the Rhine,
the decline of the highly specialized and endardyareonid mussels and other filter-feeding
macroinvertebrates could also partly be due to atitign with D. polymorpha However,D.
polymorphais not harmful to all riverine species. In NortimArica, the clam provides other
benthic invertebrates with nourishment (in the faiiaecal deposits) and shelter (interstitial
spaces between clumped mussel shells), resultirglatal enhancement of abundance and
diversity for these other species (Ricciardi 200&)n-native deposit feeders may increase in
abundance whereas native filter-feeders are oupeted byD. polymorpha Among the
invertebrates responding positively to zebra mussklnisation are non-native oligochaetes,
leeches, amphipods, gastropods, larval chironomrdsaquatic weeds (Ricciardi et al. 1997,
Karatayev et al. 2002). Thus, invading species malap have synergistic impacts which
facilitate the establishment of other invaders.

The clamsCorbicula flumineaand C. fluminalis originating from Southeast Asia,
were first recorded in the Lower Rhine in The Netmeds in 1985 (Bij de Vaate and
Greijdanus-Klaas 1990). Six years later, the clavese found near Karlsruhe in the Upper
Rhine and, in 1995C. flumineawas reported near Basel in Switzerland (Rey e2@04).C.
fluminea is restricted to the gravely-sandy river bottontéwese sticking structures are
lacking. The clam reached densities of 1,800 imtligls /nf in the Rhine (Haas et al. 2002).

Den Hartog et al. (1992) suspected that the spilbxic waste from the Sandoz accident in
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1986, affecting the Rhine over hundreds of kilomgtrcontributed to the clams' success
because most macroinvertebrates were killed anda @®nsequence, their niches were
unoccupied.

Several mechanisms by whidGorbicula may affect native bivalves have been
proposed (Strayer 1999). Dense populationsCofbicula may deplete concentrations of
phytoplankton and other edible suspended particteeby 'starving out' native bivalves.
Modest to dramatic declines in phytoplankton ot@e$ave been recorded in habitats with
high Corbicula density in North America (Leff et al. 1990, Phelf#94). Dense populations
of Corbicula may ingest large numbers of unionid sperm, gldehiédnd newly
metamorphosed juveniles (Strayer 1999). Bec&lmdicula pedal feeds on edible particles
in the sediments, it may deplete also this foobuese, affecting some sphaeriids and
juvenile unionids which use benthic organic ma#srfood.Corbicula actively disturbs the
sediments, so dense populations may reduce hghdity and space for native bivalves.

Several studies show that the impacCofflumineaon native benthic species depends
on both site and community characteristics (Lefiletl990, Strayer 1999). The clam severely
affected native mollusc assemblages in some Nortterican rivers but can coexist with
other bivalves at other sites. Similar information the impact ofCorbicula on native

macroinvertebrates in the river Rhine is not yetilable.

Why are There so many Non-Native Species in the Rie?

The number of non-native animal species colonigiregriver Rhine is still increasing (Figure
1.2). Furthermore, non-native plant species canstita significant proportion of the

vegetation of the river bank and floodplain (Schevaimd Kratochwil 1991). A variety of

mutually non-exclusive hypotheses have been suggjéstexplain the success of invaders in
the river Rhine: (1) vacant niches, (2) disturbangareventing strong interspecific

competition, (3) the creation of new niches by Biva species, (4) ecosystem instability
(invasional meltdown), (5) groups of co-adaptedaaters, and (6) enemy-free space.

It has been argued that human alterations of Hafigke a community vulnerable to
invasions and that extreme natural disturbancetitéde the establishment of non-native
species (Mack et al. 2000). Community vulnerabitibyinvasions has been ascribed to a
combination of several factors, such as the presefwacant niches, habitat modification,
and disturbance before and after invasion. Recerdings indicate that species-rich
communities are less vulnerable to invasions (astlein terrestrial habitats; Cox 2004).
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Moreover, invasibility is known to increase if anmmunity lacks certain species present
under normal conditions (Kiihn and Klotz 2007).

The invasional meltdown model (Hufbauer and Torctd@07) predicts that
ecosystems subjected to a chronically high frequesicspecies introduction will become
progressively unstable and easier to invade, als stiwduced species has the potential to
facilitate subsequent invaders (Simberloff and \Hwile 1999). Invasional meltdown may
occur through one of two processes: frequent diatwre through species introductions
progressively lowers community resistance to inmasand increased introductions lead to a
higher frequency of potential facilitations and ssgies between invaders (Ricciardi 2005).
Highly active invasion corridors (in the presenseacanals) may introduce numerous species
from one and the same region (e.g. the Ponto-Casgion), and thus may reunite groups of
co-adapted species, either in simultaneous inttazhg (e.g. a host arriving with its parasites)
or in successive introductions, thereby assemigorgiguous links of a non-native food web.

If co-adaptation reduces the intensity of predateond parasitism, then positive
interactions probably dominate invasion 'groupsd auccessive introductions of co-adapted
species might result in a higher success of imn&atlem would introductions of unacquainted
species (Ricciardi 2005). This could be an altéveab the enemy release hypothesis, which
relates the success of an invader to the absenite watural predators and parasites in the
invaded region. Each of the examples presentedeabould be explained by at least one of
these six hypotheses. However, experimental tdsteese hypotheses are lacking for the
Rhine.

Conclusions

The river Rhine is a good example for how a comtimnaof different factors structure

benthic communities. River modification deteriothigertain habitats but also created new
habitats. Prolonged pollution changed the origgmmhmunities and caused the loss of certain
species, creating open niches for pollution-toleravaders. Major disturbances, such as the
Sandoz accident in 1986, subsequently enablednivesion of many new species which

reached unprecedented densities. The Rhine-Maindi@arCanal, opened in 1992-1993,
provided additional opportunities for the immigeattiof non-native species from the Ponto-
Caspian region, some of them being co-adaptedr Adtiuction of the pollution in the Rhine,

recolonisation seemed to favour invaders, rathem timative species. These invaders
suppressed the development of populations of napeeies. At the present day, the number

of invaders is still increasing.
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For the development of appropriate conservatioategies for the river Rhine,
detailed knowledge of the ecological consequendesvasive non-native species for the
native biota is required. The present review shives, in most cases, negative impacts of
invasive species on native species have been dédra® correlative evidence. Evidently,
there is an urgent need for experimental studiegt@mactions between invasive and native
species. Numerous rare native species in the Rdmeethreatened with extinction by the
combined impacts of environmental degradation apeécies invasions (e.g. b¥y.
polymorphd. From a conservation perspective, the habitatirements, population dynamics
and persistence of rare native species deserveased attention. Restoration to pristine
conditions is not feasible in the Rhine. Howeveyesal promising ecological restoration
projects are of vital importance to preserve thiasets of the originally unique biodiversity
of the river Rhine and its floodplain still pres¢oday.
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Abstract

The Asiatic clanCorbicula flumineanvaded the river Rhine in the Netherlands anch@aery

in the 1990s. It was first recorded in Switzerlafihasel) in 1995. We examined the
distribution of the clam at 76 sites along the bamfkhe river Rhine, in three tributaries
(Wiese, Birs, Ergolz) and in the Canal de Huninguehe region of Basel (Switzerland,
Germany and France) in 2003. flumineawas found in the river Rhine and in the Canal de
Huningue, which obtains water from the river Rhi@. flumineawas recorded 22 km
upstream of Basel, but not any further. This inisaa mean upstream spread of 2.4 km per
year. It had not yet colonized any of the tribigarexamined. The clam was most abundant on
fine-grained substrates (sand) with slowly flowisgallow water. This finding was confirmed
by a substrate choice experiment in the river Rhiar results show that the spreadQof
flumineain the river Rhine does not stop where cargo shgpends. Passive dispersal by
waterfowl and recreational boating may facilitatetlier upstream sprea@. flumineamight

be less successful in colonizing rivers with rapidrent such as the mentioned tributaries.

These are assumed to serve as refuges for natiescs

Key words Asiatic clam, invasive species, range expansahstrate choice
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Introduction

The spread of invasive species is generally rezegnias one of the major threats to
biodiversity (Meffe and Carroll 1997). The effectsnon-indigenous plants and animals on
natural communities in rivers and lakes are wetiuoented (Josefsson 1999, Westman and
Savolainen 2001, Donni and Freyhof 2002). For examptroduced mollusc species may
reduce or even eliminate native mollusc fauna bymetition (Byers 2000, Strzelec 2000,
Cowie 2002, Maronas et al. 2003). In other casewghier, introduced molluscs coexist with
native mollusc species (Pointier and David 2004).

The influence of the bivalv€orbicula fluminea(O. F. Miller, 1774) on indigenous
species is inconsistent. It can coexist with otiealves at some sites (Savannah River, South
Carolina, Leff et al. 1990; Ohio River, Ohio, Milland Payne 1998), but can also severely
affect native mollusc assemblages at other plaCeslgminea manilensi®hilippi, 1844,
Altamaha River, Georgia, Gardner et al. 1976; sediation basin at a nuclear power plant,
South Carolina, Boozer and Mirkes 1979; St. JohmerRFlorida, Belanger et al. 1990).

C. fluminea originating from Southeast Asia, began to exparttie 20th century. It is
now widespread in rivers of North and South Amersawell as in Europe. In the river
Rhine, C. flumineawas first recorded in the Netherlands in 1985 €Gléand Meier-Brook
1998). Since the clam was found in the Lower Rhihdas spread rapidly upstream most
probably with cargo ships. Six years later, thecgsewas found near Karlsruhe (Germany),
675 km upstream of Rotterdam, and in 1¥5flumineawas first reported in Switzerland
near Basel, 865 km from Rotterdam (Rey and Ortl2pp2). Den Hartog et al. (1992)
suspected that a spill of toxic waste (Sandoz aot)chear Basel in 1986, affecting the whole
river over hundreds of kilometres, contributed @ ttlams’ success because most of the
invertebrates were killed and, as a consequened, tithes were unoccupied. However,
independent of this accident, molluscan diversityhe river Rhine declined strongly in the
past 150 years because of huge river correctioniystrial pollution, organic sewage and
other invading species (Kinzelbach 1972). Compdmedhe North American diversity of
molluscs with 300 species of native unionid bivalvihe river Rhine appears to be species-
poor with 22 bivalve and 33 gastropod species (oliolg newly introduced species; IKRS
2002, Panama City Fish and Wildlife Service 2004).

In Europe, two Corbicula species are distinguishedCdrbicula fluminea and
Corbicula fluminalis O. F. Muller, 1774). To date, it is yet uncleanather moreCorbicula

species occur in Europe. A recent morphometricyaimalshowed that two distinguishable
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morphotypes with few intermediates coexist in flkkerrRhine (Pfenninger et al. 2002). DNA-
analysis resulted in three highly distinctive ggmpes without intermediates. Interestingly, the
morphological traits seem to be unreliable, sinath Imorphotypes showed all genotypes. For
that reason, Pfenninger et al. (2002) suggesteckfey to theCorbicula-complex. In our
study, 98.7% of the clams belonged to the morplotfC. fluminea It is therefore likely
that we are dealing with only one specie€ofbicula

It was hypothesized that the spreadCoflumineawould stop in the river Rhine where
cargo shipping ends (i.e. in Rheinfelden, 20 kntrneasn of Basel). We tested this hypothesis
by examining the current distribution 6f flumineain the river Rhine and its tributaries in
the region of Basel. We also assessed seasonalehanthe size structure ofGa fluminea
population in the Rhine. To test whether the sabstpreference of. flumineaobserved in
the river Rhine results from active choice, we aartdd a controlled choice experiment in
which three different types of substrates wereretfeto clams. Knowledge on the rate of
spread and the substrate preference of invasivasclould be helpful in managing river
structures to suppress spreading of the clam.

Material and Methods
Field survey

We examined the distribution &. flumineaat 76 sites along the bank of the river Rhine
(mean discharge: 1032°fg), in three tributaries (Wiese, 11.3/m Birs, 15.2 n¥s; Ergolz,
1.9 ni/s) and in the Canal de Huningue (12.8ghin the region of Basel. Substrate of these
tributaries was sampled qualitatively. Bottom sasphere taken along the river at distances
ranging from 200 m to 1 km in spring, summer anthiun 2003. Apart from the minimum
distance of 200 m, sampling sites were chosen di#pgion accessibility. For the river Rhine,
we focused on the bank in the city of Basel, thetieses near tributary estuaries and the
furthest upstream sites whete flumineawas known to occur (near Rheinfelden in 2001; C.
Oberer, pers. comm.).

At each sampling site ecological variables wepoiréed following Baur and Ringeis
(2002): altitude (range 23@80 m a.s.l.), width of the river, water depth et sampling site
(mean of three measurements), and water curreheaturface (classified into three groups
and measured with the use of a table tennis bah(mof five measurements): (0) standing
water, (1) slow< 0.3 m/s, and (2) fast > 0.3 m/s). Additionallye ttype of substrate (silt <
0.063 mm; sand: 0.062.0 mm; gravel: 2463.0 mm; stones 63-200 mm; boulders and
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bedrock > 200 mm; DIN 4022), light exposure of tiabitat (assigned to three classes: (1)
shady, (2) lightly sun-exposed, and (3) sun-exppsat the type of the habitat adjacent to
the river was assessed. We also recorded the typeedank.

The presence of. flumineawas recorded as follows: (0) absent, (1) emptyishe
present, and (2) living individuals (> 3 mm in $Hehgth) present. Where living clams were
found, their abundance was estimated according ¢y Bnd Ortlepp (2002): | B
individuals/nf), 1l (10-20 ind./nf), Il (21-50 ind./nf), IV (51-200 ind./nf), V (201-500
ind./mf), VI (501-1000 ind./m) and VII (> 1000 ind./f). For abundance estimates, substrate
including clams from an area of mvas sampled with a D-framed net.

We also examined the spatial distributiorCofflumineain a cross-section through the
river Altrhein (47° 38’ N, 7° 34’ E), a remnant tife former river Rhine (mean discharge 30
m3/s), 4 km north of Basel. Bottom samples were tadlemg a transect of 150 m from the
French to the German bank at depths ranging frono 160 cm. Depth and type of substrate
were recorded. The deepest part (37 m wide) cooldbe examined due to high water
current.

To examine seasonal changes in the size strucfuae€C. flumineapopulation, clams
were collected at intervals of approximately 6 we&km spring to autumn 2003 (10 March,
21 April, 29 May, 10 July, 21 August, 2 October)the same site in the river Altrhein.
Samples were obtained as described above. To ojute@miles, samples of 1 L bottom
substrate were dried at 80° C for 24 hours, puiubin sieves with mesh sizes of 6.3, 2.0, 1.0
and 0.2 mm and later examined under a binocularostope. Shell length and height of each
clam were measured with a caliper to the neardstn. For clams < 4.0 mm, a binocular
microscope with stage micrometre was used. Watempeeature was recorded at each
sampling occasion. Data on the water chemistryhefrtver Rhine were obtained from the
station Weil am Rhein (Germany) near Basel (AUE3J00

Substrate choice experiment

To examine the substrate preference&Cofluminea we conducted a field experiment in the
river Altrhein. The experimental design followed|&®ger et al. (1985) and Olabarria et al.
(2002). Four replicates with a total of 576 clameyevrun between July and October 2003. A
replicate consisted of six plastic containers (80in diameter, 15 cm deep), each of them
subdivided with plastic walls into three sectoreqtial size. Three containers were filled with
three different types of substrate (B) for testing the clams’ preference and three

containers were filled with the same type of sudistin all sectors to examine the distribution

45



CHAPTER2: CORBICULA FLUMINEAIN THE REGION OF BASEL

of individuals by chance (FA6; Figure 2.1). The following substrates were @msand (A,
0.2-2 mm, obtained from the river Altrhein, organic teatcontent (OMC) = 3.7%), fine
gravel with sand (B,-13 mm, from the river Rhine near Huningue, OMC =24)6and gravel
(C, 2263 mm, from the river Rhine near Huningue, OMC 898). It was hypothesized that
the animals will move to the sector containing thest preferred substrate. Before the
experiment, the substrates were dried at 80° @4on to remove benthic organisms. Plastic
containers were positioned in the river Altrheinsinch a way that the substrate surface was
situated at a depth of 288 cm. Individuals ofC. fluminea(> 12 mm in shell length) were
collected at the experimental site immediately befine tests. For each container 24 clams
were randomly assigned to three groups of eighviddals each. The 24 clams per container
correspond to a density of 340 individuals®/rithe clams of each group were labelled
individually using a water resistant paint markéne clams were placed group-wise on the
line separating two sectors (Figure 2.1). The segpposed to the current was referred to
position 1, the other sectors clockwise to positlband 1l (the current was parallel to the
wall separating sector Il and 1ll). The same praredvas used for the three containers with a
single substrate. An experimental trial lasteddrours. After 1 h, 7#80% of the clams were

already buried in the substrate, confirming theifigs of Belanger et al. (1985).
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Figure 2.1 Experimental design with the treatments-T@ to test the substrate preference of
Corbicula fluminea Containers were subdivided into three sectorsqofal size. Each sector
contained a substrate: A refers to sand, B to dirael with sand, and C to gravel. Dots on
the separating walls represent the clams’ stappiogitions. The arrow indicates the water
current.
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At the end of each trial we recorded the positibeach clam. Preliminary studies, in
which clams were placed in the centre of each sg&wealed immediate vertical movements.
Within a few minutes most clams started to inveggghe environment with their feet. Once

having moved to the preferred sector the clamsrbeghaury.

Statistical analyses

Data analysis was performed using StatView (Verddh Abacus Concepts, 1998). The
frequency of occurrence o€. fluminea in relation to different substrate types and
environmental variables was analysed using comticgetables. The effect of single
environmental variables on the presence/absenCe fiimineawas examined using a logistic
regression model. In the field experiment, deviadiof the clams’ substrate choice from a

uniform distribution (no choice) were analysed gstontingency tables.
Results

Field survey

Specimens ofC. flumineawere exclusively found in the river Rhine, in tlkanal de
Huningue, and in streams connected with the CaedaHuhingue (Figure 2.2). The Asiatic
clam could not be found in any of the tributariege®¢, Birs and Ergolz. Living specimens of
C. flumineawere recorded at 22 of 76 investigated sites (28.@mpty shells at a further 8
sites (10.5%). In the river Rhin€, flumineahas spread 22 km upstream of Basel as indicated
by two living individuals (both measuring 15 mmshell length) and two empty shells. At
other potentially suitable sites further upstre@mflumineawas not recorded in 2003.

In the river Rhine, the local density Gf flumineadecreased towards the current edge
of distribution. In the river Altrhein (7 km dowmsam of Basel), 208600 clams/rh were
recorded. In Basel, the density 6f flumineavaried from 5200 individuals/mi and at
localities situated upstream of Basel from2Q individuals/m. In the Canal de Huningue,
densities of 1650 individuals/m were recorded.

The occurrence d. flumineawas influenced by the type of substrafe 19.92,df =
4, P = 0.0005). The clam was most frequently found ioe fjrained substrates such as silt
(33.3%), sand (33.3%) and fine gravel (30.0%). Hardstrates such as bedrock and boulders

were never occupied by the clam, except for juesndf up to 3 mm shell length, which were

a7



CHAPTER 2: CORBICULA FLUMINEAIN THE REGION OF BASEL

Germany

©)
S
/\‘”3 o e}
, 3
L <& © X
6]
@)
@) Switzerland %
Q %

Rheinfelden

® C. fluminea present
® empty shells of C. fluminea

@) C. fluminea absent

B -

0

1 2 3 km

Figure 2.2 Distribution ofCorbiculaflumineain the surroundings of Basel in 2003.
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Figure 2.3 Seasonal changes in the size distributionCofbicula flumineain the river
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attached to large stones and other adult clamseM¢atrent also affected the occurrence of
C. fluminea(y* = 16.38,df = 3, P = 0.0009). Living clams were exclusively foundsiowly
running and standing waters. No effect of light @qyore, vegetation of the bank, water depth
at sampling site or river width of the site on firesence o€. flumineawas found (logistic
regression, in each caBe> 0.2).

The transect sampling across the river Altrhewveaded thatC. flumineawas most
abundant (up to 600 clams/on sandy substrates near the banks of the fivier abundance
decreased with increasing water current towardgnrtluglle of the channel. NG. fluminea
was found at places where the substrate consistdres.

The size distribution o€. flumineain the river Altrhein indicated the presence of a
well-established population (Figure 2.3). The silzgtribution recorded on 10 March 2003
showed four peaks which may refer to four cohdrtgl). Cohort 1 with a median shell length
of 19 mm was the oldest, followed by cohort 2 (patk shell length of 14 mm), cohort 3 (9
mm) and cohort 4 (2.2 mm). In April cohort 4 wagdyorepresented by empty valves and was
therefore not considered in the size distributionAugust, a new cohort (5) appeared with a
peak at a shell length of 4 mm.

In all cohorts, the growth rate was highest betwiday and October (Table 2.1), most
probably favoured by an increased water temperdfifeMarch: 7 °C; 21 April: 12 °C; 29
May: 15 °C; 10 July: 22 °C; 21 August: 24 °C; 02t@er: 17 °C) and food availability in
that period. However, the abundance of plant mtisien 2003 did not differ from the 10-year
mean value (Table 2.2).

Substrate choice experiment

In the substrate choice tests, clams did not bumggual frequencies in sectors with different
substrates (T4T3; y* = 14.68,df = 1, P = 0.0006; Table 2.3). The clams moved most
frequently into sectors containing sand (41.7%) besd frequently into sectors containing
fine gravel with sand (35.0%) or gravel only (23)3%hus,C. flumineashowed a preference
for fine substrates. The position of the differsnbstrate types in relation to the water current
did not influence the preference of the clagfs ¢.81,df = 1,P = 0.25). In containers with a
single substrate (F46), clams buried in equal frequencies in all sec{g® = 0.53,df= 1, P

= 0.77). Water current slightly influenced the ctmhoice of the sector in containers with a
single substrate (F6; y°= 6.79,df = 1, P = 0.034; Table 2.3). Most clams showed a
positive rheotaxis. However, the effect of the $tdis type was much stronger than the effect

of the water current (randomised positions of gabst types in  T4T3).
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Table 2.1 Mean shell length (SL; mm) and growth rateSL; mm/ 30 days) of each cohort in the river Adirhnin 2003. The age and the year of
spawning were estimated (a = first spawning; bcosd spawning) based on the shell length in Oct2bes.

Date Cohort
1 2 3 4 5
10 March SL 19.0 13.75 8.5 2.25
ASL 0.36 1.25 0.54 -
21 April SL 19.5 155 9.25 -
4SL 0.00 0.79 0.00 -
29 May SL 19.5 16.5 9.25 -
ASL 1.07 1.07 1.96 141~
10 July SL 21.0 17.0 12.0 8.0
ASL 0.71 1.43 2.50 2.32
21 August SL 22.0 19.0 15.5 11.25 4.0
ASL 0.18 0.18 0.71 1.25 1.25
2 October SL 22.25 19.25 16.5 13.0 5.75
10 March — 2 absolute SL  3.25 5.5 8.0 10.75 1.75
Oct. growth
ASL 0.47 0.80 1.17 1.57
Age; year of spawning 3+; 2000 2+; 2001 1+; 2002a 1-; 2002b 1-; 2003

* from March to July
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Table 2.2 Water chemistry data of the river Rhine at théi@iaWeil am Rhein (Germany).
Mean values and ranges were determined from fdriyignalyses. DOC: Dissolved Organic
Carbon; SM: Suspended Matter (AUE 2003, IKRS 2005).

Parameters 2003 1995-2004

Mean Range Mean Range
Oxygen (mg/l) 10.11 7.6-13.3 10.65 7.6-13.8
pH* 8.00 7.55-8.41 8.14 7.9-8.4
Temperature (°C) 14.0 3.5-26.7 12.6 3.8-25.3
Conductivity 4S/cm) 363.0 287.8-442.4 355.6 290.0-445
Discharge (nYs) 804.4 375-2125 1099.2 457-3216
DOC (mg/l) 2.18 1.57-3.52 2.07 1.1-3.8
SM (mg/l) 6.8 1.4-19.6 15.9 1-834.3
NH4" (mg/l) 0.069 0.0338-0.113 0.071 0.02-0.226
NOs (mg/l) 1.33 0.918-1.893 1.48 0.92-2.29
PO, (mg/l) 0.043 0.020-0.126 0.045 0.01-0.141

*data not available from the years 1999-2002

Table 2.3 Results of the substrate choice experiment. Fgyunelicate the number of
Corbicula flumineathat chose a particular substrate type. Data af feplicates are pooled.
Treatments are explained in Figure 2.1.

Substrate

Treatment Sand (A) Fine gravel with sand (B) Gravel (C)
T1 31 37 25
T2 44 31 21
T3 43 31 20
T4 32/34/36 - -
T5 - 35/26/34 -
T6 - - 34/35/27

& Corresponds to the number of clams found in tisose X/X'/X” in Figure 2.1.
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Discussion

C. flumineaarrived in Basel (Switzerland) in 1995 (Rey andl€pp 2002). In 1997C.
flumineawas found near Augst, 11 km upstream of Basel,iar®#001 near Rheinfelden, 20
km upstream of Basel (C. Oberer, unpubl. datapunsurvey,C. flumineawas recorded 2
km upstream of Rheinfelden in 2003, indicating amaepstream spread of 2.4 km per year in
the last 9 years. Compared with the annual dispdrsi@nce since the clam entered the river
Rhine in 1985, this is a low rate of spread (Gléaed Meier-Brook 1998). It is commonly
assumed that the clam was introduced and spreduhllast water of cargo ships (Morton
1986) and that the larvae colonize downstream ahlity the water currents independently of
shipping. Since cargo ships in the region of Baaely need ballast water, the clams must
have other means of dispersal. We found one-yeb€ oflumineaupstream of the barrage of
Rheinfelden where no cargo shipping occurs. Fromeiftélden upstream to the outlet of
Lake Constance;. flumineadoes not yet occur (personal communication froragtishery
inspectors: T. Stucki, K. Balsiger, J. Walter 2003»wever, new occurrences ©f fluminea
were reported from Lake Constance in August 2008r(\&r and Mortl 2004) and from Lake
Neuchéatel in November 2003 (Rey, unpublished daitad, most recently, in Lake Morat in
July 2005 (Fasel 2005). These new occurrences ssytrfrom independent non-intentional
introductions.

In a protected area of the Savannah River (Souwtfolita), waterfowl has been
suggested to displade. flumineaat least 1.2 km per year (Voelz et al. 1998). dugeC.
flumineause their mucous secretions (Prezant and Chalerafd, Dubois 1995, Schmidlin
2004) to stick to ducks’ feet and to fishes (Brate@and Vincent 2002), and thus might be
transported over large physical barriers such assdaf hydro-electrical power plants. Adult
clams can also attach to macrophytes by valve mosu getting stuck between the
filaments/threads of alga&lpdeasp.,Cladophorasp.), when the plants were pulled out of
the water (H. Durrer, pers. comm.; Schmidlin 20@%cidental transportation &@. fluminea
sticking on macrophytes (e.g. by recreational Inggtmay further contribute to its spread.

C. flumineais used as fish bait by fishermen (Cazzaniga am@2°1999, Brancotte
and Vincent 2002) and sold as aquarium or pondsaocg in pet shops and garden centres
(Werner and Moértl 2004). When cleaning an aquaritime, clam might be released into
streams or lakes, as has been done with the gads&hysellacf. acuta and Planorbella
spp. (Horsak et al. 2004). It is assumed that boti-intentional and deliberate introduction
of C. flumineaare important factors increasing the spread sfspecies.

Of the ecological variables examined only substtgpe and water current affected
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the occurrence df. fluminea However, because substrate type (grain sizerielated with
water current (Dudgeon 1982Y. flumineawas most frequently found at sites with fine
sediments and slow water current. Several hypothesay explain the occurrence Gf
fluminea First, water current is an important factor irtedmining successful colonisation
because it also determines food supply. The doeastrincrease of phytoplankton depends
on flow duration, generation time of phytoplanktand increasing nutrient concentration
(Yang et al. 1997). The outlet of Lake Constance #ie numerous reservoirs adjacent to
dams may provide sufficient phytoplankton r flumineaand other organisms living in the
Rhine. In the turbulent tributaries examined, thedpctivity of seston, foremost micro-algae,
could be limited and therefore not alldv flumineato reproduce, even though the clam is
able to pedal-feed (Hakenkamp and Palmer 1999 gBRpg et al. 2000, Mouthon 2001a,b).
Another hypothesis relates to the changing amotintater: Invasive clams may be
sensitive to fluctuations in water height and cotréperiodic sediment turnover and
transportation, falling dry; Rey et al. 2004). Haeg variation in water height and current
are less pronounced in the river Rhine than inttheitaries examined. Furthermore, low
water temperature has been suggested to limitpgiead ofC. fluminea(Schdll 2000). In the
rivers examined in the present study, the watep&ature of the tributaries Birs and Ergolz

is not lower than that of the river Rhine.

Size distribution

In the population examined in the river Altrheinewecorded slightly different size

distributions compared with those found in the UpRRine near Mainz (Meister 1997). The
Altrhein population most probably contained 2- tgear-old clams in October 2003, while 4-
to 5-year-old individuals were found near Mainzo®th conditions in the Altrhein may be

more similar to those of the river Saone in Frafdeuthon 2001a). Saone populations are
characterised by a single annual reproduction gdestarting in May or June and ending in
September or October. In our study, the spawnimgpgenost probably occurred in June and

July because the first juveniles were recordedugust (cohort 5).

Substrate choice experiment

The results of our substrate choice experimenticuogetl field observations and experimental
evidence of Belanger et al. (1985), who found thaflumineaprefers fine substrates, which
contain more organic material (= potential foodgrtfrcoarse ones (Dudgeon 1982). It could

be expected that the clam moves to the substratehwirovides the most food. In our
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experiment gravel contained most the organic maiténe form of hard layers consisting of
fine sediments. However, in this form organic nraiteonly separable at high temperatures
(700 °C) and therefore cannot be usebyluminea

Our choice experiment also showed that the doeatif water current can influence
clam behaviour in homogeneous substrates (consaii@T6). A positive rheotaxic
behaviour allows the clams to move upstream withoitthhiking. However, since the
majority of adult clams are buried in the substréite effect of current direction might be
small. Molluscan upstream movements are frequeaplained by search for food or space,
compensation of drift, avoidance of predation aryd hydrodynamic and biomechanical

effects (Huryn and Denny 1997).

Effects on other species

C. flumineacould become a threat to other organisms, if ésuke same resources as other
species. The most important resources to the clans@ace and food. The favoured spatial
resource, different types of fine substrate, i® alsed by unionids. Four species of unionids
are known to occur in the region of Basel (Gloat Meier-Brook 1998). In 2000, only empty
shells of the clamBlnio pictorum(Linnaeus, 1758) andnio tumidugPhilipsson, 1788) were
found (Rey and Ortlepp 2002}. flumineamay compete with filter-feeders (other bivalves)
and also with benthic consumers of organic matter.

Indeed, a preliminary study indicated that the losglan assemblage experienced
profound changes in the river Rhine near Basel &éeti994 and 2003 (Schmidlin 2004). In
1994, C. flumineadid not yet occur at the two sites examined ineéBgBaur and Ringeis
2002). Nine years later, howevet, flumineawas together with the gastropdkhcylus
fluviatilis (O. F. Muller, 1774) the most abundant molluscbath sites and gastropod
diversity has decreased. This decrease in spe@bgess could partly be a result of
competition withC. flumineafor space and food (Schmidlin 2004). The recemasion of
other species such as the polychBlgpania invalida(Grube, 1860) and the amphipods
Chelicorophium curvispinur(Sars, 1895) anBikerogammarus villosugSovinsky, 1874) put
additional pressure on native communities (Rey @nikepp 2002). However, experimental

studies are needed to determine the impa€t dfumineaon native molluscan assemblages.

Conclusions

Our data show that the current distribution@fflumineain the river Rhine does not stop
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where cargo shipping ends. But the expansion otldra is slow in comparison to the former
spread in the river Rhine. Natural upstream movéshef bivalves are hardly known.
However, passive dispersal by waterfowl and remeal boating may facilitate further
upstream spread &. flumineain the river Rhine. The substrate choice experinséowed
that C. flumineaprefers fine grained sediments. flumineaseems to be less successful in
colonizing rivers with rapid current such as tharaxed tributaries, in which the preferred
substrate is less abundant. These tributaries miase sas refuges for native molluscs. Our
study documents the initial phase of the invasiénCo flumineain Switzerland. Most

probably, this invasive species will further expamdl colonize other rivers and lakes.
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Chapter 3: Separate introductions but lack of genet variability
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Abstract

This study documents the spread of the invasiva €arbicula spp. in Switzerland since its
first record in the River Rhine in 1995. Clams weesvly recorded in several Swiss lowland
lakes whose interconnecting rivers have not yenbmsonized. We present evidence for
separate introductions of an identical haplotypeCofbicula flumineainto five lakes in
Switzerland in the years 2003—2010 based on thechroindrial DNA-sequence of the COl in
specimens sampled. This suggests passive dispdrtfad clam by human activities and/or
waterfowl. All but one of the 72 genetically anagsindividuals were assigned to a single
haplotype FW5 and to the species nathdluminea.Recent records of specimens, which
were not genetically analysed, displayed all thelshorphology ofC. fluminea confirming

the dominance of this clam in Swiss rivers anddake

Key words: alien species, DNA sequencing, COI, invasive g®cirange expansion,

Corbicula, Switzerland

Introduction

The basket clanCorbicula fluminea(Mduller, 1774) originating from South-East Asiaasv
first recorded in Europe in the estuaries of thedogne (France) and the Tagus (Portugal) in
1980 (Mouthon 1981), and in the Lower Rhine in Netherlands in 1985 (Bij de Vaate and
Greijdanus-Klaas 1990). In 199C, flumineawas found near Karlsruhe in the Upper Rhine
and, in 1995, the clam was reported near Basehitz&land (Rey et al. 2004). It is assumed

that transportation by cargo ships is responsibletlie rapid spread in the River Rhine
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(Tittizer 1997, Leuven et al. 2009). Upstream o$@&awhere cargo shipping stops, the spread
of this invasive clam has been less rapid (Schmidihd Baur 2007). Early in 200€.
flumineawas only found in the River Rhine from Basel to tomfluence of the River Aare
(Table 3.1). At that time, no individuals Gf flumineawere found in other rivers connecting
the lowland and pre-alpine lakes. However, isolaiedurrences of the clam were reported
from sites in Swiss lakes and the Austrian parta@fe Constance, indicating independent
introductions (P. Stucki pers. communication; Weired Mortl 2004).

The rapid spread and persistence&Coflumineathroughout Europe, North and South
America is related to its high growth rate, eanmhset of maturity, high fecundity, variety of
reproductive strategies (Komaru et al. 1998, Heelkal. 2008) and its ability to tolerate a
wide range of environmental conditions (Mattice dbge 1976, McMahon, 1983, 2002,
Mualler and Baur 2011). In the River Rhin€, flumineareaches densities of up to 10,000
individuals per r (Miirle et al. 2008)C. flumineaclogs water intake pipes, electric power
plant cooling systems and sewage treatment pleatsing enormous damage (Pimentel et al.
2007). In the U.S.A., costs associated with th@ésrclare estimated to be more than US$ 1
billion per year (OTA 1993). As a dominant speashe macrozoobentho€,. flumineais
involved in sequestering a large proportion of¢hebon available for benthic production and
consequently altering the ecosystem functioningug8oet al. 2008). The invasive clam
decreases the abundance of benthic flagellategerimcand diatoms and affects other
organisms by bioturbation of sediments (Hakenkatrgd. 2001). Valves of dead. fluminea
however, can increase the surface area and subdivatrsity of sandy bottoms resulting in an
increase of benthic invertebrates (Werner and Rathh2007, Schmidlin et al. 2011).

Corbicula fluminalis (Muller, 1774), another basket clam with similahel
morphology, was also introduced to Europe in thst giecades (Alf 1992, Bachmann and
Usseglio-Polatera 1999). According to the desaiptf the two specie£;. flumineahas a
round shell, wherea8. fluminalishas a more saddle-shaped shell (see also Marestalix
2010). Based on morphological analyses, Renartd €2G00) stated that the two species can
be distinguished based on the shape of the shetbntrast, Pfenninger et al. (2002) showed
that the distinction of these species is probletndgcause an intermediate morphotype
occurs. Moreover, examining mitochondrial and naicleNA, Pfenninger et al. (2002) and
others (Lee et al. 2005, Hedke et al. 2008) foured the two species are not reciprocally
monophyletic. These findings suggest that the sovidely used species namés. fluminea
andC. fluminalig represent two distinct species with interspeaine flow or, alternatively,

they are a result of an incorrect systematic séparaf a single species. A recent paper
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Table 3.1 A. Locations ofCorbicula spp. sampling sites, and number of individualsdule the COI analysis, assigned species, forms and
haplotypes (in format: species-form-haplotype),ryeasampling and year of first record at the IdgaB. Locations of new records of the species
Corbiculaflumineain Switzerland.

. . _Nu_m_ber of . . Reference
No . LatitudeLongitude Year of individuals : First .
A Location Country NP E°  samplinggenetically Assignment Collector ord of first
analysed record

1 River Rhine, harbour of Basel Switzerland.589 7.591 2008 1 C. flumineaR-FW5 D. Kiry 1995 a

2 River Rhine, harbour of Switzerland47.561 7.632 2008 2 C. flumineaR-FW5 D. Kiry 1995 a
Birsfelden 1 C. fluminalisS-FW17

3 River Rhine, Augst Switzerland7.539 7.714 2006 6 €. flumineaR-FW5 S. Schmidlin 2003 b

4 Rigole, Petite Camargue France 47.625 7.534 2006 5 &. flumineaR-FW5 S. Schmidlin 1999 ¢
Alsacienne, St. Louis-la-
Chaussée

5 Altrhein, remnant of former Germany 47.624 7.572 2006 6 &. flumineaR-FW5 S. Schmidlin 1994 d
River Rhine, Markt

6 Lake Rotsee near Luzern Switzerla#hd 064 8.304 2008 6 €. flumineaR-FW5 P. Steinmann 2006 e

7 Lake Murten near Sugiez Switzerland.955 7.119 2008 6 &. flumineaR-FW5 S. Schmidlin 2005 f

8 Lake Neuchéatel near Portalban Switzerl&®d924 6.952 2006 6 &. flumineaR-FW5 S. Schmidlin 2003 g

9 Lake Geneva near Morges Switzerla#®l503 6.494 2010 6 &. flumineaR-FW5 B. Lods- 2008 h

Crozet

10 River Sadne near Lyon France 45.79%4.830 2006 6 &. flumineaR-FW5 J. Mouthon 1994 i

11 Lake Constance, Rohrspitz Austria 47.500.683 2006 6 &. flumineaR-FW5 S. Werner 2003

12 River Donau, Schiffmihle OrtlAustria 48.123 16.709 2008 4 L. flumineaR-FW5 A. Heusler 1999 Kk
near Vienna

13 River Oder near Frankfurt a. dGermany  52.347 14.557 2008 6 €. flumineaR-FW5 O. Miller 2007 I
Oder

14 River Elbe near Dresden Germany 51.02B.700 2008 6 €. flumineaR-FW5 K. Schniebs 1998 m
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Table 3.1 continued

. . . . Reference
Country LatltydeLonglotude Assignment Collector First of first

B New records in Switzerlai N E record o org

15 Lake Constance near Switzerland47.634 9.246 C. flumineaR ANEBO 2009 n
Minsterlingen

16 River Ron, outlet of Lake Switzerland47.077 8.329 C. flumineaR H. Vicentini 2006 o]
Rotsee

17 River Suhre, outlet of Lake  Switzerland47.162 8.121 C. flumineaR H. Vicentini 2007 0
Sempach

18 Lake Zurich Switzerland7.270 8.634 C. flumineaR L. De Ventura 2010 p

19 Lake Biel near le Londeron Switzerladd.053 7.074 C. flumineaR P. Stucki 2006 g

20 River Aare, Dottingen Switzerlantl7 .568 8.254 C. flumineaR P. Steinmann 2006 e

21 River Aare, Brugg Switzerland7.485 8.214 C. flumineaR P. Steinmann 2010 e

22 Canal Aare near Aarau powerSwitzerland47.394 8.029 C. flumineaR W. Hess 2009 ¢
station

23 River Reuss near Hinenberg Switzerl&dTdl54 8.400 C. flumineaR P. Steinmann 2010 e

24 Lake Geneva, Bouveret Switzerland.389 6.859 C. flumineaR B. Lods- 2008 h

Crozet
25 Spittelmattbach near Basel Switzerlahtl576 7.624 C. flumineaR D. Kiry 2008 r
26 River Aare, Oftringen Switzerlardi7.320 7.898 C. flumineaR M. Karsai and 2011 this study
A. Lanker
27 River Aare, Wynau Switzerlardl7.263 7.806 C. flumineaR A. Kirchhofer 2011 S
28 River Rhine, near Rietheim Switzerland.614 8.260 C. flumineaR B. Baur 2011this study

a: Rey et al. (1997); b: Rey et al. (2004); c: Muann (2000); d: Schall (1995); e: P. Steinmanns.psmm. f: Fasel (2005); g: P. Stucki, pers.
comm.; h: B. Lods-Crozet, pers. comm.; i: Mouth®894); j: Werner and Mortel (2004); k: Fischer &uhultz (1999) (Austria); I: Mdller et al.
(2007); m: Scholl (1998); n: ANEBO (2011);0: H. ¥rini, pers. comm.; p: L. De Ventura, pers. comgqn\V. Hess (2009); r: D. Kury, pers.
comm.; s: A. Kirchhofer, pers. comm.
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suggests that the gen@orbicula could be considered as a polymorphic species empl
(Pigneur et al. 2011). However, Pigneur et al. (30did not suggest any change in the
taxonomical nomenclature (e.g. synonymi-zation).

According to the rules of taxonomy the actual sggeaames. flumineaand C.
fluminalis) are consequently still valid.

Here we present new data on the sprea@abiculain Switzerland. We examined
the mitochondrial DNA-sequence of the cytochromadase subunit | (COI) in each
specimen sampled in recently colonized lakes inZarand and several European rivers. To
facilitate comparisons with previous and future ejenstudies and to contribute to the needed
revision of Corbicula, we present the taxonomic species name togetharavform and a
haplotype code following Pigneur et al. (2011). 3hQ. fluminea/form R/haplotype FW5
denotes individual(s) assigned to the spe€lesluminea(i.e. taxonomical description) to a
round (R) form (possible categories are: R: ro8idaddle and Rlc: round light coloured, see
Pigneur et al. 2011) and to a mitochondrial hapleti#W5 (see Pigneur et al. 2011).

Methods

First, we compiled the information on the recemg@expansion aCorbiculain Switzerland
between 1995 and 2011 using the following souraegn field observations, personal
communications from several researchers and datad@inpublished reports.

For the genetic analysi§orbicula samples were obtained from five lakes (four in
Switzerland and one from the Austrian part of L&kenstance) and six rivers in Central
Europe between 2006 and 2010 (Figure 3.1, Table Glams were preserved in 70% ethanol
and kept at 5 °C until analysis. Total DNA was agted from foot muscle tissue using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hontiitikon, CH). A 659-bp fragment of
the mitochondrial cytochrome oxidase subunit | (C@s amplified for 72 specimens using
the standard universal primers (see Folmer 199dnpkes were amplified for 40 cycles
following the protocol of Pfenninger et al. (20Qfjer initial incubation at 94 °C for 3 min.
Sequencing was outsourced to ecogenics GmbH (Z&atheren, CH;
http://www.ecogenics.ch), which uses Applied Bidegss 3100 automated sequencer. Both
strands (forward and reverse) were sequenced fosaahples. To avoid contaminations
between samples, PCR reactions were run at diffgzeriods and negative controls were
added in each reaction group. Base pairs were edeckanually and aligned using
CodonCode Aligner version 3.7.1.1 (CodonCode Catpam, Dedham, US). Haplotypes

obtained were compared with published COI sequeot€orbicula available on GenBank.
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Figure 3.1 Records ofCorbiculaspp. in Switzerland. Green squares refer to théohge FW5, the orange triangle to the haplotypellAWn this
study each individual with FW5 haplotype was assigto the form R and to the species n&ndélumineaand each individual with FW17 to the
form S and to the species na@efluminalis.Empty squares refer to individuals©f flumineaform R which were not genetically analysed.
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Results

The compiled new records demonstrated the furthegasl ofCorbicula fluminedform R in
Switzerland since 1995 (Table 3.1, Figure 3.1)tha River AareC. flumine#orm R was
found near Wynau, Oftringen, Brugg and Aarau, & Biver Reuss near Hinenberg, in the
River Suhre near Oberkirch at the outlet of Lakena&ch, in the River Ron near the outlet of
the Lake Rotsee, in a side brook of the River Wigsar Basel and in the River Rhine from
Basel to Rietheim, a few kilometres upstream of domfluence with the River Aare.
Furthermore, the clam was also detected in Lakesst@ace (2003), Neuchatel (2003),
Murten (2005), Rotsee (2006), and Biel (2006), L&eaneva (2008) and Lake Zirich (2010;
Table 3.1B, Figure 3.1). However, large sectionghef interconnecting rivers are not yet
invaded by the clam. In the lakes, all records waesle close to harbours or canals (Lakes
Neuchatel, Murten, Rotsee, Geneva and Constanoe)ohtrast, one specimen @f.
fluminaligform S was exclusively found in the region of Basdhe River Rhine.

Seventy-one of the 72 individuals that were geadlti analysed share the FW5
haplotype (following Pigneur et al. 2011) and cobdédtaxonomically assigned @ fluminea
and morphologically to thtorm R (Table 3.1A). Thus, 7C. flumineaspecimens sampled in
Lakes Constance, Neuchatel, Murten, Rotsee, Geareyan the Rivers Rigole, Sabne, Oder,
Elbe, Danube and the Rhine (Basel, Birsfelden andysf§ belong to the groult.
fluminedform R/haplotype FW5. One of the two individuatdlected in the River Rhine near
Birsfelden had a saddle-shaped shell and was a&sbkigC. fluminalisform S/haplotype
FW17 (Table 3.1A, Figure 3.2). Thus, individualsttwa distinct shell form and discrete

haplotype coexist at this locality.

Discussion

The present study illustrates the most recent dppg&orbiculain Switzerland. Clams were
newly recorded in several lowland lakes whose amenecting rivers are not yet colonized.
This suggests passive dispersal of the invasiva blahuman activities or animal vectors and
independent introductions. The transport of pleafmats from lakes to lakes and from rivers
to lakes is the most probable pathway for the thimion of Corbicula into the lakes
examined. For example, Lake Rotsee is well-knowntfinternational rowing regatta (e.g.
the World Championship in 2001). The transport @iving boats from regatta to regatta

increases the probability of introduci@prbiculato other water bodies. Recreational boating
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Figure 3.2 Distribution of Corbicula with known haplotypes in Europe (not all sites shewn). Capitals refer to the authors: R: Renardl.e
(2000), P: Pfenninger et al. (2002), S: Sousa.e2807) B: sequences published by Badis in Genliar2#010, M: Marescaux et al. (2010) and
combined data from GenBank. Figures (1-14) indi¢chte sampling sites of the present study (see B&#die 1A). Coordinates of additional
sampling sites are listed in the Appendix 1.
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is generally assumed to contribute to the dispesgallien species (Burgin and Hardiman
2011).

Passive transport @@orbicula by waterfowl is another possible pathway for dista
transportation of clams. Lowland lakes in Switzedaerve as resting and feeding places for
over-wintering water birds (Keller and Burkhard 2D1During the winter season waterfowl
frequently cross Switzerland from Northeast (Lalan§tance) to Southwest (Lake Geneva),
providing opportunities for passive transportatiénsimilar range expansion @orbicula
has been recorded in lakes in the United Statesnipson and Sparks 1977). There, the
spread of the invasive clam was related to the atign corridors of waterfowl. Passive
dispersal on bird feet or in feathers seems toikedyl due to sticky mucous secretions of
juvenile clams, which facilitate attachment (Voetzl. 1998, Brancotte and Vincent 2002).

The lack of genetic diversity found @orbiculaspp. in Switzerland is not unexpected.
Other studies reported similar low levels of gemdtversity. For instance, Siripattrawan et al.
(2000) recorded a single haplotypeQorbiculasamples from Michigan and North Carolina,
which was genetically distinct from the single twppe found in specimens collected in Utah
and New Mexico.

IntroducedCorbicula populations from temperate, subtropical, and tralpiocalities
in North and South America were also dominatedHgydame haplotype, demonstrating its
wide geographical range (Lee et al. 2005, Hedlkd. &2008). This most widespread lineage is
the same both in Europe and America. In Europss, lthaiplotype occurs from the Iberian
Peninsula to the Black Sea (Rhine: Pfenninger e2@02; Danube: GenBank sequences
provided by Bdédis et al. 2011; Loire: Renard et 2000; Minho: Sousa et al. 2007).
Introductions from a single locality and/or postetosation from other introduced
populations could partly explain the low genetigedsity found in Europe and North and
South America. However, this haplotype is also ohéhe most common haplotypes in the
clam’s native range (haplotype FWS5; Park and KinD3)0 Introduced individuals of
Corbicula may reproduce by androgenesis, a relatively randenof asexual reproduction
(Komaru et al. 1998, Hedtke et al. 2008). This fasmreproduction reduces the genetic
diversity. However, asexual reproduction is a comm@ans to become invasive despite low
genetic diversity (Roman and Darling 2007).

In our study, the only site with a co-existencévad haplotypes (FW5 and FW17) was
in the River Rhine near Birsfelden where internadlocargo shipping is possible. Haplotypes
other than FW5 have been recorded at much lowguémcy in Europe (Pfenninger et al.

2002). Thus, competitive interactions among diffiér@aplotypes should be considered.
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Darrigran (1991) suggested that clams identifiedCasbicula flumine&orm R/haplotype
FW5 have some competitive advantage over oBwbicula species with FW17 haplotype.
In the La Plata region of South America, haplotyp@&/17 has been replaced almost
completely by the dominant haplotype FW5 (Darrigi®91, Lee et al. 2005). Considering
the high abundance and wide distribution of hapetyrW5 in Europe and the clam’s
tolerance to low temperatures (Muller and Baur 201tlis not surprising to find this
haplotype in the newly colonized lakes in Switzeda

Mitochondrial haplotypes can be unambiguously fifiexd. In our study, haplotypes
corresponded to species and forr@s fluminea form R/haplotype FW5C. fluminaligform
S/haplotype FW17). However, the species statusinrsmancertain. Specimens collected by
Pfenninger et al. (2002) and the sample analysedisnstudy in the River Rhine harbouring
the haplotype FW17 belong to the same lineage ehdplotype IV from the river Rhéne
analysed by Renard et al. (2000). Interestinglgs¢hindividuals with haplotype IV had the
round shell form ofC. fluminea(C. flumine#orm R/haplotype FW17, see also Pigneur et al.
2011). Several other studies showed mismatcheskataperational taxonomic units (OTUS)
and operational genetic units (OGUs, Renard &Ql0, Siripattrawan et al. 2000, Pfenninger
et al. 2002, Glaubrecht and Korniushin 2003, Pankl &im 2003), possibly due to
androgenesis. Based on findings in freshwater @bjoms of Corbicula Lee et al. (2005)
concluded that any systematic interpretation rglyaxclusively on mitochondrial lineages
could be misleading due to discrepancies betwedochondrial and nuclear markers. This
highlights the need to analyse both morphological genetic (mitochondrial and nuclear)
variation in future studies.

There is an increasing interest in incorporatiegegic analyses into biomonitoring
programs (DeWalt 2011). Any discrepancy between Odndl OGU-based analyses (Pilgrim
et al. 2011) requires a detailed consideratiorhefdorrespondence between taxonomic and
genetic units. In this case, we advocate a paraflsignment of individuals to both an OTU
and an OGU until the taxonomic nomenclature incaaf@s recent evidence of genetic

analyses.
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Appendix 1

Appendix 1 Locations ofCorbiculaspp. records in Europe. Coordinates were extragtbdr from the references or they were addedrdotgpto

the localities mentioned in the literature. Lodabtwere ordered following the authors: R: Renaral.g2000), P: Pfenninger et al. (2002), S: Sousa
et al. (2007), M: Marescaux et al. (2010), B: Boeisal. (2011), Q: Pigneur et al. (2011). *Indicataismatch between species and haplotype.
Remark: Pigneur et al. (2011) did not assign irdiials to a species.

Location Country Latitude N ° Longitude E ° Species  Morphotype Haplotype Author
Loire, Nantes France 47.02 -1.50 C. fluminea R I R
Loire, Nantes France 47.02 -1.50 C. fluminea R Il R
Garonne, Golfech France 44,12 0.83 C. fluminea R I R
Rhone, Jonage France 45.80 5.03 C. fluminea* Rlc \Y R
Moselle, Argancy France 49.20 6.20 C. fluminea R I R
Moselle, Argancy France 49.20 6.20 C. fluminalis S \% R
Meuse, km 252 Netherlands 50.84 5.71 C. fluminalis S \% R
Rhine, Dordecht Netherlands 51.78 4.75 C. fluminalis S \% R
Rhine, Dordecht Netherlands 51.78 4.75 C. fluminea R I R
Oise France 49.41 2.81 C. fluminea R M
Seine France - - C. fluminalis S M
Gard France 43.86 4.61 C. fluminea R, Rlc M
C. fluminea
light coloured

Danube, near Paks Hungary 46.58 18.87  C. fluminalis S ZF80 B
Danube, near Paks Hungary 46.58 18.86 C. fluminea R Hap97 B
Danube, near God Hungary 47.68 18.86 C. fluminea R Hap98 B
Weser km 360, Bremer Germany 53.05 8.88 C. fluminea R H2 P
Weserwehr Canal

Weser km 360, Bremer Germany 53.05 8.88 C. fluminea R H2 P

Weserwehr Canal

73



CHAPTER 3: SEPARATE INTRODUCTIONS OEORBICULASPP IN SWISS LAKES

Appendix 1 continued

Location Country Latitude N ° Longitude E ° Species  Morphotype Haplotype Author
Moselle km 141, Wintrich Germany 49.86 6.93 C. fluminea R H2 P
Moselle km 21, Lehmen Germany 50.32 7.47 C. fluminea R H2 P
Moselle km 2, Koblenz Germany 50.37 7.58 C. fluminea R H2 P
Moselle km 166, Detzem Germany 49.80 6.85 C. fluminea R H2 P
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminea R H2 P
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminea R H2 P
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminea R H2 P
Rhine km 493, Ginsheim? Germany 49.96 8.35 C. fluminea R H2 P
Weser km 360, Bremer Germany 53.05 8.88 C. fluminea R H24 P
Weserwehr Canal
Moselle km 21, Lehmen Germany 50.32 7.47 C. fluminea R H12 P
Moselle km 166, Detzem Germany 49.80 6.85 C. fluminea R H11 P
Sabdne near Macon France 46.32 4.82 C. fluminea R H29 P
Saone near Macon France 46.32 4.82 C. fluminea R H28 P
Moselle km 141, Wintrich Germany 49.86 6.93 C. fluminea R H14 P
Moselle km 141, Wintrich Germany 49.86 6.93 C. fluminea H10 P
Moselle km 141, Wintrich Germany 49.86 6.93 C. fluminea R H13 P
Saone near Macon France 46.32 4.82 C. fluminea R H27 P
Seine near Fontainebleau France 48.41 271 C. fluminea R H31 P
Rhéne near Lyon France 45.74 4.83 C. fluminea Rlc H25 P
light coloured
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminalis S H4 P
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminalis S H9 P
Rhine km 493, Ginsheim Germany 49.96 8.35 C. fluminalis S H5 P
Rhine km 493, Ginsheim Germany 49.96 8.35 C. fluminalis S H1 P
Rhéne near Lyon France 45.74 4.83 C. fluminea Rlc H26 P
light coloured
Rhéne near Lyon France 45.74 4.83 C. fluminea Rlc H8 P
light coloured
Rhine km 492 RHA, Ginsheim Germany 49.97 8.35 C. fluminalis S H6 P
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Appendix 1 continued

Location Country Latitude N ° Longitude E ° Species  Morphotype Haplotype Author
Rhine km 493, Ginsheim Germany 49.96 8.35 C. fluminalis S H3 P
Minho, O Carrascal Portugal 41.91 -8.82 C. fluminea R Sousad S
Minho, O Carrascal Portugal 41.91 -8.82 C. fluminea R Sousal S
Minho, Cerveira Portugal 41.96 -8.75 C. fluminea R Sousad S
Minho, Cerveira Portugal 41.96 -8.75 C. fluminea R Sousa2 S
Minho, Valenca Portugal 42.05 -8.56 C. fluminea R Sousa4 S
Minho, Valenca Portugal 42.05 -8.56 C. fluminea R Sousa3 S
Minho, Caldelas de Tui Portugal 42.05 -8.60 C. fluminea R Sousad S
Minho, Caldelas de Tui Portugal 42.05 -8.60 C. fluminea R Sousa3 S
Minho, Eirado Portugal 42.08 -8.52 C. fluminea R Sousad S
Minho, Eirado Portugal 42.08 -8.52 C. fluminea R Sousa2 S
Lima, Geraz Portugal 42.73 -8.68 C. fluminea R Sousad S
Meuse, Revin France 49.94 4.64 R FW5 Q
Meuse, Vireux-Molhain France 50.09 4.72 R FW5 Q
Meuse, Chooz France 50.10 4.81 R FW5 Q
Meuse, Heer-Agimont Belgium 50.17 4.82 R FW5 Q
Meuse, Hastiere Belgium 50.22 4.82 R FW5 Q
Meuse, Waulsort Belgium 50.20 4.87 R FW5 Q
Meuse, Dinant Belgium 50.26 491 R FW5 Q
Meuse, Houx Belgium 50.30 4.90 R FW5 Q
Meuse, Godinne Belgium 50.35 4.87 R FW5 Q
Meuse, Riviére Belgium 50.36 4.87 R FW5 Q
Meuse, Talifer Belgium 50.39 4.88 R FW5 Q
Meuse, Beez Belgium 50.47 491 R FW5 Q
Meuse, Sclayn Belgium 50.49 5.03 R FW5 Q
Meuse, Huy Belgium 50.52 5.23 R FW5 Q
Meuse, Tihange Belgium 50.53 5.26 R FW5 Q
S FW17
Meuse, Amay Belgium 50.55 5.31 R FW5 Q
S FW17
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Appendix 1 continued

Location Country Latitude N ° Longitude E ° Species  Morphotype Haplotype Author

Meuse, Liege-Monsin Belgium 50.67 5.64 R FW5 Q

Meuse, Hermalle-sous- Belgium 50.71 5.68 R FW5 Q

Argenteuy

Meuse, Lixhe Belgium 50.76 5.68 R FW5 Q

Meuse, Cuijk Netherland 51.73 5.88 R FW5 Q

Meuse, Alem Netherland 51.79 5.35 R FW5 Q

Rhine-Meuse delta, Moerdijk Netherland 51.68 4.60 R FW5 Q
S FW17

Rhine-Meuse delta, “Midden” Netherland 51.76 4.21 R FW5 Q
S FW17

Seine, Posés France 49.31 1.23 R FW5 Q
S FW17

Rhine, KoéIn Germany 50.94 6.96 R FW5 Q
S FW17

Rhoéne, Creys France 45.73 5.49 R FW5 Q
Rlc FW4
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Chapter 4: Alien molluscs affect the composition and diversityf
native macroinvertebrates in a sandy flat of Lake Muchatel,
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https://springerlink3.metapress.com/content/j15888W2x025

Abstract

The spread of alien molluscs is a serious threatatove biodiversity in fresh waters. Alien
freshwater molluscs may deplete the resources tvenapecies and alter the physical
structure of the habitat through their shell m3$sgese changes might have both positive and
negative effects on native community members. Westigated the native macroinvertebrate
community in relation to the densities of four alinollusc speciesQorbicula fluminea
Dreissena polymorph&otamopyrgus antipodarumnd Lithoglyphus naticoidgsin a sandy
flat of Lake Neuchéatel, Switzerland. The habitaamned was dominated by these alien
mollusc species. The abundanaethe alien molluscs did not directly impact thative
community assembly. Howevet, flumineaandD. polymorphainfluenced the composition
and diversity of native macroinvertebrates by tfamsing the sandy substratum into a partly
hard substratum habitat. Substantial differencesommunity composition between shallow
(<3.5 m) and X5 m) deep sites were recorded. At shallow sites, dhundance obD.
polymorphawas significantly reduced as a result of deptedale feeding of ducks. A
controlled shell decay study revealed that sheflsalien molluscs €. fluminea D.
polymorpha persist for a longer period in the sediment thhose of native molluscs.
Consequently, shells of alien molluscs have a lasgng impact by modifying the sandy
habitat. This form of ecosystem engineering favahesoccurrence of several native taxa, but
is disadvantageous for other taxa with specifiataalbequirements, and thus can be regarded

as an indirect impact of competition.
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Key words:alien species, lake littoral, macroinvertebrat€sybicula fluminea Dreissena
polymorpha ecosystem engineer, SCUBA-diving

Introduction

Invasive species often reduce the local biodiveraitd probably will influence the global
biodiversity in the future (Sala et al. 2000, Neigh&007). Interactions between invasive and
native species, including competition, predatiod #ransmission of diseases and parasites
can change natural communities (Mooney et al. 200%asive species may also function as
ecosystem engineers by altering abiotic and/olidfattors of habitats or by creating novel
habitats, and thereby facilitating native speclemés et al. 1997, Gutierrez et al. 2003).

Freshwaters are experiencing declines in biodityetar greater than those in the most
affected terrestrial ecosystems (Dudgeon et al6R0Besides of pollution, destruction or
degradation of habitat and flow modification, tm¥asion of non-native species is a major
threat to native freshwater biodiversity (Stray®89). One of the most important groups of
freshwater invaders includes molluscs that suspergied on phytoplankton and seston,
graze on periphyton, or browse on vascular plaStsayer 2010). Furthermore, invasive
molluscs may act as ecological engineers by crgdtirge amounts of shells (Gutierrez et al.
2003, Sousa et al. 2009). This shell material easigt for a long time after the molluscs die,
providing habitat for other organisms, especiallysoft sediments (Strayer and Malcom
2007), and playing an important part in cyclinga®, and C&" (e.g. Green 1980, Chauvaud
et al. 2003).

In the past decades, European inland waters heee imcreasingly affected by the
colonisation of non-native molluscs, causing sigaiit changes in aquatic communities
(Strzelec 2000, Mortl and Rothhaupt 2003, Baur &odmidlin 2007, Gergs and Rothhaupt
2008, Sousa et al. 2008a). For example, the inmasiothe zebra musseDreissena
polymorpha(Pallas, 177), influenced the abundance of sediment bacteriasezh both
benthic algal blooms and declines in native unianugssel and fish populations as well as
changes in physical and chemical attributes théihelehe habitat for all resident species
(Higgins and Vander Zanden 2010).

Populations with high densities of the Asian cl@arbicula fluminea(O. F. Miller,
1774) caused modest to dramatic declines in phgtdgbn and seston (Leff et al. 1990,
Phelps 1994). Strayer (1999) assumed that largebersyof unionid sperm, glochidia, and

newly metamorphosed juveniles might be ingestedeinse populations dE. fluminea In
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contrast to the zebra mussél, flumineaactively disturbs the sediment by pedal feeding.
Thus, high densities @@. flumineamay reduce both habitat quality and food suppiynftive
macroinvertebrates (Hakenkamp and Palmer 1999)th®rnother hand, a short-term field
experiment in the Lake Constance demonstrated villaes of C. flumineaenhanced the
density of the mayflyCaenisspp. on soft substrate and that living clams hedguvenileC.
fluminea with a chemical cue from settling in close proxymto reduce intraspecific
competition (Werner and Rothhaupt 2007, 2008). Hewrhore, a laboratory experiment
showed that valves @. flumineaincreased the abundance of benthic invertebratpsarly
structured sediment (Werner and Rothhaupt 2008)veder, there are still huge gaps in our
understanding of hoW. flumineaimpacts native benthic invertebrate communitiersatural
freshwater bodies.

Corbicula flumineais nowadays one of the most abundant mollusc epéni many
European lowland lakes and rivers, often co-ocngrwith other alien species and interacting
with the native community (Schmidlin and Baur 20&Qusa et al. 2008b, Werner and
Rothhaupt 2008, Muller and Baur 2011). The clanoiized lake Neuchatel, Switzerland, in
2003 (P. Stucki, personal communication). In thisel three other alien molluscs occbr:
polymorpha(first recorded in 1976; Pedroli 1978), and thailsiPotamopyrgus antipodarum
(J. E. Gray, 1843; first recorded in 1978; Crozedle1980) and.ithoglyphus naticoideéC.
Pfeiffer, 1828; first recorded in 1998; CSCF 2010).

We examined the native benthic macroinvertebratenounity in relation to the
densities of these four alien molluscs in a saatdt the littoral zone of Lake Neuchéatel with
the assumption that alien molluscs influence natimemunities. We also conducted a field
experiment to assess the decay rate of empty sifedi$ferent mollusc species. In particular,

we addressed the following questions:

1) How frequently and in which density do the mlimolluscsC. fluminea D.
polymorpha P. antipodarumand L. naticoidesoccur in the sandy flat in Lake
Neuchatel?

2) Do alien species influence the community as$gmbf native benthic
macroinvertebrates?

3) Do the four alien molluscs act as ecosystemnemgs by providing shells with a
low decaying rate as additional hard substratund dhus facilitates other

macroinvertebrate taxa?
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Material and Methods
Study area

Lake Neuchatel (surface area: 217.9 km?, mean dégtl2 m) is a pre-alpine, calcareous,
mesotrophic lake situated at the foot of the JurauiMains in Western Switzerland. Its
drainage area covers approximately 2,673.Krhe littoral zone covers 26.5% of the area of
Lake Neuchéatel and sand flats constitute a sigmtigart of this zone (Sollberger 1974).
Both the field survey and the shell decay assessmere conducted in a shallow sandy
section of the littoral zone at the south-eastdrores of Lake Neuchatel near the port of
Portalban (46.922 N, 6.949 E). The study area nmmedsabout 600 m x 500 m and is situated

in close proximity of a bird and wetland reservenafional importance.

Field survey

Using SCUBA-diving, benthic macroinvertebrates weo#lected from the sandy substratum
in an area of about 0.3 Knon five occasions. On each occasion, 10-14 samites,
arranged at distances of 30-50 m along 600-m lmngséct lines running perpendicular to the
shore line, were considered. The survey was cordumt the following dates: 20 May 2007
(2 transects, each with 12 sampling sites), 21 laxtd®007 (2 transects each with 10
sampling sites), 24 May 2008 (1 transect with I#@ang sites), 18 October 2008 (1 transect
with 14 sampling sites), and 16 May 2009 (1 trahseth 13 sampling sites). For each of the
85 sampling sites, we measured shore distancer degpeh, cover of submerged vegetation (a
semiquantitative estimate), type of sediment andamc matter of the sediment and
determined the geographical coordinates using GRnfin Geko 201). However, because
of the strong inter-correlation of environmentatiables (shore distance and water depth) and
of the low variation in the remaining variables used only water depth in the data-analyses.
The water depth ranged from 0.73 to 22.14 m (N=85).

At each of the 85 sites, macroinvertebrates weileated using a circular metallic
frame (radius: 11 cm, 7 cm high). The frame wasged by hand into the sandy substratum
and the topmost 5 cm of the bottom material wassteared into a bag with a mesh size of
2.0 mm using a small shovel. Three of these sublesmyere collected at each sampling site.
Macroinvertebrates were labelled, preserved in 7&¥tanol and then returned to the

laboratory for examination.
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Macroinvertebrates were later identified to thevdst taxonomic level possible using
the keys of Schwab (1995), Grabow (2000), and Taehal. (2006) for various invertebrate
groups, Gléer and Meier-Brook (1998) and Gloer @0for Mollusca, Neubert and
Nesemann (1999) for Hirudinae, Lechthaler and Stgek (2005) for Trichoptera and
Studemann et al. (1992) for Ephemeroptera.

Assessment of shell decay rate

We measured the relative decay rate of shellstiginshell weight — final shell weight) /
initial shell weight] over 1 year in five molluspecies co-existing in Lake Neuchatel: two
native gastropodsBfthynia tentaculatdLinnaeus, 1758]Valvata piscinalis[O. F. Muller,
1774]), one alien gastropod.( antipodarum and two alien bivalvesQ. fluminea D.
polymorphd. We used shells from living animals sampled ia field survey near Portalban.
The animals were killed in 75% ethanol. The softlibs were removed from the shells and
the shells were air-dried. We constructed wateistast “litter” bags measuring 8 cm x 9 cm
using window screening with a mesh size of 2.0 nWe placed either 7 shells &.
tentaculata(mean shell height: 9.2 mm), 7 shells\afpiscinalis(4.1 mm), 10 shells dP.
antipodarum(4.2 mm), 10 valves df. fluminea(mean valve length: 18.0 mm) or 10 valves
of D. polymorpha(15.4 mm) in single bags. The total weight of Ehel valves in each bag
was measured to the nearest 0.01 mg before thavhagealed. For each species 20 bags
were used (in total 10Bags). Bags were fixed with a rope and metallickstion the sandy
substratum (> 30 cm apart from each other) at wa@gpths of 1 m (20 bags), 6 m (40 bags)
and 8 m (40 bags). We placed bags into the fiel@bmMay 2008 and retrieved them on 16
May 2009. We carefully removed the shells from ltlhgs and cleaned them. Air-dried shells
were reweighed. In total, we recovered 89 of th@ ifégs initially exposed.

The water of Lake Neuchatel was supersaturated @aCQ in 2007-2009 (total
hardness CaCf2.78-144 mg1; C&": 2.0-56.2 mg1; pH: 8.0-8.5; SCPE Neuchétel,
Service de la protection de I'environnement; wwsBlacs.ch 2007-2009).

Statistical analyses

Macroinvertebrates from the three subsamples dt saapling site were pooled resulting in
85 samples for data analyses. Raw data (numberndofiduals recorded for each species)
from each sample were used in all analyses. Allmye?3,342 individuals were assigned to a

species or a higher taxonomic group. On all fiveglang occasions molluscs were the most
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abundant group (74.8 — 88.5% of the individualsleodtéd, grand mean = 82.4%). We
therefore examined seasonal differences (May vegsusber) in the abundance of molluscs
and the remaining macroinvertebrate taxa. Becawes@roportion of molluscs and that of the
remaining taxa did not show any significant diffezes between the samples collected in May
and October,£ = 2.47,df = 1, P = 0.12), we pooled the samples from different dargp
seasons for community analyses. The frequencyiltlisivn of sampling sites in relation to
water depth was bimodal. Consequently, based oarwdaipth, sampling sites were assigned
to two groups: shallow sites with a depth <3.5 mHN1 sites (83.5%), mean depth 1.90 m,
range 0.73 — 3.34] and deep sites with a deptim [N = 14 sites (16.5%), mean depth 8.94
m, range 5.00 — 22.14 m].

Analysis of similarities (ANOSIM; Clarke 1993) wassed to test community-based
separation of samples collected at shallow and d#es. ANOSIM is a non-parametric
multivariate analysis that compares the mean ofrdim&ked similarities within and between
water depth groups based on R values. R ranges-fram+1. An R value of 1 indicates that
the most similar sites belong to the same depthgyrR=0 indicates that sites with high and
low similarities occur in equal frequencies in bakpth groups, whereas an R value of -1
shows that the most similar sites belong to differdepth groups. ANOSIM was run using
the Bray-Curtis dissimilarity index (Podani 2000jiw099 permutations.

Indicator species analysis (INDVAL; Dufrene andgkadre 1997) was run to identify
characteristic taxa of shallow and deep sites,a@spely. Analysis of variance using distance
matrices (called ADONIS in R), referred to alsd'@srmutation MANOVA", "nonparametric
MANOVA" (Anderson 2001, McArdle and Anderson 200&) "multivariate regression
analysis of distance matrices" (Zapala and Sch6@6®, was used to test how alien mollusc
taxa influence community similarity of native taptar further details see Zapala and Schork
(2006) or Oksanen et al. (2009)]. For the distantatrices, we used the Bray-Curtis
dissimilarity index with 999 permutations.

Generalized linear models (GLM) with Poisson disttion were used to test how the
four most abundant alien taxa (see redltpolymorphaC. fluminea P. antipodarunmandL.
naticoide$ influence the numbers of native taxa, nativevilials, protected taxa, protected
individuals, taxa with sand preference, individuaith sand preference, native taxa with hard
bottom preference and native individuals with hbaodtom preference. The application of
Poisson distribution was necessary because of #rg/ reros in the response variables. The
abundances of the four alien taxa were log(x+1lpsfi@med to decrease the impact of

extreme values. Overdispersion was tested followiugtherill and Brown (1991). If
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abundance data were not overdispersed then thenfibdel was selected based on Akaike's
Information Criterion (AIC). If data structure shed overdispersion, we fitted quasipoisson
models and model selection was performed manualg/used each alien mollusc species as
an independent variable in model building. To gdtable mathematical models, we ran
GLMs for variables with data from at least 10 specoccurrences. In cases with fewer
occurrences, the impact of alien molluscs on nginaeected species and sand preferring taxa
at deep sites was not tested.

To take into account size differences among atieflusc species and potential effects
of empty mollusc shells on the native community, ex@ressed the abundance of the four
alien molluscs in the GLMs in four different ways) numbers of living individuals, B) shell
weight of living individuals, C) shell weight ofving and empty (dead) individuals, and D)
shell weight of empty (dead) individuals.

To estimate the shell mass at each sampling w#&eised the mean shell weight of
each species measured in the shell decay studyé&ew), multiplied by the corresponding
numbers of individuals permL. naticoideswas not considered in the shell decay study. We
therefore calculated its shell weight following thr@tocol used in the shell decay study.

The relative shell decay rate was calculated basethe pre- and post-experimental
weight of shells in each bag. To compare shell yleates, a nested linear model was fitted to
the data with the relative shell decay rate asaesp variable and with type of origin (native
vs. alien) and taxonB( tentaculata V. piscinalis, C. flumineaD. polymorphaand P.
antipodarum nested with the type of origin) as categorica&ductors next to water depth and
individual shell weight as continuous predictors.e tarted with the full model and
simplified it based on AIC. For all analyses, wedishe R statistical computing environment
(R Development Core Team 2009). ANOSIM and analysisvariance using distance
matrices (= ADONIS) were calculated using theganpackage (Oksanen et al. 2009), for
testing overdispersion thgcc package (Scrucca 2004), and for INDVAL (Dufrened an
Legendre 1997) thiabdsvpackage was used (Roberts 2010).

Null models are frequently used to elucidate asdgmules or a set of mechanisms
(e.g. competition) that lead to non-random pattémnsulti-species assemblages (Gotelli and
Graves 1996, Ulrich 2004). Null models are adequedés for detecting biotic interactions
based on distributional data of taxa. However,ghasdels are based on the assumptions that
there are no differences among habitat charadteyisto influence of the biogeographical and
evolutionary history of the samples, and that dabtic interactions and chance variation are

responsible for the community patterns observeddlt@nd Graves 1996, Ulrich 2004). In
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the present study, most of these requirements fuéiided because sampling was restricted
to a relatively homogenous (sandy) habitat limitedspace (0.3 kA) and time (sampling
period < 2 years). Tests of null models were ortljndeveloped for presence/absence data in
studying species communities (Gotelli 2000). Re@&vances allow an examination of null
models for data sets with species abundances (Ulind Gotelli 2010). We used the
standardised number of "abundance checkerboards{{GA identify possible competitive
interactions between native taxa. &§Aepresents an abundance analogy of "checkerboard"”
distributions (Diamond 1975), a distribution pattewhere species pairs never co-occur
together (Ulrich and Gotelli 2007). GAvaries between O (indicates no competition) and 1
(indicates strong competition). To test whethealgwdated CAr value comes from a chance
event or reflects real competition, we compared d¢hkeulated CAr values with a null
distribution using IT null model algorithm (Ulrichnd Gotelli 2010) based on 100 random
assemblages. The IT algorithm reassigns all indalgl randomly to matrix cells with
probabilities proportional to the totals of obsetwew and column abundances until total
abundances are reached for each row and columnTTdlgorithm shows a low Type | error
rate compared to other algorithms (Ulrich and Gio2€l10).

First, we run our null models for both shallow atekp sites separately. To elucidate
the possible impact of the four alien speci@s fluminea D. polymorphal. naticoidesand
P. antipodaruny within depth level, sampling sites were furtheridkd into two groups: (1)
sampling sites with low abundance of alien spetaésindance of the alien species was less
than the median of their total abundance at thehdepel), and (2) sampling sites with high
abundance of alien species (abundance of alienesp@as equal to or larger than the median
of their total abundance). We compared the raw déoce checkerboard values and their
relative positions compared to the generated nstridutions. Null models were run using

CoOccurrence software (Ulrich 2006).

Results
Taxa richness and abundance

We found 45 taxa among the 17,929 individuals ctdie at shallow sites and 36 taxa among
the 5,413 individuals at deep sites (Table 4.1 &hen bivalveC. flumineawas the only
species occurring at all shallow (71) and deep €ahhpling sites. Further taxa with high
frequencies of occurrence welResidium sp. (shallow sites: 95.8%; deep sites: 85.7Bx),
polymorpha (93.0%; 100%), Oligochaeta (93.0%; 92.9%) and antipodarum(91.6%;
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Table 4.1 Frequency of occurrence of the identified macrertebrate taxa (number of sites), mean densitytgaidard errgrand maximum
density of individuals in shallow (<3.5 m) and dgep m) littoral sites near Portalban in Lake Neuch&be origin (native or alien) and
protection status are also indicated

Type Protec-
Group Taxon Shallow sites (<3.5 m; N = 71) Deep sitesX5 m; N = 14) of tion
origint  statud
Frequency of Mean density MaX|m_um Frequency of Mean density MaX|m_um
occurrence .. 2 (= se) _den5|ty occurrence . 0 (= se) _densny
(%) ind./nt (%) ind./nt
PORIFERA Spongilla lacustris** 32 (45.1) na na 0 (0.0) 0.0 (0.0) 0.0 N n
HYDROZOA Hydra viridissima 7(9.9 10.0 (5.5) 343.2 5(35.7) 42.1 (15.5) 528.0 N n
TURBELLARIA Turbellaria indet.** 1(1.4) 0.1 (0.1) 8.8 2 (14.3) 18.2 (7.3) 246.4 N n
Dugesiasp. (cf.D. tigrina)** 0 (0.0) 0.0 (0.0) 0.0 2 (14.3) 3.1(1.1) 35.2 A n
OLIGOCHAETA Oligochaeta spp. 66 (93.0) 215.2 (25.3) 968.0 13 (92.9) 226.9 (30.5) 941.6 N n
Branchiura sowerbyi 11 (15.5) 1.9 (0.5) 17.6 1(7.1) 0.6 (0.3) 8.8 A n
HIRUDINAE Erpobdellasp.** 23 (32.4) 12.2 (2.8) 123.2 6 (42.9) 8.8 (1.6) 52.8 N n
Alboglossiphonia heteroclita** 7(9.9) 3.2 (1.6) 105.6 6 (42.9) 8.2 (1.4) 35.2 N n
Glossiphonia complanata** 2 (2.8) 0.3 (0.2) 8.8 4 (28.6) 5.7 (1.4) 44.0 N n
Helobdella stagnalis 29 (40.9) 11.8 (2.6) 96.8 9 (64.3) 17.6 (2.6) 88.0 N n
GASTROPODA Bithynia tentaculata** 37 (52.1) 25.5(7.9) 554.4 10 (71.4) 30.2 (4.4) 149.6 N n
Lithoglyphus naticoides 44 (62.0) 19.0 (3.6) 184.8 7 (50.0) 13.8 (2.2) 52.8 A n
Potamopyrgus antipodarum 65 (91.6) 470.0 (74.5) 3264.8 11 (78.6) 257.1 (28.0) 748.0 A n
Valvata piscinalis 3(4.2) 1.5(1.0) 70.4 7 (50.0) 17.6 (2.7) 79.2 N n
Radix auricularia 2 (2.8) 0.3 (0.2) 8.8 0 (0.0) 0.0 (0.0) 0.0 N n
Radix balthica 3(4.2) 0.6 (0.3) 17.6 3(21.4) 1.9 (0.4) 8.8 N n
Lymnea stagnalis 1(1.4) 0.1 (0.2) 8.8 0 (0.0) 0.0 (0.0) 0.0 N n
Gyraulus albus 4 (5.6) 3.4 (2.6) 193.6 7 (50.0) 15.7 (3.4) 114.4 N n
Gyraulus crista 1(1.4) 0.1 (0.2) 8.8 3(21.4) 3.1 (0.8) 26.4 N 3
Planorbis carinatus 2 (2.8) 0.5 (0.4) 26.4 0 (0.0) 0.0 (0.0) 0.0 N 3
BIVALVIA Sphaerium corneum 0 (0.0) 0.0 (0.0) 0.0 1(7.1) 0.6 (0.3) 8.8 N n
Pisidiumspp. 68 (95.8) 232.8 (31.0) 1460.8 12 (85.7) 143.9 (18.3) 413.6 N n
Corbicula fluminea* 71 (100.0) 515.6 (65.9) 3599.2 14 (100.0) 404.8 (76.3) 2657.6 A
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Table 4.1continued

Dreissena polymorpha** 66 (93.0) 586.0 (99.7) 5368.0 14 (100.0)  1963.0192.4) 5473.6 A
BRYOZOA Cristatella mucedo 2(2.8) 0.3 (0.16) 8.8 5(35.7) 52.2 (14.0) 396.0 N
CRUSTACEA Dikerogammarus villosus** 16 (22.5) 2.4 (0.5) 17.6 5 (35.7) 11.9 (2.2) 61.6 A
Gammarus pulex** 1(1.4) 0.1 (0.1) 8.8 2 (14.3) 1.3 (0.4) 8.8 N
Asellus aquaticus 0 (0.0) 0.0 (0.0) 0.0 6 (42.9) 34.6 (8.9) 299.2 N
COLEOPTERA Donaciasp. 4 (5.6) 1.2 (0.8) 61.6 0 (0.0) 0.0 (0.0) 0.0 N
DIPTERA Chironominae** 50 (70.4) 44.0 (7.7) 308.0 12 (85.7) 65.4 (6.4) 184.8 N
Orthocladiinae** 8 (11.3) 1.0 (0.3) 8.8 0 (0.0) 0.0 (0.0) 0.0 N
Tanypodinae 3(4.2) 0.5(0.3) 17.6 6 (42.9) 6.9 (1.5) 52.8 N
Ceratopogonidae 8 (11.3) 1.5 (0.6) 35.2 2 (14.3) 2.5(0.7) 17.6 N
EPHEMEROPTERA Centroptilum luteolum 2 (2.8) 0.3 (0.2) 8.8 0 (0.0) 0.0 (0.0) 0.0 N
Cloeon dipterum 1(1.4) 0.1 (0.1) 8.8 0 (0.0) 0.0 (0.0) 0.0 N
Caenis macrura 9 (12.7) 3.8 (1.9) 140.8 1(7.1) 1.3 (0.5) 17.6 N
Caenis horaria 12 (16.9) 6.8 (3.9) 290.4 3(21.4) 2.5(0.6) 17.6 N
Caenis luctuosa 7(9.9) 2.6 (1.3) 96.8 1(7.1) 0.6 (0.3) 8.8 N
Ephemera vulgata* 2 (2.8) 0.3 (0.2) 8.8 0 (0.0) 0.0 (0.0) 0.0 N
Ephemera lineata* 15 (21.1) 5.1(1.7) 114.4 1(7.1) 0.6 (0.3) 8.8 N
Ephemera danica* 13 (18.3) 4.1 (1.3) 61.6 0 (0.0) 0.0 (0.0) 0.0 N
LEPIDOPTERA Acentria ephemerella 4 (5.6) 0.7 (0.4) 17.6 0 (0.0) 0.0 (0.0) 0.0 N
ODONATA Ischnurasp. 1(1.4) 0.1(0.1) 8.8 0 (0.0) 0.0 (0.0) 0.0 N
TRICHOPTERA Athripsodes cinereus 48 (67.6) 22.8(3.1) 140.8 7 (50.0) 21.4 (4.1) 132.0 N
Ceraclea dissimilis 0 (0.0) 0.0 (0.0) 0.0 2 (14.3) 1.3 (0.4) 8.8 N
Mystacides azureus 13 (18.3) 2.6 (0.8) 52.8 3(21.4) 10.1 (2.7) 88.0 N
Oecetis lacustris 14 (19.7) 2.5 (0.6) 26.4 1(7.1) 2.5(1.0) 35.2 N
Molanna albicans* 17 (23.9) 5.5(1.4) 52.8 3(21.4) 4.4 (1.3) 44.0 N
Agraylea multipunctata 1(1.4) 0.1 (0.1) 8.8 0 (0.0) 0.0 (0.0) 0.0 N

>

33333333#H®3333h333333333

na: not assessed; *High preference for sandy médyitdits (Tachet et al. 2006); **High preferencetard microhabitats (Tachet et al. 2006).

! Type of origin: N: native, A: alien

Duelli (1994): n: not on the red list, 1 = proneetdinction (=endangered based on IUCN categoaisgtB = endangered (=vulnerable based on IUCN
categorisation) and 4 = potentially endangeredré=based on IUCN categorisation)

87



CHAPTER4: ALIEN MOLLUSCS AFFECT NATIVE MACROINVERTEBRATES

100
0 Dreissena polymorpha
[0 Corbicula fluminea
1 Potamopyrgus antipodarum
80 — O Lithoglyphus naticoides
@ native bivalves
W native gastropods
& 60
[
o))
@
c
3
o 40 7
o
20
0 - e

Shallow Deep
Sites

Figure 4.1 Relative distribution of mollusc individuals (%anang alien and native taxonomic
groups at shallow (<3.5 m, N= 14,969) and deep (, N= 4,437) sites in Lake Neuchatel.

78.6%). ANOSIM analysis confirmed the separate hagdof shallow and deep sites,
because the communities at either depth were digfith= 0.175,P = 0.012). Analysis with
only native taxa showed a similar separation bytld@p= 0.162,P = 0.042).

Indicator species analysis identifi§gongilla lacustrigLinnaeus, 1758) as the single
indicator species for shallow sites (indicator ea]lv]= 0.45,P = 0.006), whereas deep sites
were characterised by 14 indicator taxa. The dtimalve D. polymorphahad the highest
indicator value (IV = 0.77R = 0.007) at deep sites, followed Wy piscinalis(lV = 0.46,P =
0.001),Asellus aquaticugLinnaeus, 1758; IV = 0.43 = 0.001) andGyraulus albugO. F.
Mdller, 1774; IV = 0.41P = 0.001).
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The abundances of mollusc individuals in relattonall individuals sampled were
almost identical at shallow and deep sites (83.5%88.8%). However, the composition of
gastropods and bivalves was different. gastropalividuals accounted for 28.1% of all
molluscs at shallow sites, but only for 11.9% atmlsites §* = 494.2,df = 1,P < 0.001). This
difference was mainly a result of depth-dependefferénces in the abundance &f.
antipodarum D. polymorpha, C. flumineand Pisidum sp. (Figure 4.1). Among native
gastropods, onlyB. tentaculatareached more than 1% of the total mollusc aburelanc
(shallow sites: 1.4%, deep sites: 1.1%). The péagenof alien mollusc individuals was
larger at deep sites (92.5%) than at the shalltes $85.7%;y* = 144.6,df = 1,P <0.001).

The overall density of all macrobenthic taxa agerh2,222 individuals /frat shallow
sites and 3,402 individuals frat deep sites. Bivalves contributed 1,334 andrgstls 521
individuals /nf at shallow sites. At deep sites bivalves showedaen higher abundance
(2,512 ind./m; gastropods: 339 ind.An

The bivalveD. polymorphashowed the highest density of individuals of theata
collected. The median density Bf polymorphawas higher at deep sites than at shallow sites
(290 ind./nf vs. 1,835 ind./M two-sided two-sample Wilcoxon-test: W = 793%5<0.001).
The maximum density dD. polymorpha however, did not differ between shallow and deep
sites (5,368 vs. 5,474 ind.fjn Similarly, the median density &. fluminea,P. antipodarum
and L. naticoidesdid not differ between shallow and deep sit€s fluminea 352 vs. 189
ind./mf: W = 654,P = 0.064;P. antipodarum150 vs. 194 ind./m W = 536.5,P = 0.644:L.
naticoides 8.8 vs. 0.5, W = 55 = 0.518).

Six species found at shallow sites are on thelisedf Switzerland Gyraulus crista
[Linnaeus, 1758]Planorbis carinatugO. F. Miller, 1774],Centroptilum luteolunjMiller,
1776], Ephemera vulgatflLinnaeus, 1758]Ephemera lineatd§Eaton, 1870Jand Ephemera
danica[Muller, 1764]; Duelli 1994). Only two of them wefeund at deep site§( crista, E.
lineata Table 4.1).

Impact of alien molluscs on community structure

Six of the taxa recorded at the shallow sites waien Branchiura sowerby{Beddard,
1892], L. naticoides P. antipodarum C. fluminea D. polymorphaand Dikerogammarus
villosus [Sowinsky, 1894]). In addition to these six speaehirther alien specie®(gesia

tigrina [Girard, 1850]) was found at deep sites.
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Table 4.2 Summary of the analyses of variance using distanatrices testing the effect of alien taxa on taéive community similarity
(ADONIS). Significant results are in bold.

Alien taxa Shallow sites Deep sites

Df SS MS F R P Df SS MS F R P
Lithoglyphus naticoides 1 0.94 0.94 5.26 0.064 0.001 1 0.53 0.53 3.08 0.168 0.012
Potamopyrgus 1 0.40 0.40 2.25 0.027 0.031 1 0.31 0.31 1.80 0.099 0.086
antipodarum
Corbicula fluminea 1 0.90 0.90 498 0.060 0.001 1 0.11 0.11 0.62 0.034 0.724
Dreissena polymorpha 1 0.73 0.73 4.05 0.049 0.002 1 0.66 0.66 3.80 0.208 0.006
Residuals 66 11.85 0.18 0.800 9 1.56 0.17 0.492
Total 70 14.82 1 13 3.18 1

Table 4.3 Minimal adequate models showing the influencehef @lienD. polymorpha, C. fluminea, P. antipodaruamdL. naticoideson the
numbers of native taxa, native individuals, pratdctaxa, protected individuals, taxa with sand greice, individuals with sand preference,
native taxa with hard bottom preference and natidesiduals with hard bottom preference. The abumtgaof alien molluscs was expressed in
four different ways (indicated by capitals): A) niben of living individuals, B) shell weight of livinindividuals, C) shell weight of living and
dead individuals (empty shells) and, D) shell weigh dead individuals (empty shells). Effect siZestimate), standard error (se) and
significance valueR) are presented for approach A (significant effecesin bold). For the approaches B-D symbols et@isignificant positive
(+), negative (=) or non-significant (NS) effecéd. deep sites GLMs were not run for protected agmdspreferring taxa because these groups
consisted of less than 10 individuals (see matedaatl methods). Dependent variables which did mietr ¢he model are not listed.
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Dependent variable Factor Shallow sites Deep sites
A B C A B C D
Estimate se P Estimate se P
N. of native taxa Corbicula fluminea 0.100 0.040 0.015 + +
Dreissena polymorpha 0.211 0.026 <0.001 + + 0.250 0.077 0.001 + NS NS
Potamopyrgus antipodarum NS +
Lithoglyphus naticoides -
N. of native Corbicula fluminea 0.345 0.086 <0.001 + +
individuals Dreissena polymorpha 0.288 0.059 <0.001 + + 0.411 0.645 0.003 + +
N. of protected Corbicula fluminea -0.274 0.181 0.130 NS NS na
taxe Dreissena polymorpha 0.253 0.114 0.027 NS + na
Lithoglyphus naticoides NS na
N. of protected Corbicula fluminea -1.074 0.287 <0.001 - - na
individuals Dreissena polymorpha 0.277 0.138 <0.001 + + na
Potamopyrgus antipodarum  0.405 0.153 0.010 na
Lithoglyphus naticoides + na
N. of taxa with Dreissena polymorpha 0.191 0.108 0.076 + NS na
Potamopyrgus
sand preferrenée antipodarum na
Lithoglyphus naticoides 0.405 0.177 0.022 + + na
N. of individuals Corbicula fluminea -0.632 0.130 <0.001 - - na
with sand Dreissena polymorpha 0.278 0.079 <0.001 + + na
preferrencé Potamopyrgus antipodarum  0.311 0.087 <0.001 + na
Lithoglyphus naticoides 0.439 0.130 <0.001 + + na
N. of native taxa Corbicula fluminea 0.145 0.058 0.016 + +
with hard bottom Dreissena polymorpha 0.188 0.038 <0.001 + + 0.386 0.156 0.013 + +
preferenc% Potamopyrgus antipodarum +
N. of native ind. with Corbicula fluminea 0.531 0.126 <0.001 + +
hard bottom Dreissena polymorpha 0.474 0.081 <0.001 + +
preferenc% Potamopyrgus antipodarum -
Lithoglyphus naticoides -0.456 0.179 0.013 -

'Sand preference following Tachet et al. (2006)ataith a preference value of 5 were considered.
2 Protected taxa following Duelli (1994).

3Hard bottom preference following Tachet et al. @Q@axa with preference values of 4 and 5 weresictemed.
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Analysis of variance using distance matrices (AD®Nevealed that the changes in
the abundance of the four alien species explai®%200of the variation of the native
community at shallow sites and 50.8% of that apd®tes. At shallow site€;. flumineaand
L. naticoideswere the best explanatory variables, whereas at siées the abundance bf
polymorphaandL. naticoidesexplained most (Table 4.2).

GLMs identifying the effects of alien molluscs icated that their number had a
positive impact on most of the response variabteshallow sites (Table 4.3). Exceptions
were a negative influence &f naticoideson the number of native individuals with hard
bottom preferencet shallow sites, and of. flumineaon the numbers of invertebrate
individuals with sand preference and on the nundbgarotected individuals. Similar results
were obtained at shallow sites when the abundahtteedew alien species was expressed by
the weight of living animals (approach B; Table)4@onsidering shell weight of both living
and dead animals as independent factor, GLMs regtesiinilar but less pronounced effects at
shallow sites, buk. naticoideshad a negative impact on the numbers of nativa taxdP.
potamopyrgusegatively influenced the number of individualghwvhard bottom preference
(approach C, Table 4.3). Using the weight of engbiglls as predictor variable (approach D),
C. flumineakept the positive influence on most native grobpslost the negative influence
on the native protected and sand preferring indiaisl while empty shells ¢1. antipodarum
enhanced the number of native taxa with sand peder.

Most remarkably is the positive influence @f polymorphaon the number of native
invertebrate individuals, and on both the numbéraative taxa and taxa with hard bottom
preference at deep sites in the first three appexadn the fourth model (approach D), only
P. antipodarumhad a positive impact on both the number of nathaividuals and the
number of hard bottom preferring taxa (Table 4.3).

Considering the null model of random patternspecses assemblage, GAvalues of
0.015 were obtained for shallow sites and 0.035l&mp sites. At shallow sites, the expected
values were 0.015 (lower and the upper limits & #5% confidence intervals of the null
assemblages were 0.014 and 0.017) and 0.021 (arilB.026) for deep sites. This indicates
that the impact of competition structuring the Ibéntmacroinvertebrate community is
moderate and differs among depths. The comparistimtiae null distributions showed that
the macroinvertebrate community at shallow sites wandomly organised, whereas the
community at deep sites may be partly structured cbynpetitive interactions. High
abundance of each alien species increased onlyratetiethe competition in the community
as indicated by the standardised number of aburedameckerboard (Figure 4.2).
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C. fluminea D. polymorpha P. antipodarum L. naticoides
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Figure 4.2 The impact of low (L) and high (H) abundance ofrfalien speciesQ. fluminea,

D. polymorpha, P. antipodarumnd L. naticoide} at shallow (circles) and deep (triangles)
sites on the standardised number of abundance etmzed (full symbols) and its
comparison with random species assemblages (opelnody show expected mean values and
whiskers the 95% confidence intervals). Standaddisember of abundance checkerboard
reflects the strength of competition within the ecoumity structure.

Total shell mass and shell decay rates

The total shell mass of living and dead individuafighe six most abundant mollusc species
amounted to 700.9 gfmat shallow sites and 1,275.0 g/iat deep sites in Lake Neuchatel
(Table 4.4). The four alien specie€.(fluminea, D. polymorpha, P. antipodarum, L.
naticoide$ contributed to 98% and 97% of the total shell snas shallow and deep sites,

respectively. Considering single speci€sflumineacontributed to 69% and 37% of the total
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shell mass at shallow and deep sites. The corrdappfigures forD. polymorphawere 27%
and 59%. The shells of these two invasive clamstttoted more than 95% of the organic
hard substrate on the sandy bottom of the laketfarglchanged the habitat characteristics for

benthic organisms.

Table 4.4 Total shell mass (in g/ of living and dead individuals of four alien ansdo
native mollusc species at shallow (depth <3.5 ni) é@ep (depth 5.0 m — 22.4 m) sites in
Lake Neuchatel.

Species Shallow sites Deep sites
living living
+ +

living empty empty living empty empty
Corbicula flumine& Cf 3145 1658 480.3 246.9 221.6 468.5
Dreissena polymorpHa Dp 1371 539 191.0 459.3 289.2 7485
Potamopyrgus antipodarim Pa 22 142 16.4 1.2 200 21.2
Bithynia tentaculata Bt 0.4 8.6 9.0 0.5 4.8 5.3
Valvata piscinalis Vp 0.0 2.2 2.3 0.4 29.2 29.5
Lithoglyphus naticoidés Ln 1.3 0.6 1.9 0.9 1.1 2.0

" alien species

Table 4.5Summary of the minimal adequate model of the &fe€ origin (native vs. alien)
and shell weight on the decay rate of mollusc shell

Factor Estimate SE t-value P
Intercept 21.267 2.164 9.830 <0.001
Origin (alien) -9.659 3.353 -2.881 0.005
Weight -14.151 7.767 -1.822 0.071

Considering the shell decay study, model seleatonoved the factors taxon (within
origin) and water depth, and left the factors erignative or alien) and shell weight in the
minimal adequate model (Table 4.5). The analysigaked that shells of the studied alien
species have a significantly slower relative dezdg than those of native species (mean loss
in 1 year:C. fluminea2.3%,D. polymorphal0.0%,P. antipodarum10.9%,B. tentaculata
20.0%, andV. piscinalis21.9%; Table 4.5, Figure 4.3) and that shell welgis a marginally
negative effect on the relative decay rate (Talbe Bigure 4.4). Thus, the bigger and heavier
alien molluscsC. flumineaandD. polymorphalost less shell material within one year than

smaller native molluscs (Figure 4.4).
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Figure 4.3 Relative decay rate of shell material of threeralC. fluminea, D. polymorpha,
P. potamopyrgusand two nativeR. tentaculata, V. piscinalisnolluscs in Lake Neuchatel.

Discussion

The present study shows that the benthic macrdglveate community in a sandy flat of the
littoral zone of Lake Neuchatel is dominated byew falien mollusc specie€( fluminea, D.
polymorpha, P. antipodarumOur analyses suggest that the composition anersity of
native macroinvertebrates are influenced by thendbnces of alien molluscs which
transform sandy substratum into a partly hard satst habitat. However, patterns strongly
depend on the water depth at the sampling siteB-nidel analysis testing the impact of

alien molluscs on community assembly suggesas simallow sites are randomly organised,
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Figure 4.4 Relative decay rate of shell material in five spgcof freshwater molluscs,
averaged over all retrieved bags, as a functiome#n shell weight of each specie&=(
0.70, n= 5,P = 0.077) in Lake Neuchatel. BB. tentaculata Cf, C. fluminea Dp, D.

polymorpha Pa,P. antipodarum Vp, V. piscinalis Full species names are given in Table
4.4,

whereas deep sites are influenced by competititerantions among native community
members. Our shell study also shows that valveshalls of the studied alien species persist
for a longer period in the sediment than those aifve species, and consequently have a
longer-lasting impact through habitat modificatiban those of native mollusc species. These
findings indicate that alien mollusc species have pefound impact on native
macroinvertebrates by changing habitat characdiesist the sandy bottom.

Nowadays, numerous freshwater habitats are doednay alien taxa (Ricciardi and

Maclsaac 2000, Tittizer et al. 2000, Wirth et &1@), and in many cases by alien molluscs
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(Karatayev et al. 2003, Lewin and Smolinski 200@y&stre et al. 2007, Nalepa et al. 2010).
Similarly, Lake Neuchéatel has recently been invaolethe alien molluscB. polymorphaC.
flumineg P. antipodarumand L. naticoides We found substantial differences in the
composition of benthic macroinvertebrates betwdwtlewv (< 3.5 m) and deep 6 m) sites

of a sandy flat. The depth-related difference ie thensity of alien species was most
pronounced inD. polymorpha which could be the result of the water-depth depgg
feeding behaviour of diving ducks (Werner et al020Keller and Burkhardt 2010). Diving
ducks have to manage their feeding costs and eneugget (de Leeuw et al. 1999).
Consequently, they prey first upon the easily raatdh musselsd. polymorpha at shallow
sites before they exploit deeper sites. This farggoattern fits our observations that the
density ofD. polymorphawas lower at shallow than at deep sites and ttanlgnsmall (1
year-old and youngei). polymorphaindividuals occurred at shallow sites, whereadesp
sites several years old individuals dominated. @ity the zebra mussel showed a decline in
abundance of 95% at shallow sites (1 and 3 m) kel@onstance following the feeding of
ducks over one winter (Werner et al. 2005). Intimg/, duck do not feed of. fluminea
which has thicker valves thdb. polymorphaand lives buried in the upper layer of sand
(Schmidlin and Baur 2007).

Several studies suggest that alien species ggnbeale a negative impact on native
communities (Strayer 1999, 2010, Rahel 2002, Amidal. 2009). However, Botts et al.
(1996) demonstrated in a field experiment tBaeissenaspecies can change the physical
structure of sandy habitats which in turn may léadncreased densities of native species.
Similarly, short-time experiments showed that saverative macroinvertebrate taxa may
benefit from the presence @. flumineain sandy habitats (Werner and Rothhaupt 2007,
2008). Sousa et al. (2009) reviewed the eco-engimgeffects of alien bivalves, includirg
flumineaand D. polymorpha Both bivalves cause a decrease in turbidity awcdease light
penetration in the water column because of filtediieg. The increase in light and visibility
may enhance macrophyte growth. Interstices betwkzans and mussels provide refuge from
predators to other invertebrates and shells caoobmnized by algae, freshwater sponges,
gastropods, amphipods and other invertebrates. dWere alien mussels might provide
additional sources by biodeposition (Mitchell et #96, Mortl and Rothhaupt 2003). Our
results are in agreement with the above mentioheties showing that alien molluscs might
have both positive and negative effects on natbraeraunities. We should note, however, that
the biological explanation of the negative impattLo naticoides(revealed by GLMS) is

rather challenging because the species was presinin low density.

97



CHAPTER4: ALIEN MOLLUSCS AFFECT NATIVE MACROINVERTEBRATES

The results of ADONIS support both views: alienllogx species influence the
structure of the native macroinvertebrate commumty sandy flat of the littoral zone of
Lake Neuchatel. The relationships between the adnoel of the four alien mollusc species
and native community variables suggest a positifecieon the native community structure.
Thus, habitat transformation by increasing the amhaf hard substratum in the sand flat
might be advantageous for several native taxaitlmight be disadvantageous for other taxa
adapted to the conditions of sandy habitat. Ind€edlumineawas found to have a negative
impact on the number of individuals with sand prefiee and on the number of protected
species. This negative effect of a species on apecies through habitat modification (i.e.
ecosystem engineering) can be regarded as waydakead competition (Gonzalez et al.
2008). The differential impact df. flumineaandD. polymorphacan be explained by their
different habitat use (burrowing vs. surface dwgjjie.g. Schmidlin and Baur 2007, Higgins
and Vander Zanden 2010). Our findings support the af trait-based analyses in invasion
ecology (Townsend and Hildrew 1994, Statzner e2808, Ordonez et al. 2010) and its
applications in conservation issues because masdtg@ferring native taxa are threatened in
Switzerland (Table 4.1).

Alien species can transform a competitively suted native community into a
randomly organised one (Sanders et al. 2002). @Qlkmodel analysis showed that native
benthic macroinvertebrate communities were strectuandomly at shallow sites. At deeper
sites, however, competition was important in stitiogy the community. At both depths, these
patterns were not influenced by any of the alierlluso species examined. Consequently,
water depth per se has a stronger effect on tireenadmmunity assembly than the four alien
species. We assume that this difference betweellowhand deep sites comes from the
difference in the abundance DBf polymorphacaused by duck feeding (see above). However,
stochastic and demographic processes might aldeeide the abundance of analysed taxa
(Gotelli and McCabe 2002).

The relative shell decay rates (2.3% - 21.9% @f ithtial shell mass per year)
recorded in the present study are similar to theesameasured in other molluscs in the
U.S.A. (Strayer and Malcolm 2007). We found thag tielative shell decay rate of alien
mollusc species is slower than that of native ofilass means that the shells of alien species
persist for a longer period in and on the sedimany consequently, have a long-lasting
impact on the community structure through modifmabf the habitat.

It is important to note that some factors may rretstthe generalisation of our

conclusions. First, our samples deal with the togm& cm of the sediment only.
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Consequently, the patterns observed might be diitdsy applying other sampling techniques
paying more attention to animals living deeperha sediment (Waringer 1987). Second, we
used bags with a mesh size of 2 mm for handlingoesnIn other studies sampling devices
with a mesh size of 1.2 mm or even smaller haven laggplied (Carter and Resh 2001).
Consequently, the size distribution of macroinvendées sampled in our study might be
biased slightly towards taxa with larger bodies.

Conclusions

In summary, our study showed that a sandy flaheflittoral zone of the Lake Neuchéatel is
seriously invaded by alien mollusc species. Theepkesl patterns suggest that the existence
of these mollusc specieB.(polymorphaC. flumineaP. antipodarumandL. naticoide$ and
their empty shells transform the sandy habitat amtmore structured habitat with some hard
substratum. This effect favours the occurrenceamadance of several native taxa, but it is
disadvantageous for a limited number of taxa wibcsic habitat requirements. The present
study is to our knowledge one of the first whichmibastrates depth-dependent impacts of
alien species on the native community of a freseniake. These findings call the attention
to the careful examination of the impact of ali@system engineers to native communities,

because negatively impacted taxa might have adogkervation value.
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General Discussion

Freshwater ecosystems are very vulnerable to imeagpecies. Once an introduced species
got established in a lake or river it is hardly gibke to remove it again from the new
environment (Genovesi 2005). Therefore, knowledgeut the invasive organism and its
introduction pathway(s) is important to preventthier introductions and to manage existing
invasions. This thesis provides information abbetspread of the invasive claborbiculain
Switzerland, its preferred ecological niche, andootential effects on native communities in
a river and in a lake. Basic knowledge on the germ@mposition (haplotypes) @orbicula
individuals and on their assumed introduction patysyvs also presented.

Chapter 1 shows on how a combination of different factonucures the benthic
community of the river Rhine. River modificationadaprolonged pollution changed the
original communities and caused the loss of cerspecies, creating open niches for
pollution-tolerant non-indigenous species. Majastalibances enabled the invasion of many
new species which reached unprecedented dendihiesugh the Rhine-Main-Danube Canal,
opened in 1992-1993, many non-indigenous speoes fhe Ponto-Caspian region entered
the river Rhine system. Some of them were co-adagtd lead to facilitated establishment of
other introduced species (Simberloff and Von HA®®9, Sures et al. 1999). After reduction
of the pollution in the Rhine, invaders re-colonigaster and more numerously empty niches
than native species. These invaders suppressedetredopment of populations of native
species. Replacing characteristic riverine speojekarge numbers of euryoecious and non-
indigenous species, in particular macroinvertelsrated fish, has remarkably changed the
species composition in the river Rhine (e.g. Van &eink et al. 1988, 1990). The main
biological mechanisms favouring these changes ampetition for food and space (e.g.
Corbiculg), hosting of parasites (amphipods and isopods) amtdaguild predation
(Dikerogammerus villosysAt the present day, the number of invadersilisistreasing.

The first chapter also shows that in most casgatine impacts of invasive species on
native species have been deduced from correlatidgerce. Evidently, there is an urgent
need for experimental studies on interactions betwiavasive and native species. From a
conservation perspective, ecological studies oe rative species should be intensified.
Ecological restoration projects are crucial to pres those facets of the originally unique
biodiversity of the river Rhine and its floodplaarnich is still present today.

Chapter 2 documents the initial phase of the invasiorCofflumineain Switzerland.
The distribution ofC. flumineain the Swiss part of the river Rhine in 2003 weastricted to
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the first 22 km upstream of Basel and to a candl streams fed with water from the river
Rhine. This indicated a low mean upstream spredd4okm per year since the clam reached
Switzerland in 1995. It had not yet colonized ahyhe tributaries examined. Densities varied
from 1 to 600 individuals per hand decreased towards the edge of the upstreamrence.
The size distribution o€C. flumineain the river Altrhein indicated the presence ofvall-
established population with 2- to 3-year-old clamsall cohorts, the growth rate was highest
between May and October favoured by the increasgdrtemperature and the availability of
phytoplankton in that period. The clam was mostnalamt on fine-grained substrates (sand)
with slowly flowing, shallow water. We confirmed ishfinding by a substrate choice
experiment in the river Rhine. Although most clashewed a positive rheotaxis (movement
against the current) in this experiment, we asstina active upstream dispersal is less
important for the clam’s spread. Additionally, awsults showed thaf. flumineareached
sites in the river Rhine where cargo shipping duo#soccur. To pass obstacles such as weirs,
passive dispersal by waterfowl and recreationakibgaare more likely and may facilitate
further upstream sprea@. flumineamight be less successful in colonizing rivers wibid
current. These are assumed to serve as refugestive molluscs and need therefore to be
preserved in a dynamic state.

The results oChapter 3 support the assumptions madeGhapter 2: Individuals of
C. flumineawere most recently recorded in several lowlandesakhose interconnecting
rivers have not yet been colonized. This makesiyastispersal of the invasive clam by
human activities or animal vectors highly probal8pecially, recreational boating stays in the
focus of introduction vectors as most of the neantlccurrences were found near harbours
with many boats (Burgin and Hardiman 2011). Theselp related speci€s. fluminaliswas
only observed in the region of Basel in the rivéirie, where it co-occurrs wil@. fluminea

Mitochondrial DNA-sequences fro@orbicula samples collected in Swiss and other
European rivers and lakes revealed that all butadn& examined individuals harboured a
single haplotype of. fluminea Therefore an assignment to the original poputaitioEurope
was not feasible and other molecular techniqueseareired (e.g. microsatellites) to detect
the source population of the introduced individudNgvertheless, due to the geographical
proximity, the river Rhine near Basel served mastbpbly as source for all subsequent
introductions ofC. flumineainto Swiss rivers and lakes. The detected mainlobygpe
dominates both the native range in Asia and inttedupopulations in North- and South-
America (Park and Kim 2003, Lee et al. 2005). la tiver Rhine in Germany and in French

rivers, other haplotypes occur which could haventssparately introduced as well (Renard et
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al. 2000, Pfenninger et al. 2002, Marescaux eR@L0). Either these haplotypes have not
been introduced into Switzerland because of thew bbundance and consequently low
probability to be passively transported, or altéusdy, if they have been introduced they
could not sufficiently establish and vanished ag@influminalishas a lower reproductive
output and a narrower physiological niche (e.gt sahcentration; Meister 1997) thah
fluminea what could explain the absence of its sister gsean the rest of Switzerland.
However, in lake Garda in northern lItaly, both speeco-exist (Ciutti and Cappelletti 2009).
Recent records of clam individuals in Switzerlafebwed all the shell morphology &.
flumineg confirming the dominance of this clam specieSwiss rivers and lakes.

Chapter 4 deals with the ecological impact of non-indigenaudluscs on the native
benthic invertebrate community in Lake Neuchéateé fdund that our study site, a sandy flat,
was dominated by three of the four co-existing matigenous mollusc specie€.(fluminea
D. polymorphaandP. antipodarum They influenced the composition and diversitynafive
macroinvertebrates by transforming the sandy satustr into a partly hard substratum
habitat. We recorded substantial differences inroamity composition between shallow (<
3.5 m) and deep sites b m). We assume that these differences are, sitpaatly, a result of
the reduced abundance DBf polymorphaat shallow sites due to depth-selective feeding of
ducks. Null-model analysis testing the impact aérmlmolluscs on community assembly
suggests that shallow sites are randomly organistereas deep sites are influenced by
competitive interactions. However, the resultshedf GLMs showed that the non-indigenous
mollusc have an overall positive effect on the namsbof native taxa, native individuals,
protected individuals, taxa with sand preferenadividuals with sand preference, native taxa
with hard bottom preference and native individuaith hard bottom preference, both at
shallow and deep sites. This was correct for afppliad model approaches, when non-
indigenous species abundance was expressed astiheaace of living non-indigenous
mollusc individuals (1), as shell weight of livimgdividuals (2), as shell weight of living and
empty shells or (3), as shell weight of empty shelhly (4). Thus, the observed statistical
influences point rather to structural (shell) eféethan to biotic interactions between the
molluscs and other organisms. An exception to tieis the clanC. flumineawhich showed
significant negative impacts on numbers of protteted sand preferring individuals in upper
water depths. Members to both groups, among otleees,the sand-burrowing mayflies
Ephemeraspp. In this particular case, interspecific int&ia with C. flumineaand biotic
impacts, such as bioturbation, biodeposition, antlient reallocation, seem to play a more

important role than the structuring effect by shelih the context of conservation biology, this
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outcome is alarming. On the other hand, taxa whhra bottom preference were enhanced by
C. flumineain all approaches at shallow sites, what showsith@ficance of dead clams that
lie on the sediment surface providing physical tebiand interstitial refuges (Werner and
Rothhaupt 2007).

Our shell decay study showed that valves andsbélhon-indigenous species persist
for a longer period in the sediment than those aifve species. As a result, they have a
longer-lasting impact through habitat modificatitvan those of native mollusc species. This
form of ecosystem engineering favours the occugefcseveral native taxa which seek for
hiding places and colonisation space but might blsalisadvantageous for other taxa with
specific habitat requirements. Our findings calieation to a careful examination of the
impact of non-indigenous species to native commnesjitbecause negatively affected taxa

might have high conservation value.

The spread ofCorbicula spp. from a process-based point of view

The process-based view of the spreadCafrbicula spp. in Switzerland (Colautti and
Maclssac 2004, Nentwig 2011, see general introdagt@llows in the following section an
evaluation of the invasiveness of the t@orbicula species. Spreading up to the border of
Switzerland until 1995Corbicula spp. certainly fulfilled the first two criteria tfie dispersal

of non-indigenous species: They colonized new fuagér habitats with the help of men,
crossing biogeographical barriers (by cargo shigpiman-made waterways, recreational
boating, aquarium trade and fishery), but oncénértovel geographical region, the spread of
Corbiculaspp. depended also on natural transport mecharssofisas transfer by waterfowl
and larval drift. The third criterion, spreadingrelative short time scale, is true as well. As in
Chapter 1 and2 describedCorbicula spp. colonised the navigable trade routes of ithex r
Rhine quickly:C. flumineaand C. fluminaliswere first recorded in the Lower Rhine in The
Netherlands in 1985 (Bij de Vaate and Greijdanuzsalil 1990). Both species reached soon
high abundance of 1,800 individuals pet (fHaas et. al. 2002) and ten years later in 1995 an
865 km far from the first observation sites, botlants were reported near Basel in
Switzerland (Rey et al. 2004). The upstream coliima up to the confluence of the High
Rhine and the river Aare (about 54 km from Basebded another ten years (§d®apter 3)

and was only achieved I§y. fluminea The river High Rhine served most probably as prim
source of origin for all following introductions tm Switzerland because all genetically
examined animals from Swiss population showed #mes haplotype (H2) as the main

haplotype present in the river Rhine (Pfenningex.e2002;Chapter 3).
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Introduced lake populations reached in Lake Comrgtanaximum densities of 3,520
individuals > 5 mm per fwithin four to six years (Werner and Rothhaupt 208nd in the
same time and in a comparable habitat (sandydijt@imilar figures were recorded in lake
Neuchatel (3,599 individuals per’mChapter 4). In Lake Neuchatel, three years after the
first observation of the clam, the distribution@fflumineawas patchy and density was low.
But already one year later in 2007, i.e. four yeddtsr the first record, the clam was wide
spread on the sandy flat and reached high densdyfrequency. The invasive clam had a
negative impact on the numbers of protected and peaferring native taxa. Thus, stage 3 of
the invasion process (invasion), took place inva years only and adaptive behavioural or
even evolutionary reactions to the clam were hapdigsible for most of the biota in the lake.
Furthermore, since in both lake sites similar malirdensities were observed, stage 4
(saturation) may have already occurred locally (Véerand Rothhaupt 2007, Nentwig 2010,
Chapter 4).

The two C. flumineapopulations detected in Lake Geneva in 2008 (Morged
Bouveret) show so far low densities, but they aqgeeted to increase (B. Lods-Crozet, pers.
comm.).

The sister specie€. fluminalis reached locally a well established state (state 2,
Nentwig 2010) with more than 200 individuals peT (Bchweizerhalle near Basel, Miirle et
al. 2008) but shows low abundance in the rest ef $b far introduced section. Any
observations or evidence of having negative impachative organisms are lacking, what
does, however, not exclude minor impacts. Nevesl by the time being (20110.

fluminalisin Switzerland cannot be considered as invasivepntrast ta&C. fluminea

Outlook

This thesis documented the spread of the Asian €arbicula spp. into Switzerland in the
absence of highly interconnected waterways as #reycommon in other neighbouring
European countries (e.g. France and Germany). Tae'ss ecological preferences, its
population structure and its impact on the nativestiwater community were studied.
Furthermore, the present thesis illustrates theimence and abundance of aquatic invasive
macrozoobenthic species in the river Rhine andhénlake Neuchatel, focusing in particular
on non-indigenous molluscs.
Following the Article 51 in the Swiss Release @Qalice, we monitore@. fluminea

known to be invasive in other regions (Strayer 39%hd studied possible connections

existing between observed damage and the presémice monitored organism€&hapter 2,
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4). We demonstrated the harm to the rare and endzshgeayfliesEphemeraspp. population
caused by high densities Gf fluminea However, the underlining mechanisms in this sgeci
interaction are not known and because of the lomber of mayflies an experimental
approach is less likely accomplished. Doing reseaxith native mollusc appears more
realistic. Though, the absence of living unionidssels at the study sites in the river Rhine
(Chapter 2) and in Lake NeuchateChapter 4) is alarming. Fortunately, in other parts of the
sandy littoral in lake Neuchatel, whete flumineawas not observed yet or is only present in
low densities, unionid mussels are still abund&tl(ods-Crozet, pers. comm.) and could
maybe be used for experimental research in thedutas asked for itChapter 1) and
repopulate the former sites in Lake Neuchatel.

Even if the damaging effect @. flumineaon native organism has a causal proof in
Switzerland, eradication of the species withoutrhiag the native freshwater community will
not be possible and there would be no guarantedutare re-introductionsGhapter 3,
Genovesi 2005). Therefore, prevention of man-maueoductions and preservation of
dynamic river structures are the most realistic sneaments we can take to protect the
biodiversity of Swiss river and lakes.

What kind of ecological, economical and healthssmuences can we expect wit&n
flumineais further spreading in all principle low land wabodies of Switzerland? Ecological
consequences include the change in compositionaboddance of freshwater invertebrate
taxa and the modification of habitat structures &heady discussed)C. fluminea will
contribute to a biological homogenisation of Swisgerbodies (Rahel 2007). In which extent
this changes affect higher and/or lower trophicelsv(e.g. fish, birds, zooplankton,
phytoplankton) or ecosystem services (water qUafitsty serve as future research questions.
Apart from the direct effects of. flumineaon benthic macroinvertebrates, there is only
anecdotic evidence of water birds (S. Werner, peosam.), crayfish and muskrats (own
observation) consuming the clam occasionally.

Due to its tolerance to low water temperaturesli@diiand Baur 2011) the clam will
surely continue to spread in Switzerland in lowlamgjions and with continued global
warming the effect of moderate winter will furthpromote the invasion success OGf
fluminea (Weitere et al. 2009). This development will bententionally enhanced in even
higher situated river regions by the increasing bemof hydro-electrical power plants
(BAFU 2011), providing suitable habitat in theisegvoirs.

Economically, C. fluminea has caused so far “affordable” damage for affected

industries. The employees of the water quality olagen station adjacent to the river Rhine
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in Basel, spend a few working days a year withcleaning of small water pipes clogged with
the clam (R. Dolf, pers. comm.). Another industtfiatility in Switzerland, depending on
cooling water from the river Rhine, had the samebf@m but at a larger scale. With the
gained knowledge about the population structuraghim river Rhine Chapter 2) yearly
maintenance cost could be set a limit to about GBPO0 (Schmidlin 2007). In the United
States, an often quoted value of over US$ 120ohillis spent annually on control and
prevention measures of invasive species (Pimental. 000). For instance, the Watershed
Management Plan for Otsego Lake, a central New Yotakial lake, provides for prevention
of non-indigenous invasive species a stringent buosiection and washing program. These
measurement expenses average US$ 30,000 per yeeln, oh which has been covered by
collecting a launch fee. After implementation oé timspections, only one boat was refused
access, and less than 1% required washing befloneeal access. However, zebra mussels
(Dreissena polymorphaand water chestnuT(apa natanghave since been found in the lake.
The program continues to be supported because ntdmemdigenous invasive species may
have been prevented or may be prevented in theefitiorvath 2008). A similar approach in
Switzerland seems not feasible. However, infornrmatampaigns among certain groups, like
boat owners or managers of pet shops were takendomsideration by some cantonal
authorities working on water protection issues .(eanton Basel-City, canton Vaud) after
being informed about the results of this thesis.

Usually,C. flumineais not associated to health issues in Switzeréanttis is the case
in other non-indigenous species (e.g. the plambrosia artemisiifolia Ambrosia 2011).
Nevertheless, there is evidence for health conaggaunsed by the clam in Europe. In northeast
Portugal human consumption of freshwater clamsranssels is common. Melo et al. (2006)
showed that over a third df. flumineaspecimens examined were carrying oocysts of
Cryptosporidium(a protozoan parasite which affects the intestmesmammals and leads
typically to an acute short-term infection). Congtion of the clam might therefore cause a
human cryptosporidiosis outbreak. In addition, rmnanld become accidental host when clams
carry parasites (e.gAspidogaster conchicola holarctic trematode; Lucius and Loos-Frank
2008). Filter-feeding clams accumulate as well baegical substances such as metals and
compounds of certain pesticides (Basack et al. 199@wever, it is not a recent Swiss
tradition to consume clams and therefore no hdaditard should be expected. Independent
from the presence of the clam, all mentioned sauaiehuman disease (but the internal
parasites) may be found in open water and thuatimethe drinking water supply. Melo et al.

(2006) recommende@. flumineatherefore as a bioindicator for those substancek ta
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integrate the clam in a water quality alert syst@ime results of another study (Faust et al.
2009) indicated tha€. fluminea(and other filter-feeding molluscs) can remove agduce
the infectivity of avian influenza (Al) viruses imater. As many of the lakes in Switzerland
invaded byC. flumineaare feeding and resting places of migratory bilhdgé might carry the
Al virus, the role of the clam in fighting the dase might become important.

To sum up, in Switzerland, the expected economaca so far not existent health
consequences oF. flumineaare of minor concern, but although the proven agiohl
impacts are restricted to few organisms, cascaefifegts are not to be ruled out and the clam

needs to stay under further surveillance.
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