DNA-based methods for

freshwater biodiversity conservation

Phylogeographic analysis of noble crayfish
(Astacus astacus) and new insights into the

distribution of crayfish plague

DISSERTATION

zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften

Fachbereich 7: Natur- und Umweltwissenschaften
der Universitat Koblenz-Landau
Campus Landau
vorgelegt

am 16. Januar 2013

von Anne Schrimpf
geboren am 21. September 1984 in Frankfurt am Main

Referent: Prof. Dr. Ralf Schulz
Koreferent: Prof. Dr. Klaus Schwenk






- This thesis is dedicated to my grandparents -







Content

CONTENT
(1@ NN I = I TP PPN URPPPIIN 5
A B ST R A T et e e e e e e e s 8
ZUSAMMENFASSUNG ... e e e e e aeeees 10
ABBEREVIATIONS ...t e e e e e 13
GENERAL INTRODUCTION ...ttt eeeeei e e e e eeeaa e e aeeees 15
Conservation of biological diVEISItY ......ceeiii i 15
The freshwater CrayfiSh ... e e eeans 17
GBNEIAL ...t e e 17
The noble crayfish (AStacus astacCus) ........c..uuieiiiieeiiiiiiiiiiee e e e 19
Threats to native CrayfiSh ... e 20
GENELIC MEINOAS ...t e e e 24
OBUIECTIVES .. ettt e e e e et e e e e e eera e e e aeeees 27
THESIS OUTLINE ... et e e e e e e eneaans 29
SUMMARY OF RESULTS ...ttt e e et e e eeees 33
European crayfish species (AStacus astaCusS) .......coevuiuiiiiiieeeeieeeiiiiiin e eeeeeeniiann, 33
Crayfish plague (Aphanomyces astacCi)..........cccuuviiiiiiiieeiiiiiiiiicc e 35
GENERAL DISCUSSION ...ttt eeeeae e e e e e eean e e eaeeees 37
Conservation considerations - native crayfish.........c.ccccciiiii 37
Conservation considerations - crayfish plague........ccoooiiiiiiii e, 40
SYNthesis Of AISCUSSION....cuiiiiii e 42
CONGCLUSION ...ttt e e ettt e e e e e e e at e e e e ee et e e e eeeesann e aaaenes 43
REFERENGCES ... e e e e e 44
APPENDIX e e o1

Appendix 1: The first large-scale genetic analysis of the vulnerable noble crayfish

Astacus astacus reveals low haplotype diversity in central European populations..... 53



Content

Appendix 2: Noble crayfish (Astacus astacus) with migratory background — natural
versus human-mediated PrOCESSES.....uuiiii i e e e e e e eaeeees 73
Appendix 3: Crayfish plague agent detected in populations of the invasive North

American crayfish Orconectes immunis (Hagen, 1870) in the Rhine River, Germany

Appendix 4: Invasive crayfish and crayfish plague on the move: first detection of the
plague agent Aphanomyces astaci in the Romanian Danube..................ccoevviiinnnnnn. 119
Appendix 5: Crayfish plague pathogen detected in the Danube Delta — a potential
threat to freshwater biodiversity in southeastern EUrope.........ccccoeoevveiiiiiiiiiiienneeee, 139
Appendix 6: Absence of the crayfish plague pathogen (Aphanomyces

astaci) facilitates coexistence of European and American crayfish in central Europel55

ERKLARUNG ......ooiiiieitie ettt ettt st ee et e e et s st e e eneseatesenasabeesreeentesarenas 175
ACKNOWLEDGMENTS ... e 176
CURRICULUM VITAE ..ottt e e et e e e e 178
FIGURES

Figure 1 Noble crayfish (AStacus astaCUus)........cccceeiiiiiiiiiiiiiiiiiii e e 20
Figure 2 Narrow-clawed crayfish (Astacus leptodactylus)...........ccceeveviiiiiiniieeeeeeeeiiinnnnn, 22

Figure 3 Spiny-cheek crayfish (Orconectes limosus) and Calico crayfish (O. immunis).23

Figure 4 Overview of the different Appendices of this thesis. .........cccccviiiieiii i, 29
Figure 5 PhylogenetiC tree. ....ccooiviiiiii i e e e aa s 34
Figure 6 Hypothetical migration routes of noble crayfish. ...........cccccciiiiii e, 35
TABLES

Table 1 List of crayfish and crayfish pathogen species included in this thesis. ............ 18
Table 2 Results of the sequence analysSis.............ccciiiiiiieiiiiiiii e 33
Table 3 The common assumption and the outcome of this thesis.........c..cccccooee 40






Abstract

ABSTRACT

Worldwide one third to one half of the freshwater crayfish species are
threatened with population decline or extinction. Besides habitat deterioration,
pollution, and other man-made environmental changes, invasive species and
pathogens are major threats to the survival of European crayfish species.
Freshwater crayfish are the largest freshwater invertebrates and strongly
influence the structure of food webs. The disappearance of crayfish from a water
body may change the food web and could have dramatic consequences for an

ecosystem.

One goal in modern species conservation strategies is the conservation of
genetic diversity, since genetic diversity is an advantage for the long-term survival
of a species. The main aim of my thesis was to reveal the genetic structure and to
identify genetic hotspots of the endangered noble crayfish (Astacus astacus)
throughout Europe (part 1 of my thesis). Since the most significant threat to
biodiversity of European crayfish species is the crayfish plague pathogen
Aphanomyces astaci | studied new aspects in the distribution of A. astaci (part
two of my thesis). The results serve as a basis for future conservation programs

for freshwater crayfish.

In the first part of my thesis | conducted a phylogeographic analysis of noble
crayfish using mitochondrial DNA and nuclear microsatellite data. With these
methods | aimed to identify its genetic hotspots and to reconstruct the
recolonization history of central Europe by this species. | detected high genetic
diversities in southestern Europe indicating that noble crayfish outlasted the cold
climate phases during the Pleistocene in this region (Appendix 1). Because of
the high genetic diversity found there, southeastern Europe is of particular
importance for the conservation of noble crayfish. The mitochondrial DNA
analysis points to a bifurcated colonization process from the eastern Black Sea
basin to a) the North Sea and to b) the Baltic Sea basin (Appendix 2). A second
independent refugium that was localized on the Western Balkans did not
contribute to the colonization of central Europe. Furthermore, | found that the
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natural genetic structure is dissolved, probably due to the high human impact on

the distribution of noble crayfish (e.g. artificial translocation).

In the second part of this thesis using real-time PCR | identified calico
crayfish (Orconectes immunis) as the fourth North American crayfish species to
be carrier of the agent of the crayfish plague (Appendix 3). Furthermore |
detected the crayfish plague pathogen in American spiny-cheek crayfish
(Orconectes limosus) and native narrow-clawed crayfish (Astacus leptodactylus)
in the lower Danube in Romania (Appendix 4). The distribution of infected spiny-
cheek crayfish poses a threat to the native biodiversity in southeastern Europe
and shows the high invasion potential of this crayfish species. Moreover, | found
that even the native narrow-clawed crayfish in the Danube Delta, about 970 km
downstream of the current invasion front of American crayfish, is a carrier of A.
astaci (Appendix 5). This finding is of high importance, as the native species do
not seem to suffer from the infection. In Appendix 6 | elucidate demonstrate that
the absence of the crayfish plague agent is the most likely explanation for the
coexistence of populations of European and American crayfish in central Europe.
In my thesis | show that the common assumption that all North American crayfish
are carrier of A. astaci and that all native crayfish species die when infected with

A. astaci does not hold true.

The studies presented in my thesis reveal new aspects that are crucial for

native crayfish conservation:

1) The genetic diversity of noble crayfish is highest in southeastern Europe
where noble crayfish outlasted the last glacial maximum in at least two

different refugia.
2) Not all American crayfish populations are carrier of A. astaci and

3) not all Europen crayish populations die shortly after being infected with

the crayfish plague pathogen.

To conserve native crayfish species and their (genetic) diversity in the long
term, further introductions of American crayfish into European waters must be
avoided. However, the introduction will only decrease if the commercial trade with

non-indigenous crayfish species is prohibited.



Zusammenfassung

ZUSAMMENFASSUNG

Weltweit sind ein Drittel bis die Halfte der Flusskrebsarten von
Populationsriickgang oder Aussterben bedroht. Neben einer Verschlechterung
der Habitate, Umweltverschmutzung und anderen vom Menschen verursachten
Umweltverdnderungen  stellen  eingeschleppte  exotische  Arten  und
Krankheitserreger eine groRe Bedrohung fir das Uberleben europaischer
Flusskrebsarten dar. Flusskrebse sind die grof3ten Wirbellosen in limnischen
Systemen und haben einen entsprechend grof3en Einfluss auf die Struktur der
Nahrungsnetze. Das Verschwinden von Flusskrebsen aus einem Gewéasser kann
Nahrungsnetze verandern und somit dramatische Konsequenzen fir ein

Okosystem zur Folge haben.

Ein Ziel im modernen Artenschutz ist die Erhaltung der genetischen Vielfalt.
Eine hohe genetische Vielfalt ist fir das langfristige Uberleben einer Art von
Vorteil. Das Hauptziel meiner Arbeit war es, die genetische Struktur des
gefahrdeten Edelkrebses (Astacus astacus) in seinem europaischen
Verbreitungsgebiet zu untersuchen und die besonders schitzenswerten
genetische 'Hotspots' zu identifizieren (Teil 1 der Dissertation). Die grolite
Bedrohung fur die Diversitat europdaischer Flusskrebsarten stellt der
Krebspesterreger Aphanomyces astaci dar. Daher muss die Verbreitung des
Krankheitserregers bei Schutzprogrammen beachtet werden. Im zweiten Teil der
Dissertation untersuchte ich neue Aspekte der Verbreitung von A. astaci. Die
Ergebnisse dienen als Grundlage fur zukinftige Artenschutzprogramme fur
Flusskrebse.

Im ersten Teil dieser Arbeit fuhrte ich eine phylogeographische Analyse der
Edelkrebse durch, um genetische 'Hotspots' =zu identifizieren und die
nacheiszeitliche Wiederbesiedlung Zentraleuropas durch diese Art zu
rekonstruieren. Mit mitochondrialer DNA und nuklearen Mikrosatelliten-Markern
ermittelte ich eine hohe genetische Vielfalt in Sidosteuropa, die darauf hinweist,
dass der Edelkrebs die kalten Klimaphasen des Pleistozans in diesem Gebiet
Uberdauerte (Appendix 1). Wegen der hohen genetischen Vielfalt ist

Sudosteuropa von besonderer Bedeutung fur den Schutz des Edelkrebses. Die
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mitochondriale DNA-Analyse deutet auf eine gegabelte Kolonisierung vom
unteren Donaueinzugsgebiet in a) das Einzugsgebiet der Nordsee und b) das
Einzugsgebiet der Ostsee hin (Kapitel 2). Ein zweites, unabhangiges Refugium,
welches im westlichen Balkan lokalisiert wurde, hat vermutlich nicht zur
Besiedlung Mitteleuropas beigetragen. AulRerdem stellte ich fest, dass die
naturliche genetische Struktur teilweise Uberlagert ist, wahrscheinlich aufgrund
des hohen menschlichen Einflusses auf die Verbreitung des Edelkrebses (bspw.
kunstliche Translokation).

Im zweite Teil dieser Arbeit konnte ich mittels real-time-PCR ermitteln, dass
neben den bekannten drei nordamerikanischen Flusskrebsarten auch
Kalikokrebse (Orconectes immunis) Trager des Krebspesterregers sind (Kapitel
3). Des Weiteren habe ich den Krebspesterrreger in der unteren Donau in
Rumanien an amerikanischen Kamberkrebsen (Orconectes Ilimosus) und
europdischen Galizierkrebsen (Astacus leptodactylus) nachweisen kdnnen
(Kapitel 4). Die Ausbreitung der infizierten Kamberkrebse bis in die untere Donau
stellt eine grof3e Bedrohung fur die Artenvielfalt in Stdosteuropa dar und zeigt
das hohe Invasionspotential der Kamberkrebse. Dartber hinaus stellte ich fest,
dass auch einheimische Galizierkrebse im Donaudelta, etwa 970 km hinter der
aktuellen Invasionsfront des Kamberkrebses, Trager von A. astaci sind (Kapitel 5).
Diese Erkenntnis ist von besonderer Bedeutung, da die einheimischen Arten
offenbar nicht an der Infektion leiden. Die Untersuchung koexistierender
Populationen européischer und amerikanischer Flusskrebse ergab, dass die
Abwesenheit des Krebspesterregers in diesen Populationen die wahrscheinlichste
Erklarung fir die erfolgreiche Koexistenz in den untersuchten Gewassern in

Mitteleuropa ist (Kapitel 6).

Die Ergebnisse meiner Dissertation zeigen neue Aspekte, die von hoher
Relevanz fur den Schutz und Erhalt einheimischer Flusskrebsarten und deren
genetischer Vielfalt sind:

1) Die genetische Diversitat des Edelkrebses ist in Stidosteuropa am hdchsten.
Dort Uberdauerten Edelkrebse die letzte Eiszeit in mindestens zwei

unabhangigen Refugien.
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2) Nicht alle amerikanischen Flusskrebspopulationen sind Tréager der Krebspest

und

3) nicht alle européischen Flusskrebspopulationen sterben innerhalb kurzer Zeit

an einer Infizierung mit dem Krebspesterreger.

Um einheimische Flusskrebse und deren (genetische) Vielfalt langfristig zu
erhalten, durfen keine weiteren amerikanischen Flusskrebse in der Natur
ausgesetzt werden. Das unbefugte Aussetzen wird jedoch erst zurtickgehen,

wenn der Handel mit exotischen Flusskrebsen verboten wird.
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ABBEREVIATIONS

CBD = Convention on Biological Diversity
COI = cytochrome oxidase subunit |

DNA = deoxyribonucleic acid

ESU = evolutionary significant unit

Hp = haplotype diversity

IUCN = International Union for Conservation of Nature
MGB = minor groove binder

mMtDNA = mitochondrial DNA

N = number of samples

N. = number of positive samples

NICS non-indigenous crayfish species

PCR = polymerase-chain reaction

gPCR = real-time polymerase-chain reaction
rRNA = ribosomal ribonucleic acid

YBP = years before present
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General Introduction

GENERAL INTRODUCTION

Conservation of biological diversity

In the Convention on Biological Diversity (CBD) negotiated at the United
Nations Conference on Environment and Development in 1992, the conservation
of biological diversity is highlighted as one of the three main goals (SCBD 1992).
Biological diversity is understood as the variability among living organisms from all
sources including diversity within and between species and also of ecosystems
(CBD, Article 2). To maintain the genetic diversity within one species,
conservation genetics aim to protect genetic variability within and between
populations. The guidelines for the protection of threatened species recommend
the identification of evolutionary significant units (ESU, Ryder 1986). An ESU can
be defined as a population or group of populations that is sufficiently differentiated
from all the other members of this species and requires an individual
management or conservation strategy (Moritz 1994). An ESU may contain edemic
genetic variation. In restocking programs, it is therefore recommended to use
donor populations from the same ESU whenever possible to conserve the local
specificity and maintain the maximum within-species diversity. Species with
greater genetic diversity are more likely to be able to evolve in response to a
changing environment than those with less diversity (Malcolm et al., 2007).

One of the most significant threats of biodiversity is the introduction of
invasive species (McGeoch et al., 2010) and diseases and parasites associated
with them. Invasive species are often lacking natural predators and are
competitors with the native species (Schulz et al., 2006, Westman and Savolainen
2001). Although introduced species may increase the local biodiversity, they at
the same time lead to a global homogenization and therefore to a loss of
worldwide biodiversity (McNeely et al., 2001). Compared to terrestrial ecosystems,
aquatic ecosystems are particularly subject to invasive species (Dudgeon et al.,
2006). The connectivity of river systems facilitates the dispersal of invasive

species over large distances. In addition, today artificial channels between
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different rivers additionally increase the long-distance dispersal of freshwater
species (Bij de Vaate et al., 2002).

Otherwise, this connectivity between river systems also aided in the
recolonization of the European continent by freshwater species after cold climate
phases in the Pleistocene. When climate conditions were unfavorable, e.g. cold,
the ranges of most European species contracted to southern Europe (Taberlet et
al., 1998, Durand et al., 1999; Theissinger et al., 2012). Range contractions were
followed by range expansions when the climate warmed again. The range
expansion of freshwater species was most strongly influenced by the changes in
landscapes through glaciers and melting water (e.g. Hanfling et al., 2009,
Vonlanthen et al.,, 2007). This rapid northward expansion led to a reduction in
genetic diversity of northern populations. In contrast, the varied topography of
southern refugia allowed populations to diverge through several ice ages (Hewitt
1999). Thus, in species with a refugial area in southern Europe a genetic
divergence between the ancestral populations in the South and the newly founded
populations in the North of Europe can be detected as/in a decrease in genetic
diversity (Reiland et al., 2002). For conservation management of a species it is
important to reveal the two following aspects: 1) Where were the Pleistocene
glacial refugia located? Because of their high genetic diversity, their identification
is fundamental for conservation prioritization. 2) Where are possible ESUs? The
reconstruction of the phylogeographical distribution aids in defining ESUs, which
then serve as a basis for conservation programs. For freshwater species that
often cannot migrate over terrestrial habitats, river catchments (e.g. Rhine river
catchment, Danube river catchment) and sea basins (North Sea basin, Baltic Sea
basin) play a significant role in subpopulational differentiation.

16
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The freshwater crayfish

General

Freshwater crayfish are the largest freshwater invertebrates (Holdich 2002a).
They occupy a variety of streams, rivers and lakes and prefer habitats with an
access to shelter. Some crayfish species can have a physical impact on their
environment due to their burrowing activity (Correia and Ferreira 1995). Crayfish
are often key organism in food webs and have a high influence on its structure
due to their omnivore behaviour (Nystrom 1999). Besides on invertebrates, they
feed on vertebrates like amphibians (i.e. on their eggs and larvae (Axelsson et al.,
1997)) and on fish (Guan and Wiles 2002) and therefore have direct and indirect
influence on the species composition of their respective ecosystems. Freshwater
crayfish (Astacida) belong to the monophyletic Reptantia within the Decapoda
(Scholz and Richter 1995) and are taxonomically distributed among three families,
two in the northern Hemisphere (Astacidae and Cambaridae) and one in the
southern Hemisphere (Parastacidae), specifically in Madagascar, southern South
America and Australasia (Holdich 2002a). The Cambaridae are naturally found in
the Eastern United States and in East Asia, whereas the Astacidae are distributed
in the Western United States and in Europe. The diversity of crayfish in Europe is
relatively low compared to that in Australia and North America. Freshwater
crayfish have two centres of diversity, one in the southeastern USA and one in
Victoria, Australia (Crandall et al., 2006). Today more than 460 crayfish species
from North America are known (Crandall and Buhay 2011). In Europe, depending
on the taxonomy, five or six species from two genera can be distinguished.
Narrow-clawed crayfish (Astacus leptodactylus Eschscholz 1823), thick-clawed
crayfish (Astacus pachypus Rathke 1837) and Noble crayfish (Astacus astacus
Linnaeus 1758) belong to the genus Astacus and have a more northern and
eastern distribution compared to stone crayfish (Austropotamobius torrentium
Schrank 1803) and white-clawed crayfish (Austropotamobius pallipes Lereboullet
1858 species complex) which belong to the genus Austropotamobius. A. pallipes
is considered a species complex and its taxonomic status is still under revision

(Fureder et al., 2010). Schulz and Grandjean (2005) however argue that based on
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genetic data this species complex consists of two separate species, A. pallipes

and Austropotamobius italicus.

Today at least eight non-indigenous crayfish species (NICS) are established
in the wild in Europe (Holdich et al., 2009; Chucholl and Pfeiffer 2010). In the
literature, a distinction is drawn between the 'Old NICS' and the 'New NICS'. The
signal crayfish (Pacifastacus leniusculus Dana 1852), the spiny-cheek crayfish
(Orconectes limosus Rafinesque 1817) and the red swamp crayfish
(Procambarus clarkii Girard 1852) have been introduced before 1975 whereas the
'‘New NICS' have been introduced after 1980 (Holdich et al., 2009). In this thesis |
have investigated the crayfish plague carrier status of the 'Old NICS' spiny-cheek
crayfish (Table 1 and Appendices 3-6) and of the 'New NICS' calico crayfish (O.
immunis Hagen 1870) (Appendix 3).

Table 1 List of crayfish and crayfish pathogen species included in this thesis.

Common name Scientific name Conservation status Distribution in Europe
Noble Crayfish Astacus astacus Vulnerable (IUCN), Central and eastern Europe
native
Narrow-clawed Astacus leptodactylus Least concern (IUCN), Native to the Ponto-Caspian regior
crayfish native today in most European countries
Spiny-cheek Orconectes limosus  Invasive American Western, central and eastern
crayfish species, ‘Old NIC’ Europe
Calico crayfish Orconectes immunis Invasive American Upper Rhine river catchment in
species, ‘New NIC’ Germany and France

Crayfish plague Aphanomyces astaci Included in: 100 of the Throughout Europe
worst alien species

18
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The noble crayfish (Astacus astacus)

While the stone crayfish and white-clawed crayfish species complex has
already been subject to intensive molecular studies (e.g. Bertocchi et al., 2008,
Gouin et al., 2006, Trontelj et al., 2005), molecular studies of noble crayfish have
only been focused on restricted geographical areas (Agerberg 1990, Fevolden et
al., 1994, Schulz 2000, Edsman et al., 2002, Schulz et al., 2004, Alaranta et al.,
2006). Therefore, a part of my thesis focuses on noble crayfish that is widely
distributed across Europe. Its range extends from Russia and the Ukraine in the
east, Scandinavia in the North, Greece in the South, and the United Kingdom and

France in the west (Edsman et al., 2010).

In the literature, different and partly contradicting taxonomic classifications of
the noble crayfish (Figure 1) based on morphological criteria below species level
can be found (see Smietana et al., 2006 for a review). The most widely accepted
taxonomic studies (Karaman 1962, 1963) recognized the three following
subspecies: A. a. colchicus, which can be found in an isolated area in the Ponto-
Caspian region of the upper Rion (Caucasus); A. a. balcanicus, which populates
the Western Balkans with the drainage system of the river Vardar in Macedonia
and Greece and in the Lake Ohrid; the subspecies A. a. astacus with three races
is distributed in the river catchment of the river Danube and the rivers that open
out into the North- and Baltic Sea. Phylogenetic analysis of populations from the
distribution area of the subspecies A. a. astacus is the subject of Appendices 1
and 2. Karaman (1962) named the three races of A. a. astacus according to their
distribution: Northrace (A. a. a. astacus) in Elbe, Odra and probably in other rivers
that open out into the North- and Baltic Sea; Danuberace (A. a. a. pretzmanni) in
the upper part of the Danube and its tributary including the Drau; Southrace (A. a.
a. canadziae) in the Save river catchment (tributary of the Danube in Croatia) and

the lower part of the Danube (Romania, Serbia).
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Figure 1 Noble crayfish (Astacus astacus) collected in the river catchment of the Danube in
Romania (Picture: T. Schikora).

Threats to native crayfish

One-third to one-half of the crayfish species worldwide is threatened with
population decline or extinction (Taylor 2002). Besides habitat deterioration,
pollution, and other man-made environmental changes, invasive species and
pathogens are major threats to the survival of European crayfish species.
Therefore, the International Union for Conservation of Nature (IUCN) classifies
noble crayfish as a vulnerable species with a decreasing population trend in the
international Red List (IUCN 2012). Some national Red Lists even classify noble
crayfish as an endangered species (e.g. Germany) or 'Critically Endangered' (e.qg.
Sweden). Noble crayfish is further included in the Bern Convention (Appendix Il1)
and listed in the European Habitat Directive (Appendix V).

European crayfish species, in particular noble crayfish have been an object
of trade, commerce and zoological studies throughout Europe for more than 2000
years (Skurdal and Taugbgl 2002). This has led to stocking of noble crayfish into

numerous new localities. Translocations have been documented in central Europe
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for centuries, whereas translocations are not known from southeastern Europe
(see Albrecht et al., 1983 for more details). This leads to an extensive mixing of
crayfish on the one hand and to an overharvesting of local populations on the
other hand.

Today, several pathogens (viruses, protozoans, bacteria, fungi) causing
severe declines in crayfish populations are known (Edgerton et al.,, 2004,
Longshaw 2011). The most significant threat to European crayfish species is the
Oomycete Aphanomyces astaci causing the crayfish plague. A. astaci was
introduced to Europe via North American (hereafter 'American’) crayfish species
that were stocked into European waters to replace the decreasing number of
native crayfish populations (Alderman 1996). A. astaci is an invasive, crayfish-
specific parasite causing mass mortalities in susceptible European crayfish
populations (e.g. Kozubikova et al., 2008, Vralstad et al., 2011). After the crayfish
plague eradicated most noble crayfish populations in Sweden in 2002, only 3% of
the populations were left compared to 1900 (Bohman et al., 2006). The pathogen
is amplified in susceptible dying animals and spores are subsequently released
into the water, usually leading to 100% mortality of the European crayfish present
in the respective water body or large parts of it (OIE 2009). A. astaci is an obligate
pathogen of freshwater crayfish, but can also be grown in laboratory cultures
(Aldermann 1996). A co-evolution of a pathogen and the affected population may
lead to a relatively stable host-parasite relationship through enhanced immune
functioning by the natural host and virulence attenuation by the parasite (Edgerton
and Jussila 2004). Therefore the pathogen can coexist with American crayfish
species in such a balanced host-pathogen relationship. If American crayfish
species are severely stressed or immunocompromised by other pathogens or
environmental factors, they may succumb to the crayfish plague infection
(Persson et al., 1987; Soderhall and Cerenius 1992).
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Figure 2 Narrow-clawed crayfish (Astacus leptodactylus) from the Romanian Danube. The dark
melanisation indicates a crayfish plague infection. (Picture: L. Parvulescu)

Probably, A. astaci was first introduced to Europe in the late 1850s. This is
known as the first infection wave in which thousands of native crayfish
populations were eradicated (Aldermann 1996). While the natural hosts of A.
astaci, American freshwater crayfish species were not recorded during this first
crayfish plague outbreak in Europe they were repeatedly introduced later
(Aldermann 1996, Holdich et al., 2009). Until recently it was believed that all
American crayfish are carrier of A. astaci (e.g. "This crayfish species is a
permanent carrier of the parasite and there are no A. astaci-free P. leniusculus";
Cerenius et al.,, 2003). In Appendix 3, | test the New NICS calico crayfish
(Orconectes immunis) for an infection with A. astaci. A positive result would
identify a fourth American crayfish as transmitter and support the concern that all
American crayfish species in European waters are carriers of the crayfish plague
pathogen. It was further believed that native crayfish populations suffer 100%
mortality when infected with the pathogen. However, recent studies have shown
that a coexistence of A. astaci and European crayfish species is in some cases
possible (Jussila et al., 2011; Viljamaa-Dirks et al., 2011), supposedly due to a
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lowered virulence of A. astaci. Furthermore, a coexistence could also be possible
when the pathogen is absent in some populations. In Appendices 4 and 5 | test
native narrow-clawed crayfish (Figure 2) from the Romanian Danube for an
infection with the crayfish plague agent. Narrow-clawed crayfish coexist with
spiny-cheek crayfish (Figure 3) in the upper Romanian Danube (Appendix 4) and
live in allopatry in the lower Danube (Appendix 5). In Appendix 6 | investigate
coexisting populations of noble crayfish and spiny-cheek crayfish. The prevalence
of the crayfish plague has major implications on the conservation and
management strategies of the threatened European crayfish species, and is
critical for further reintroduction (Kozubikovd et al., 2009) or translocation

attempts.

Figure 3 The 'Old NICS' spiny-cheek crayfish (Orconectes limosus) and the 'New NICS' Calico
crayfish (Orconectes immunis) coexist in the River Rhine (Picture: B. Dahelean).
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Genetic Methods

Due to the specific attributes of each molecular method, a combination of
methods was necessary for this thesis to resolve the key questions. The
phylogeographic analysis of noble crayfish was based on sequence variations of
mitochondrial DNA (cytochrome oxidase subunit | (COI) and 16S rRNA) and
length variations of microsatellites. Real-time polymerase-chain reaction (QPCR)
was used for the verification of A. astaci in crayfish populations.

According to Avise (1987) mitochondrial DNA (mtDNA) is an ideal molecular
system for phylogenetic analysis because it is distinctive, easy to isolate, has a
simple genetic structure, evolves at a rapid rate and exhibits a straightforward
mode of genetic transmission since mtDNA is maternally inherited. These
features make mtDNA a widely used marker to reconstruct the phylogeographic
history of species. It helps to uncover the ice age refuges and the colonization
history of a species (Weiss 2002). When a molecular clock is known, a dated
phylogenetic tree can be constructed. However, only little or no signal can be
seen from sequences in bottlenecked populations that recently colonized an area
(Hewitt 1999). Therefore, | additionally utilized nuclear microsatellite data to track
the recent gene flow and to estimate the population diversity. The short stretches
of repetitive microsatellite DNA evolve at a rapid rate when endogenous DNA
polymerase in the cell makes a replication error and either mistakenly adds or
removes a copy (DNA slippage). These stepwise mutations occur much more
often than other types of mutation (e.g. single base substitutions in mtDNA).

In a sequence as well as in a microsatellite analysis, the first step after the
DNA-extraction is the amplification of a specific DNA fragment using PCR.
However, to detect small traces of DNA, a conventional PCR is not sufficient.
Therefore, for the verification of A. astaci DNA in carrier crayfish tissues, | applied
quantitative TagMan® minor groove binder (MGB) gPCR. In contrast to a
conventional PCR, beside the two species-specific primers, an additional species-
specific probe has to anneal to the target DNA in order to get a positive signal.
The TagMan® MGB primer and probes bind on the minor groove of the DNA strain

and are extremely sensitive to mismatches in the annealing sites of primers and
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probe (Yao et al.,, 2006). Today, this method is the most specific and sensitive
method to test for the presence of A. astaci (Vralstad et al., 2009; Tuffs and
Oidmann 2011).

25



26



Objectives

OBJECTIVES

The genetic structure of a species (e.g. areas of endemism, geographical
patterns in species richness) is important for conservation prioritization. Since the
genetic structure is the result of historic processes, | aimed to reconstruct the
post-glacial recolonization of central Europe by the endangered noble crayfish
(Appendix 2). Furthermore, | intended to identify refugial areas that are hotspots
of genetic diversity (Appendix 1 and 2) and should receive special attention in
species conservation. To address these questions | used two genetic data sets: i)
sequence data of the mitochondrial cytochrome oxidase subunit | gene
(Appendix 1 and 2), 16S rRNA (Appendix 2) and i) species-specific
microsatellites (Appendix 2). The results serve as a basis for conservation

management of European freshwater crayfish.

Since the most significant threat to European crayfish species is the crayfish
plague pathogen A. astaci, the distribution of the disease agent has to be
considered before any management action can be taken. In this thesis | aimed to
expand the knowledge of the distribution of A. astaci using gPCR. One goal was
to reveal if the American calico crayfish, which increases its range in the River
Rhine rapidly since a few years, is a carrier of A. astaci (Appendix 3). On the
other side, the American spiny-cheek crayfish increased its range in the lower
Danube. | intended to reveal its A. astaci carrier status and also the status of the
native narrow-clawed crayfish in the lower Danube (Appendix 4), as well as the
status of narrow-clawed crayfish in the Danube Delta (Appendix 5). Furthermore,
| wanted to reveal mechanisms facilating the coexistence of European and

American crayfish species in the same lake.
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Thesis Outline

THESIS OUTLINE

My thesis addresses the objectives with six manuscripts, compiled in the
Appendices 1-6 (Figure 4). Two manuscripts deal with the genetic structure of
the European noble crayfish throughout Europe (Appendices 1 and 2) and four
manuscripts address questions concerning the distribution of the crayfish plague

in Germany, Poland and Romania (Appendix 3 to 6).

Conservation of European
freshwater crayfish

A

European crayfish species
(Astacus astacus)

/

Crayfish plague
(Aphanomyces astaci)

b

Conservation Reconstruction Carrier species: Distribution: Plague free
priorities: of postglacial Detection of a new Dispersal in the American crayfish
Genetic hotspot recolonisation carrier species Danube species
Appendix 1 Appendix 2 Appendix 3 Appendices 4 and 5 Appendix 6

Figure 4 Overview of the different Appendices of this thesis assigned to the two topics of my PhD
work: European crayfish species and crayfish plague.

PART 1 - European crayfish species (Astacus astacus)

The conservation of genetic diversity is one goal in modern conservation
strategies because genetic variation represents an advantage for the long-term
survival of species. To protect the within-species diversity, a good knowledge of
the genetic structure of this species is indispensable. Since the genetic structure
of a species is a result of both present processes and past history, the post-glacial
recolonization history should be reconstructed in order to reveal the genetic

structure of a species.

Appendix 1: First large-scale genetic analysis of the vulnerable noble

crayfish Astacus astacus reveals low haplotype diversity of central

European populations
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In Appendix 1 | present the first study focusing on the genetic structure of noble
crayfish throughout its European distribution area. | analyzed a partial sequence
of the mitochondrial gene cytochrome oxidase subunit | (COI) from a large set of
noble crayfish populations throughout Europe to localize genetic hotspots and to
prioritize conservation effort. This study has shown that the highest haplotype
diversity is located in southeastern Europe, which indicates with reasonable
certainty a glacial refugium. In contrast, | showed that diversity is relatively low in
central Europe, which was recolonized after the last ice age. | discovered
differentiation between river catchments despite the extensive human
translocation of crayfish. In this first study | revealed that more markers are
needed to better understand the recolonization history of noble crayfish.
Furthermore, | recognized areas from where more samples are needed in order to
identify the genetic hotspots more specifically in a subsequent supplementary

study.

Appendix 2: Recolonization of Europe by noble crayfish (Astacus

astacus) — natural versus human-mediated processes

In the second Appendix | focus on the postglacial recolonization of central Europe
by noble crayfish. For this, | improved the molecular methods by additionally using
nuclear markers (microsatellites) compared to the previously performed mtDNA-
based study. Additionally, 16S rRNA was used as a second mitochondrial marker
besides COIl. By using these methods, | was able to calculate the first calibrated
tree of noble crayfish and correlate the split of lineages with climatological events.
| detected a very distinct lineage in the Western Balkans that may have served as
an isolated glacial refugium during the last glacial maximum. | suppose a second
independent refugium in the eastern Black Sea basin from where the species
recolonized central Europe through the Danube and through a second migratory

route in eastern Europe.
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PART 2 - Crayfish plague (Aphanomyces astaci)

For the conservation of European crayfish species, knowledge on the distribution
of A. astaci in European waters is of great importance. This aspect correlates with
the question which crayfish species are latent carrier of the disease agent.

Appendix 3: Crayfish plague agent detected in populations of the
invasive North American crayfish Orconectes immunis (Hagen, 1870) in the

Rhine River, Germany

In the third Appendix | identified calico crayfish as the fourth North American
crayfish species in European waters, which is carrier of the crayfish plague
pathogen. A positive verification was received from two sampling sites in the
upper Rhine River where calico crayfish seems to displace its invasive
predecessor spiny-cheek crayfish. This finding of the positive detection is
worrying considering the fast and successful invasion process of calico crayfish.
Furthermore, this outcome supports the apprehension that all American crayfish

species are carriers of the crayfish plague.

Appendix 4: Invasive crayfish and crayfish plague on the move: first
detection of the plague agent Aphanomyces astaci in the Romanian Danube

The fourth Appendix focuses on the dispersal of A. astaci in the Romanian
Danube. The crayfish plague disease agent could be detected in American
narrow-clawed crayfish as well as in European spiny-cheek crayfish. According to
field observations of the first occurrences of narrow-clawed crayfish along the
Danube, an invasion speed could be calculated for this species. It was estimated
that the invasive narrow-clawed crayfish invade the sensitive Danube Delta area
in the mid-2060s, but the crayfish plague agent may reach the delta significantly

earlier.
Appendix 5: Crayfish plague pathogen detected in the Danube Delta — a
potential threat to freshwater biodiversity in southeastern Europe

In the fifth Appendix | survey native narrow-clawed crayfish from the highly
protected Danube Delta for an infection with A. astaci, with a positive test result.
The delta is located 970 km downstream of the current invasion front of American
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crayfish in the Danube. This result shows that the pathogen has a much wider
range in this river than previously assumed. A. astaci seems to persist in local
populations, as neither crayfish mass mortalities, nor alien crayfish species have
been reported from this region. In this Appendix different possible dispersal ways
of the pathogen towards the delta are discussed. However, the real

transmitter/vector could not be determined.

Appendix 6: Absence of the crayfish plague pathogen (Aphanomyces
astaci) facilitates coexistence of European and American crayfish in central
Europe

In the sixth Appendix | study coexisting populations of introduced spiny-cheek
crayfish and native noble crayfish. | resolve the question whether the coexistence
resulted from reduced virulence in local A. astaci strains, increased resistance in
susceptible crayfish species, or a complete absence of the pathogen in the
American crayfish populations. A negative result of 523 crayfish tested for an
infection with A. astaci is a very strong indication that the coexistence is possible
in the absence of the pathogen in these populations. Exposure experiments
confirmed these results.
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SUMMARY OF RESULTS

In this chapter | will briefly summarize the most important results of my
thesis. In the following discussion | will get back to these results. For more detiails
on the results see the Appendices.

European crayfish species (Astacus astacus)

In the first part using sequence analyses and microsatellite analyses |
revealed high genetic diversities (high number of haplotypes and number of
alleles) of noble crayfish in southeastern Europe (Appendix 1 and 2). The
haplotype diversity (Hp) is highest in the Black Sea basin (Hp = 0.851, Table 2). In
contrast the genetic diversities are low in central Europe. The lowest haplotype
diversity was detected in the Baltic Sea basin (Hp = 0.276). | detected the highest
number of differentiated haplotypes/alleles in the Western Balkans (Adriatic Sea
basin and south-western Black Sea basin; red Star in Figure 6). Six haplotypes
from the Western Balkans (Hap4l — Hap46) were highly distinct from all other
haplotypes (Figure 2 in Appendix 2). The calibrated Bayesian phylogenetic tree
revealed that the Western Balkan haplotypes (Lineage 4 in Figure 5) were
separated from all other haplotypes about 710,890 years before present (YBP),
whereas all other differentiations occurred within the last 450,000 YBP. The
microsatellite analysis supported the differentiation of the Western Balkan
samples (Figure 5 in Appendix 2).

Table 2 Results from a combined 350 base pair (bp) fragment of the COI sequence and a 476 bp
fragment of the 16S rRNA sequences for the analyzed sea basins. The number of sequenced
individuals (N), the number of haplotypes (H,) and the haplotype diversity (Hp) is given (also see
Appendix 2).

Sites N Hn Hp
Baltic Sea 14 66 5 0.276
North Sea 59 249 13 0.316
Black Sea 82 185 28 0.851
Adriatic Sea 5 12 5 0.576
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Figure 5 Phylogenetic tree generated using Bayesian Markov Chain Monte Carlo analysis
implemented in Bayesian Evolutionary Analysis Sampling Trees (BEAST; Drummond et al., 2012)
by using a combined fragment of the COIl sequence and a fragment of the 16S rRNA sequence.
The axis shows the time scale in million years before present. Shown are the posterior probability
values above 0.5 (see also Appendix 2).

In total, eight haplotypes were shared between different sea basins and
between different river catchments. For example the haplotype Hap4l from the
differentiated lineage 4 was shared between the Danube river catchment in the
Western Balkans and the Elbe river catchment (North Sea basin).

The probability values/Bayes factors for the model selection calculated with
Migrate-n version 3.3.2 (Beerli and Felsenstein 2001) using mtDNA sequence
data preferred model 2b (see Appendix 2). This model implies a ‘bifurcal
colonization route for noble crayfish from the eastern Black Sea basin (Romania,
Bulgaria) to a) the North Sea basin and to b) the Baltic Sea basin (see schematic
arrows in Figure 6).
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X : Dby TN, - v ot
Figure 6 Hypothetical migration routes of noble crayfish from its glacial refugia in southeastern
Europe into northern and central Europe are shown schematically. Arrows indicate the directions
of gene-flow. Hotspots of genetic diversity are indicated with stars. Red star: Western Balkan,
yellow star: eastern Black Sea basin. The '?' indicates that the route to Finland should be
considered with caution because of the low sample size of Finnish samples (N = 10) (see also
Appendix 2).

Crayfish plague (Aphanomyces astaci)

In Appendix 3 using gPCR | tested the New NICS calico crayfish from the
river Rhine in Germany positive for an infection with A. astaci. From the sampling
site Germersheim in the main river 60% of the samples were positive (N = 50; N.
= 23) and from Buhl (a side channel of the Rhine) 81% were positive (N = 32; N, =
26). With this positive verification | identified calico crayfish as the fourth American
crayfish species to be carrier of the crayfish plague agent (Appendix 3).

Furthermore | detected the crayfish plague pathogen in American spiny-
cheek crayfish and in native narrow-clawed crayfish in the lower Danube in
Romania (Appendix 4). The pathogen could be detected in 41% of the tested
native species (N = 49; N, = 20) and in 32% of the tested NICS (N = 71; N, = 23).

Moreover, | detected that native narrow-clawed crayfish in the Danube Delta at
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two sampling sites about 970 km downstream of the current invasion front of
American crayfish in the Danube is a carrier of A. astaci (Appendix 5). In total,
30% of the samples from the Chilia Channel (N = 37; N. = 11) and 67% of the
samples from the Merhei Lake (N = 3; N = 2) were tested positive.

On the other side, from a total of 523 tested crayfish (490 spiny-cheek
crayfish, 33 noble crayfish) from six coexisting populations of European and
American crayfish species, no A. astaci positive individuals were found. With an
assumed lowest possible A. astaci prevalence of 10% in a carrier population,
there is a 98% probability of disease absence in five of the nine tested coexisting
populations. Exposure experiments confirm these results: no abnormal mortality
or behavioural changes were seen in noble crayfish kept together with American

crayfish from the coexisting populations.
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GENERAL DISCUSSION

In the following discussion | will first address the two parts of my thesis
(native crayfish and crayfish plague) separately and after that | will discuss these
aspects that are inextricably linked together combined.

Conservation considerations - native crayfish

The results of this thesis indicate that special attention in species
conservation of noble crayfish should be put on the Danube river catchment in
southeastern Europe, where the highest genetic diversity was detected
(Appendix 1, Schrimpf et al., 2011). Noble crayfish outlasted cold climate phases
in southeastern Europe while the climate conditions in central and northern
Europe were unfavorable for crayfish species. The same applied to many other
freshwater species (e.g. Hanfling et al., 2009; Weiss et al., 2002). In particular, |
detected that noble crayfish outlasted the last glacial maximum in at least two
different refugia in southeastern Europe: one was located in the Western Balkans
and one in the eastern Black Sea basin (see scheme in Figure 6). Noble crayfish
from the Western Balkans are particularly diverse and highly differentiated. While
the Western Balkan haplotypes (Lineage 4 in Figure 5) were separated from all
other haplotypes already about 711,000 YBP, all other haplotypes differentiated
within the last 450,000 YBP. Therefore, | assume that the Western Balkans
served as an older glacial refuge (Appendix 2, Schrimpf et al., unpublished data).
Further, the high diversity in the eastern Black Sea basin and the similarity to
central European haplotypes indicates a second refuge in the Danube river
catchment from where the noble crayfish recolonized central Europe. It has to be
mentioned, that the data from the eastern Black Ses basin is restriced to Romania
and Bulgaria. However, it is very well possible that the glacial refuge was even
further south, e.g. in Greece, and Romania and Bulgaria were recolonized from a
more southern refuge before noble crayfish recolonized central and northern
Europe from the eastern Black Sea basin. | revealed that the recolonization of the
North Sea basin was possible along the Danube and the recolonization of the
Baltic Sea basin along a second eastern corridor. The sample size of Finnish
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samples however was too small (N = 10) to definitely reveal the colonization route
of Finland. In an additional study more samples from eastern and northern Europe
should be analyzed in order to reveal the eastern corridor more specific and to
reconstruct the (re-)colonization of northern Europe.

In this thesis | have detected that the genetic structure of noble crayfish is
partly dissolved (Appendices 1 and 2). This altered genetic structure was
probably caused by the high anthropogenic influence on the noble crayfish
dispersal (e.g. translocation) throughout Europe (Skurdal and Taugbgl, 2002).
The haplotype Hap41l from the differentiated Lineage 4 that was detected in the
Western Balkans and in the Elbe river catchment (Appendix 2), was probably
introduced to the Elbe river catchment artificially and led to a 'genetic
contamination' of the local population (Largiader et al., 2000). Long-distance
translocation of noble crayfish needs to be prohibited to conserve the remaining
(natural) genetic structure of the species. However, the disrupted genetic
structure might explain why partly different and contradictory classifications of the
noble crayfish subspecies based on morphological criteria can be found in the
literature (see Smietana et al., 2006 for a review). When noble crayfish are
collected for morphological determination from a specific sampling site, it is very
well possible that this site was stocked artificially and that researchers did
therefore not always use autochthonous crayfish to define morphological
characteristics of noble crayfish for a certain region.

The geographical assignment of the three races of A. a. astacus based on
morphological characters (Karaman 1962, 1963, see also the Introduction of my
thesis) cannot be confirmed with the genetic data of individuals from the same
regions (Appendices 1 and 2). It was not possible to reveal if the discrepancy
between morphological and genetic differentiation can be explained by a
difference between morphological and genetic characters (e.g. morphological and
genetic characters evolve at a different rate) or by artificial translocations.
Presumably, it is a combination of different aspects.

However, as long as the taxonomic status of a species is not resolved, one
cannot be sure which taxonomic unit is being translocated: a different species, a
subspecies, a race or a genetic variation. It is oftentimes impossible to define the
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taxonomic level, since the threshold for any taxonomic level (e.g. species,
subspecies, race) is difficult to define. The existence of different species concepts
additionally complicates the delimitation of a species/subspecies (de Queiroz
2007). A species under the 'Biological species concept' (sensu Mayr 1942, a
species is defined based on its ability to inbreed) could be considered a
subspecies under the 'Phylogenetic species concept' (Cracraft 1983) or vice versa.
Therefore, any introduction of individuals from a distant region needs to be
prohibited and the conservation of local population should be promoted in order to
protect local adaptions and endemic haplotypes/alleles. This way the greatest

possible genetic variation of a species can be conserved.

The taxonomic status of European crayfish species is not fully resolved
(Holdich et al., 2006). One example is the white-clawed crayfish case (A. pallipes
species complex), whose taxonomic order is still under revision. While in the past
A. pallipes was considered a 'species’, it is today considered a 'species complex’
(Holdich et al., 2006). In the future the A. pallipes 'species complex’ might be split
into two separate species (A. pallipes and A. italicus), as proposed by Grandjean
et al., (2002). With regard to noble crayfish, we cannot exclude, that populations
today known as noble crayfish throughout Europe will in future be classified as
more than one species. Only if between-catchment translocation of noble crayfish
is stopped and translocation for conservation purposes will be conducted within
ESUs (e.g. river catchments or even smaller units, like side arms of a river), the
conservation of the species integrity is possible. In summary, there is urgent need
for a close collaboration between taxonomists and molecular biologists as well as
conservation biologists to reveal the taxonomic status of European crayfish
species as a basis for species conservation.

Unfortunately, the region with the highest genetic diversity of noble crayfish
coincides with the region that is under current threat of disease carrying American
crayfish species (Appendices 4 and 5, Hudina et al., 2009, Parvulescu et al.,
2009). Therefore, before any conservation measures of native crayfish can be
conducted the distribution of the crayfish plague pathogen has to be considered.
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Conservation considerations - crayfish plague

Until recently it was believed that a) all (North) American crayfish are carrier
of A. astaci (e.g. "This crayfish species is a permanent carrier of the parasite and
there are no A. astaci-free P. leniusculus"”; Cerenius et al.,, 2003) and that b)
native crayfish populations suffer 100% mortality when infected with A. astaci
(Table 3). With the positive verification of calico crayfish as carrier of A. astaci
(Appendix 3, Schrimpf et al., 2013) | support the assumption a) that all American
crayfish spesies are indeed potential carriers. However, | discovered potential
plague-free spiny-cheek crayfish populations and therefore | show that not all
populations of American crayfish species in Europe are necessarily infected with
A. astaci (Appendix 6, Schrimpf et al., in press). These results demonstrate that
the disease transmission risk varies substantially between different American
crayfish populations. The existence of plague-free American crayfish populations
has been assumed by several authors (e.g. Westman and Savolainen, 2001,
Jussila and Mannonen 2004, Skov et al., 2011) but never before been studied
thoroughly. In addition, | contradict the assumption b) that all European crayfish
suffer 100% mortality when infected with A. astaci. With the positive verification of
narrow-clawed crayfish as carrier of the agent of the crayfish plague (Appendices
4 and 5, Parvulescu et al., 2012, Schrimpf et al., 2012), | show that latent infected
native crayfish populations do exist. This result is supported by recent molecular
studies, which also indicate that persistent infections of A. astaci occur in native
European crayfish (Jussila et al., 2011; Villamaa-Dirks et al., 2011; Kokko et al.,
2012, Svoboda et al., 2012).

Table 3 The common assumption and the outcome of this thesis regarding the infection status of
North American crayfish populations (NACP) and the reaction of European crayfish population
(ECP) to an infection. ¢/ = correct, X = wrong.

Common assumption This thesis
All populations  All populations die All populations Al gﬁgftllatg?esrdle
are infected shortly after infection are infected ortly.
infection
NACP v X X X
ECS X v X X
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These findings demonstrate that even after many years of visual
observations, one cannot know if A. astaci is present or absent in a crayfish
population. The wrong assumption of the plague’s absence can have fatal
consequences for other native crayfish populations because the pathogen must
not be equally lethal to all populations. It is possible that some local populations
evolved a resistance against this pathogen, but other recently infected
populations without previous 'selection opportunity’ could be susceptible and
might be completely destroyed. Therefore, before native crayfish individuals are
being translocated to a new locality, molecular analyses need to be done to reveal
the carrier status of the donor population. On the other side, European crayfish
populations are not necessarily lost, in case American crayfish occur in the same
water. The native crayfish can be transferred to waters that are free of American
crayfish species. Furthermore, it has to be considered that any translocation also
involves the risk of spreading other diseases and associated non-target species
‘accidentally’ (Edgerton and Jussila 2004).

American crayfish species were initially introduced into Europe to replace
native crayfish that suffered high mortalities due to environmental changes
(Alderman et al., 1990). Back then, the replacement of one species by another
one, which occupies a similar ecological niche, was not believed to cause any
negative ecological consequences. However, today we know that there are
differences in the dietary habits between different crayfish species and that their
physical impact on the environment varies (see Holdich 2002b for a summary of
different species). Thus, the replacement of one crayfish species by another can
have fatal consequences on the environment. For this reason, nowadays the
introduction of American crayfish species into the wild in Europe is forbidden and
the western European native species (A. astacus, A. pallipes, A. torrentium) are
listed as protected in Appendix Il of the Bern Convention. Species listed under
Appendix Ill are those who are in need of protection and any exploition of wild
fauna shall be regulated in order to keep the populations out of danger (Council of
Europe 2009).
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Synthesis of discussion

Protection of the native biodiversity is the major aim of conservation biology
(Frankham et al. 2004). In the last decades many conservation projects have
been conducted that consisted in restoring the habitat, (re-)introducing native
crayfish species (Taugbgl and Peay 2004, Dumpelmann 2011) or eradicating
NICS in the wild (Sandodden and Johnsen 2010). However, while there are
numerous reports on successful conservation measures, many introductions have
failed due to new crayfish plague outbreaks. The extinction of local populations
can have fatal consequences for the environment. Due to their trophic activities as
omnivores crayfish play a key role in many freshwater ecosystems (Nystrom
1999), and their loss may change the food-web with drastic impacts on local
species composition. As long as infected crayfish species are subject to aquarium
trade, NICS and the crayfish plague pathogen will repeatedly be introduced into
the wild. Many people promote the introduction of exotic species because trading
these species promises increased profit (McNeely 2001). The persons involved in
the introduction often don’'t consider the negative impact these species might
have on the environment. Usually it's the general public and future generations
who have to pay the price.

Germany is the main importer of exotic crayfish species in Europe (Chucholl
2012). The majority of the 120 NICS, which are available in German aquarium
trade originate from America and is therefore suspected to be carrier of the
crayfish plague. Contrary, in Norway the import of live crayfish is banned and until
recently Norway was free of NICS (Vralstad et al., 2011). However, few crayfish
plague outbreaks and the recent findings of NICS in Norway (Johnsen et al., 2007,
Vralstad et al., 2011) are believed to have resulted from introductions of NICS and
transmissions of A. astaci from lakes in Sweden close to the Norwegian border
(Taugbgl 2004). Boats or fishing gear used on both sides of the border might
have served as vectors for the A. astaci transmission. This example highlights
that all European countries have a responsibility not only for their own
environment but also for that of their neighbouring countries because non-
indigenous species do not adhere to national boundaries (European Commission
2008).
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CONCLUSION

The results of my studies show that a high degree of genetic diversity of
noble crayfish can be conserved when the genetic hotspots in southeastern
Europe receive special attention in conservation management (Appendices 1
and 2). Genetic diversity and endemic haplotypes/alleles can be protected when
species introduction for conservation purposes is being conducted only within
ESUs (river catchments) and translocations between river catchments are strictly
avoided. However, the greatest threat to native crayfish biodiversity stems from
the introduction of NICS infected with crayfish plague (Lodge et al., 2000).
Because the disease agent may devastate conservation measures, its distribution
has to be considered before any management action can be taken. In my thesis |
could verify A. astaci in several populations in Poland, Germany and Romaia in
native and American crayfish species (Appendices 3 - 6). While | could show that
plague-free American crayfish populations do exist (Appendix 6) and native
Euroipean crayfish can be infected without indication of illness (Appendices 3
and 4), these findings however constitute exceptions. Moreover, the results show
that even native species may serve as a transmitter between water bodies even if
they don't show signs of infection. Therefore, a health test should be conducted
before native crayfish species are translocated.

As long as infected NICS can be purchased by anybody via pet stores or
internet, they will repeatedly be introduced into the wild and eradicate genetic
resources of native crayfish. NICS and the crayfish plague continue to be the
greatest threat to the survival of native crayfish. Therefore, crayfish conservation
needs to address the threat posed by NICS with a high priority. A change in
legislation, which prohibits the trade with infected invasive species will increase

the long-term survival of native crayfish species and is therefore urgently needed.
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The first large-scale genetic analysis of the vulnerable noble
crayfish Astacus astacus reveals low haplotype diversity in

central European populations

A. Schrimpf!, H.K. Schulz?, K. Theissinger?, L. Parvulescu?, R. Schulz!

! Institute for Environmental Sciences, University Koblenz-Landau, Fortstrasse 7, 76829 Landau, Germany
? Faculty of Chemistry, Biology, Geography, West University of Timisoara, Timisoara, Romania

ABSTRACT

Major global changes (e.g., human impact or climatic cycles) have a severe
impact on the distribution and diversity of species such as the vulnerable
European noble crayfish Astacus astacus. This is the first large-scale study
regarding haplotype diversity of A. astacus in central and southeastern Europe.
We analyzed a partial sequence of the mitochondrial gene cytochrome oxidase
subunit | from 416 specimens of 92 crayfish stocks of three European river basins
(Black Sea, North Sea and Baltic Sea). Twenty-two haplotypes were identified,
and one common haplotype was found, across the whole study area. We
detected differences in the genetic diversity between major river catchments (®sr:
0.03481 to 0.20387). The high haplotype diversity (Ho = 0.794+0.024) and high
number of private haplotypes suggests a glacial refuge in the Balkan area. The
very low haplotype diversity in central Europe (Ho= 0.299 + 0.038 and Ho= 0.163
+ 0.058) could be a result of human translocation and/or founder effects due to
postglacial recolonization. Nevertheless, the high frequency of private haplotypes
in all major catchment areas indicates a differentiation of noble crayfish
populations throughout Europe despite the extensive human translocation of
crayfish. The results of this study support the establishment of conservation

management plans for this vulnerable species.

Key words: mtCOl sequences <« haplotype diversity ® human translocation
* conservation management ® evolutionary significant units (ESU)

53



Appendix 1

RESUME

Une premiére analyse génétique a grande échelle des populations vulnérables de
I'écrevisse Astacus astacus révéle une faible diversité des haplotypes dans les

populations du centre de I'Europe

D'importants changements globaux (par exemple, I'impact humain ou les
cycles climatiqgues) ont un grave impact sur la distribution et la diversité des
especes telle que I'écrevisse a pattes rouges européenne Astacus astacus. C'est
la premiere étude a grande échelle en matiere de diversité des haplotypes d'A.
astacus en Europe centrale et du sud-est. Nous avons analysé une séquence
partielle du géne mitochondrial de la cytochrome oxydase, sous-unité | de 416
spécimens de 92 stocks d'écrevisses de trois bassins hydrographiques
européens (Mer Noire, Mer du Nord et Mer Baltique). Vingt-deux haplotypes ont
été identifiés, et un haplotype commun a été trouvé dans toute la zone d'étude.
Nous avons détecté des différences dans la diversité génétique entre les
principaux bassins versants (ST : 0,03481 a 0,20387). La forte diversité des
haplotypes (HD = 0,794 + 0,024) et le nombre élevé d'haplotypes suggerent un
refuge glaciaire dans la région des Balkans. La trés faible diversité des
haplotypes en Europe centrale (0,299 + HD = 0,038 et 0,163 + HD = 0,058)
pourrait étre une conséquence de la translocation de I'homme et / ou des effets
fondateurs en raison de la re-colonisation postglaciaire. Néanmoins, la fréquence
élevée des haplotypes particuliers dans tous les grands bassins versants indique
une différenciation des populations d'écrevisses a pattes rouges a travers
I'Europe, malgré les translocations importantes de I'écrevisse. Les résultats de
cette étude viennent appuyer la mise en place de plans de conservation pour
cette espece vulnérable.

Mots-clés: séquences mtCOIl « diversité des haplotypes translocation ¢ gestion de la
conservation ¢ evolutionary significant units (ESU)

54



Appendix 1

INTRODUCTION

Genetic diversity among and within species is the basis of evolution and is
important for the resilience of native stocks to future changes in the environment
(Ostergren, 2006). The convention on biological diversity (CBD) highlighted the
importance of genetic diversity within species as one of the three levels of
biological diversity (CBD, adopted 1992). Therefore, the identification of
genetically differentiated populations is crucial for the conservation and man-
agement of a species or the regional strains within a species. The guidelines for
the protection of threatened species recommend the identification of evolutionary
significant units (ESU, Ryder, 1986). An ESU may be defined as a population or
group of populations that is sufficiently differentiated and requires a separate
management or conservation strategy (Moritz, 1994). Defining management units
can aid in selecting a management program among the various populations so
that the greatest overall diversity is sustained by the conservation plan (Crozier,
1997). Nevertheless, conservation managers typically do not use genetic
evidence (i.e., the identification of ESUs) to support their adopted measures
(Pullin et al., 2004). The IUCN red list of threatened species cites Astacus astacus
as vulnerable with a decreasing population status (Edsman et al., 2010). A.
astacus is widely distributed across Europe. Its range extends from Russia and
the Ukraine in the east, Scandinavia in the north, Greece in the south, and the
United Kingdom and France in the west (Edsman et al., 2010). Based on
morphological criteria, different and partly contradictory classifications of the noble
crayfish subspecies can be found in the literature (see Smietana et al., 2006 for a
review). Here, we focus on the taxonomic studies of Karaman (1962) and Albrecht
(1983). They described three subspecies with distinct geographical distributions:
(1) A. a. colchicus is endemic to an isolated area in the Ponto-Caspian region of
the upper Rion (Caucasus). (2) A. a. balcanicus inhabits the western Balkans in
the drainage system of the Vardar river in Macedonia and Greece, as well as
Lake Ohrid. (3) A. a. astacus inhabits the Danube river and its tributaries, as well
as the rivers that open out into the North and Baltic Seas. The fragmented nature
of A. astacus' typical freshwater habitats (streams, rivers and lakes with sufficient

water quality and an excess of shelter) coupled with a low migratory potential
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reduces the possibility of reestablishing local populations that have gone extinct
(Abrahamsson, 1971; Strayer and Dudgeon, 2010). In addition to environmental
contributions to the decreasing number of stocks (i.e., water pollution or
channelization of streams), the oomycete Aphanomyces astaci is decreasing A.
astacus' numbers (Schikora, 1906). This invasive pathogen was brought to
Europe via American crayfish species (e.g., Orconectes limosus) in the mid-
nineteenth century (Alderman et al., 1990) and caused massive die-offs in native
crayfish stocks (Alderman, 1996). During the Middle Ages, the noble crayfish
became a commercial object throughout Europe, and it has been sold as a
delicacy ever since (Schulz et al.,, 2004). The translocation of individuals and
whole stocks (Skurdal and Taugbgl, 2002), sometimes over large distances
(Koutrakis et al., 2007), resulted in the foundation of new stocks (Albrecht, 1983)
and in the mixing of indigenous and non-indigenous populations. Over the last
decades, the number of stocking events that disregard the genetic structure within
and between populations (Souty-Grosset and Reynolds, 2009) and cross-basin
translocations in response to rapidly declining stocks have led to a contamination
of local stocks (Largiadér et al., 2000). This has led to repeated calls for modern
conservation programs that consider the genetic origin of the stocking material
(e.g., Schulz et al., 2004; Bertocchi et al., 2008; Souty-Grosset and Reynolds,
2009; Strayer and Dudgeon, 2010). Previous studies on noble crayfish taxonomy
and biogeography are based solely on morphological characteristics (Bott, 1950,
1972; Karaman, 1962, 1963; Albrecht, 1983), while molecular studies have only
focused on restricted geographical areas (Agerberg, 1990; Fevolden et al., 1994;
Schulz, 2000; Edsman et al., 2002; Schulz et al., 2004; Alaranta et al., 2006). This
study is the first molecular-based study of A. astacus covering a large portion of
its distribution range, including river catchments of the North and Baltic Seas in
central Europe and the Black Sea in southeastern Europe. The main aim of this
study was to determine the degree of genetic structure in noble crayfish
populations across three major catchments areas. In particular, we focused on
asking to what extent this structure is the consequence of natural migration due
to past climatic fluctuations during the Pleistocene or recent man-induced

translocations. In the latter case, we would expect a lower genetic structure due
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to shared haplotypes between geographically disconnected populations. An
anthropogenic influence could have caused a homogenization of haplotypes
throughout Europe. The identification of inter-basin diversity could result in the
conservation of catchment-specific gene pools (i.e., the identification of ESUs) to
protect the present-day genetic diversity (Weiss et al., 2002). Finally, the results
of this study are discussed in the context of conservation management plans for

this vulnerable species.
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Figure 1 (a) Study area with sampling sites. Major catchment areas of European rivers are
indicated by a checked pattern for the Baltic Sea catchment area; by dark grey for the North Sea
catchment area; and by black for the Black Sea catchment area. G. BS = German Baltic Sea
estuary, P. BS = Polish Baltic Sea estuary. (b) Larger scale map of the North Sea major catchment.
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MATERIALS AND METHODS

Sampling

A total of 416 crayfish specimens from 92 sampling locations (Figure
1,Tables | and Il) were collected either by hand or with traps within catchments in
the North, Baltic, and Black Seas. Immediately after the lower part of one
pereopod (propodus and dactylus) was taken, specimens were released at the
place where they were caught. Appendages usually regenerate after a few molts.
The samples were stored in 96% ethanol untii DNA extraction. DNA was
extracted from the muscle tissue using a standardized protocol (‘rapid isolation of
Mammalian DNA', Sambrook and Russel, 2001).

Laboratory procedures

A 350 base pair (bp) fragment of the mitochondrial cytochrome oxidase
subunit | (COI) was sequenced using the primer pair ASTCOI (forward primer: 5'-
GCGGGGATAGTAGGAACCTC-3, reverse primer: 5'-
ATTTACCGCCCCTAAAATCG-3'; Schrimpf and Schulz, in prep.). Polymerase
chain reactions (PCR) were performed in a total volume of 25 pL containing
0.625u GoTag DNA Polymerase (Promega, Mannheim, Germany), 1x Colorless
GoTaq® Flexi Buffer (Promega, Mannheim, Germany), 2 mM MgCl, (Promega,
Mannheim, Germany), 0.24 mM of each dNTP (Fermentas, St. Leon-Rot,
Germany), 0.2 uM of each primer and 20 ng of template DNA. The PCR reaction
was performed using a Primus 96 Cycler (Peglab Biotechnologie GmbH, Erlangen,
Germany) under the following conditions: an initial 2 min step at 95 °C, followed
by 35 cycles with 45 s at 95 °C, 45 s at 50 °C, 1 min at 72 °C, and a final
extension of 5 min at 72 °C. PCR products were stored at 10 °C. PCR products
were partly sequenced on a 3730 DNA Analyzer eight capillary sequencer
(Applied Biosystems, MA, USA) by the company SeqIT (Kaiserslautern,
Germany). The remaining PCR product was purified with the AMPure XP system
(Beckman Coulter, Krefeld, Germany). The fragments were amplified in a
sequencing-reaction using the primer ASTCOIF and the CEQ DTCS-Quick Start
kit (Beckman Coulter, Krefeld, Germany). After ethanol precipitation, sequencing
was performed on a Beckman Coulter CEQ 8000 eight capillary sequencer. Each
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template was sequenced in the forward direction, and 50% of samples were
randomly chosen for sequencing in the reverse direction. The sequences were
edited and aligned with the Sequencher 3.0 software (gene codes corporation,
Ann Arbor, Michigan). The sequences were checked manually for base pair
ambiguities, nuclear copies of mitochondrial derived genes, stop codons, and high
levels of divergence, as recommended by Buhay (2009). All haplotypes were
submitted to GenBank.

Statistical Analyses

A median joining (MJ) network (Bandelt et al., 1999) was constructed using
the software network 4.510 (www.Fluxus-Engineering.com, 2009) to identify
haplotypes and to determine the phylogenetic relationships between haplotypes,
which allows us to identify geographically localized haplogroups. The network was
also calculated with TCS 1.21 (Clement et al., 2000) software to confirm the
shape of the network. Haplotype diversity (Hp) and the number of polymorphic
sites (S) per river catchment were calculated using the software ARLEQUIN 3.5.1
(Excoffier et al., 2005). The calculation of haplotype diversity is based on the
frequency of a haplotype and the sample size (Nei, 1987). To detect genetic
differentiation among major catchment areas, an analysis of the molecular
variance (AMOVA, Excoffier et al., 1992), based on three hierarchical groups
corresponding to the major catchment areas, and the pairwise ®sr-values (Weir
and Cockerham, 1984) were calculated using the program ARLEQUIN 3.5.1. We
further examined population genetic differentiation using exact tests of population
differentiation (ETPD, Raymond and Rousset, 1995), as implemented in
ARLEQUIN 3.5.1. In addition, Hpo, S, and pairwise ®srt-values (Weir and
Cockerham, 1984) were calculated for sampling sites in the North Sea catchment
area. Here, the Ems population has been excluded from the calculation of the

pairwise ®dst-values due to the low sample size (N =5).

RESULTS

COI sequences were analyzed for 416 specimens from 96 sample sites
across three major catchment areas in Europe (Tables | and Il, Figure 1). There
were 20 variable sites within the 350-bp fragment (0.06%). Only four of these
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substitutions resulted in an amino acid change in four haplotypes (HO4, H10, H21).
In total, 23 unique haplotypes were detected (GenBank accession numbers:
JN254659-IJN254681), 17 of which were endemic to a specific river catchment.
The overall haplotype diversity was 41.9%. The median joining (MJ) network is
shown in Figure 2.The shape was confirmed with the TCS software. The greatest
observed distance between haplotypes was 9 bp. For the Black Sea catchment,
10 out of 16 haplotypes were endemic to this region. Of the 11 North Sea
haplotypes, five were endemic to the catchment area, and two out of three
haplotypes were exclusively found in the rivers discharging into the Baltic Sea.
Five haplotypes (HO5, H12, H17, H18, H20) were shared between populations in
the Black and North Seas. One haplotype (HO1), representing the center of the
MJ network, was found frequently in all regions, resulting in a star-like topology of
the network. A list of all haplotypes for each sampling site is given in Table II.

H1A
Black Sea
North Sea
@ nio Baltic Sea

Figure 2 Median joining network of COI haplotypes (350 bp) from 416 individuals of Astacus
astacus.The size of the circles is proportional to the frequency of the haplotypes. Median vectors
are indicated as white dots. The number of base pair (bp) changes are given; no number = 1 bp
change.
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Table | Locality information of analyzed Astacus astacus populations. The originating countries
and river catchments, the number of populations (Pop) and the number of sequenced individuals
(N), the number of haplotypes (HN), the haplotype diversity (HD) and the number of polymorphic
sites (S) are given. Country Codes: AUT = Austria; BEL = Belgium: BUL = Bulgaria; CZE = Czech
Republic; GER = Germany; CRO = Croatia; HUN = Hungary; POL = Poland; ROU = Romania.

Major Countries River catchments Pop N Hn Hp S

catchment area

Black Sea AUT, BUL, CRO, Danube 30 106 16 0.794+0.024 17

GER, HUN, ROU

North Sea CZE, GER, BEL Eider, Elbe, Rhine, 50 241 11 0.299+0.038 14
Meuse, Weser

Baltic Sea GER, POL Uecker, Odra, Wisla, 16 69 3 0.163+0.058 2
Wiprza

Hp-values (Table I) were lower for the rivers in central Europe (North Sea:
Hp = 0.299 £ 0.038 and Baltic Sea: Hp = 0.163 + 0.058) than for the Black Sea
catchment (Hp = 0.794 + 0.024). Pairwise comparisons between river catchments
revealed the lowest ®ST-value between the North and the Baltic Seas (PST =
0.035), and the highest value between the Black and Baltic Seas (®PST = 0.204,
Table V). The ®ST-value between the North Sea and the Black Sea was 0.161.
All values were highly significant (p < 0.001). The results of the AMOVA based on
the three hierarchical groups (the major catchment areas) are given in Table Il
and reveal highly significant genetic differentiation between the major catchment
areas (OST = 0.290, p < 0.001) and among river catchments within the major
catchment areas (FSC = 0.252, p < 0.001). Hp-values for river catchments that
open into the North Sea ranged between 0.000 (Weser) and 0.400 (Ems),
although these minimum and maximum values could be due to low sample sizes
(Weser: N = 12; Ems: N = 5; see Table 1V). HD for the Rhine (N = 161) was 0.227.
Pairwise ®ST-values for the North Sea major catchment area (Table VI) revealed
very low genetic differentiation between sampled rivers. However, the Eider
exhibited a high differentiation compared to all of the other rivers of the North Sea
catchment area (PST-value between 0.575 and 0.876; p < 0.001).
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Table Il Sampling locations and haplotypes of analyzed Astacus astacus and the number of the
most common haplotype (HO1) and the number of all other haplotypes. WIE = Wieprza, WIS =
Wisla, DA = Danube, RH = Rhine, G. BS = German Baltic Sea estuary, P. BS = Polish Baltic Sea
estuary, BAS = Baltic Sea, BS = Black Sea, NS = North Sea. n.a. = not available. For country

codes, see Table I.

Region [N°] [E°] Country di::reiét Estuary N HO1 Haplotype

Barthe 54.333 12.833 GER G. BS BAS 5 HO02(5)

Tonkuhle 54.333 12.833 GER G. BS BAS 3 3

Lake close to Miastko 54.017 16.983 PO P.BS BAS 10 10

Lake close to Miastko 54.017 16.983 PO P.BS BAS 7 7

Lake close to Miastko 54.017 16.983 PO P.BS BAS 8 8

Rakowe Duze 53.915 16.796 PO Odra BAS 5 5

Koppelsee 53.307 13.855 GER Uecker BAS 3 3

Seki 54.065 17.095 PO WIE BAS 5 5

Bez Nazwu 54.067 17.083 PO WIE BAS 4 4

Rosko 53.903 17.143 PO WIS BAS 5 4 HO03(1)

Czarne 50.038 21.993 PO WIS BAS 6 6

Tomczyna 50.036 22.004 PO WIS BAS 8 8

Freundsheimer Weiher 47.304 10.954 A DA BS 3 2 H18(1)
H13(1)

Razdvec 43.463 24.908 BU DA BS 6 4 H15(1)

Beli Osam 42.858 24.655 BU DA BS 3 H14(3)

Gorna Trape 43.444 25.073 BU DA BS 6 1 H14(4)
H16(1)
HO05(2)

Farm Augsburg 48.359 10.906 GER DA BS 14 9 HO6(1)
H20(2)

Wielenbach 47.841 10.952 GER DA BS 2 2

Vukovina 45.693 16.109 HR DA BS 5 H17(5)

Kédarta 47.120 17.962 HU DA BS 2 2

Pét 47.184 18.096 HU DA BS 1 HO7(1)

Clocaotici 45.241 21.838 RO DA BS 8 H20(7)
H12(1)

Bradisoru de Jos 45.104 21.768 RO DA BS 1 H11(1)

Carasova 45.174 21.952 RO DA BS 1 H11(1)

Carasova 45.176 21.943 RO DA BS 1 H11(1)

Garliste 45.152 21.873 RO DA BS 5 H11(5)

Anina 45.059 21.887 RO DA BS 2 2

Ocna de Fier 45.354 21.759 RO DA BS 4 1 H11(3)

Forotic 45.251 21.574 RO DA BS 6 H11(6)

Carnecea 45.206 21.636 RO DA BS 1 H11(1)

Hartagani 46.06 22.925 RO DA BS 1 H21(1)

Balsa 46.019 23.12 RO DA BS 1 1

Baita 46.033 22.884 RO DA BS 2 2

Bacaia 46.01 23.171 RO DA BS 2 2

Balsa 46.04 23.07 RO DA BS 2 1 H20(1)
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Region [N°] [E°] Country di::reiét Estuary N HO1 Haplotype

Tamasesti 46.022 22.507 RO DA BS 3 3

Almasu Mic de Munte 46.052 23.072 RO DA BS 3 2 H19(1)

Cladova 46.151 21.357 RO DA BS 4 2 HO04(2)

Araneag 46.21 21.357 RO DA BS 2 1 H20(1)
H12(1)

Nadas 46.206 21.359 RO DA BS 14 H20(12)
H11(1)

Conop 46.122 21.359 RO DA BS 1 H20(1)

Farm Oeversee 54.688 9.422 GER Eider NS 5 HO9(4)
H10(1)

. HO09(8

Langsee 54575 9.593 GER Eider NS 9 Hlogli

Svetlohor 48.977 13.736 Ccz Elbe NS 7 7

U sudu 49.822 15.358 Cz Elbe NS 6 4 H18(2)

Kramata 49.043 13.758 Ccz Elbe NS 7 7

Stepenitz 53.037 12.042 GER Elbe NS 5 5

Schwarze Elster 51.582 13.97 GER Elbe NS 6 6

Jaglitz 5296 12.741 GER Elbe NS 7 5 H17(2)

Gut Rietberg 51.802 8.435 GER Ems NS 5 4 H20(1)

Florenville 49.700 5.307 BE Meuse NS 5 5

Libramont 49,927 5.371 BE Meuse NS 4 4

n.a. n.a. n.a. BE Meuse NS 2 1 H12(1)

Fischbach 49.087 7.674 GER RH NS 6 3 H23(3)

Klausbach 52.272 7.910 GER RH NS 7 3 H20(4)

Mabhlscheid 50.778 7.972 GER RH NS 8 8

Z00 Zajak, Petstore 51.488 6.810 GER RH NS 4 4

Aar 50.675 8.487 GER RH NS 5 5

Allna 50.791 8.591 GER RH NS 4 4

Ambach 50.702 8.275 GER RH NS 5 5

Muhlgraben Caldern 50.842 8.658 GER RH NS 3 2 HO5(1)

Dautphe 50.838 8.525 GER RH NS 3 3

TA Donsbach 50.708 8.242 GER RH NS 5 5

Eichelbach 50.459 9.123 GER RH NS 5 5

Fohnbach 50.636 8.622 GER RH NS 5 5

Gansbach 50.804 8.409 GER RH NS 5 5

TA Geierstein/ Roth 50.641 8.226 GER RH NS 5 5

Giebelsbach 50.997 9.012 GER RH NS 1 1

Kallenbach 50.582 8.226 GER RH NS 10 10

Lasterbach/ TA Mabdill 50.591 8.142 GER RH NS 5 5

Merzkrebse 50.336 7.976 GER RH NS 9 9

Meerbach 50.706 8.482 GER RH NS 1 1

Madenmihlen 50.624 8.143 GER RH NS 5 5

Mademihlen 2 50.624 8.143 GER RH NS 2 2

Nanzenbach 50.780 8.489 GER RH NS 1 1

Perf 50.873 8.459 GER RH NS 5 5

TA Hartmann/ Rehbach 50.624 8.120 GER RH NS 5 5
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Region [N°] [E°] Country di::reiét Estuary N HO1 Haplotype

Salzbach 50.753 8.539 GER RH NS 5 5

TA bei Spielberg 50.304 9.298 GER RH NS 5 2 H20(3)

Steinbruch Rot/ Schénbach 50.654 9.219 GER RH NS 5 5

Stippbach 50.704 9.359 GER RH NS 5 5

Pollichia Woog 49.103 7.719 GER RH NS 2 H20(2)

Pollichia Woog?2 49.103 7.719 GER RH NS 2 1 H20(1)

Schlettenbachtal, Fischbach 49.088 7.711 GER RH NS 1 H20(1)
HO08(1)

Wolfsagertal 49.106 7.701 GER RH NS 7 2 H20(2)
H22(2)

Meisertalweiher 49.335 7.769 GER RH NS 5 5

Waldteich Irrschelde 50.763 8.399 GER RH NS 5 5

Waldteich bei Wallenfels 50.774 8.438 GER RH NS 5 5

Clausthal-Zellerfeld* 51.809 10.352 GER Weser NS 1 1

Breitweiher/Rhon 50.507 9.730 GER Weser NS 2 2

Ocherbach 50.673 9.185 GER Weser NS 5 5

Urff 51.041 9.991 GER Weser NS 4 4

* This sequence was obtained from a preserved specimen of the Senckenberg Museum in
Frankfurt (SMF 13095).

Table Il Results of the analysis of molecular variance (AMOVA). Shown are the percentage of the
total variance (% Var), fixation indices (F) and their significance (***: p < 0.001)based on 1000
random permutations.

Variance components d.f. % Var F-statistics
Among major catchment areas 2 5.06 ®cr=0.051
Among river catchments within 9 23.92 De=0.252%
major catchment areas

Within river catchments 406 71.02 ®57=0.290***

Table IV Diversity values for the North Sea sampling area. The number of sequenced individuals
(N), the number of haplotypes (Hn),the haplotype diversity (Ho) and the number of polymorphic
sites (S) for seven rivers flowing into the North Sea are given.

River catchment N Hn Hp S
Elbe 38 3 0.199+0.084 8
Ems 5 2 0.400£0.237 2
Meuse 11 2 0.182+0.144 1
Rhine 161 6 0.227+0.043 5
Weser 12 1 0.000£0.000 0
Eider 14 2 0.264+0.136 1
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Table V Pairwise Vst-values between the three major catchment areas and their significance (*: p
<0.05, ***: p < 0.001).

Black Sea North Sea Baltic Sea
Black Sea 0
North Sea 0.16131*** 0
Baltic Sea 0.20387*** 0.03481*** 0

Table VI Pairwise Vsr-values between five rivers flowing into the North Sea and their significance
(*: p<0.05, ***: p <0.001).

Elbe Meuse Rhine Weser Eider
Elbe 0
Meuse -0.011 0
Rhine 0.042* -0.018 0
Weser -0.016 0.008 0.007 0
Eider 0.575*** 0.816*** 0.699*** 0.876*** 0

DISCUSSION

This is the first large-scale molecular study of Astacus astacus. The main
aim was to determine the degree and origin (natural migration versus artificial
translocation) of the genetic structure in noble crayfish populations across three
major catchment areas. We detected very low haplotype diversities in noble
crayfish populations in the North Sea and Baltic Sea catchments, with the
exception of the Eider at the very northern end of Germany. The observed
significant structure (dst-values between 0.575 and 0.876) between the Eider and
all other North Sea river catchments may be explained by an isolation of the Eider
population. The Eider exhibits an east to west current, which is in contrast to the
primarily south-north running rivers of southern Germany. This might result in a
disconnection of the Eider from the other southern river systems, where the
catchment areas of streams partly overlap and gene flow seems more likely. As a
peripheral source with restricted gene flow, the Eider population contributes to the
overall genetic diversity within A. astacus. To discover the origin of the private
haplotypes solely found within this river catchment (indigenous or non-indigenous),
additional populations nearby should be analyzed. Noble crayfish populations
within the central European major catchment areas are significantly less
differentiated than within the Black Sea catchment (Table I1). A high haplotype
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diversity and a high number of private haplotypes were detected for the Black Sea
populations, suggesting a glacial refuge of the noble crayfish in the Balkan area.
During the Pleistocene, severe climatic fluctuations in central Europe resulted in
repeated range expansions and regressions of many taxa. The distribution of
freshwater species was especially influenced by the fluctuating glaciers and
varying water levels, which resulted in landscape changes and modified river
systems (Hanfling et al., 2009). The recolonization of previously glaciated habitats
(northern Germany) could have caused successive bottlenecks (Taberlet et al.,
1998), which could explain the loss of genetic diversity and the observed
dominance of haplotype HO1 in the North Sea and Baltic Sea major catchments.
A decrease in genetic diversity from southern to northern populations has been
observed for many freshwater species, for example, the freshwater fish Vimba
vimba (Hanfling et al., 2009) or the mayfly Ameletus inopinatus (Taubmann et al.,
2011). The prevalence of haplotype HO1 in the entire study area (Figure 1) may
indicate a recolonization event from the Balkan area to central Europe. The fact
that the North Sea and Baltic Sea major catchments only share one haplotype
and show some degree of differentiation (Tables Il and V) maybe interpreted as a
result of two routes of recolonization from a common refuge. One migratory
pathway into central Europe may have been the Danube drainage system after
deglaciation, as presumed by Schulz and Grandjean (2005). The Danube
represents a widely used corridor of postglacial expansion into central Europe for
many freshwater species for which the possibility of a large-scale terrestrial
dispersal has been excluded (e.g., Durand et al., 1999; Weiss et al.,, 2002,
Hanfling et al., 2009). A second recolonization route, which would explain the
divergence of the North Sea and Baltic Sea major catchments, cannot be
confirmed due to the lack of sample sites from eastern Europe. The occurrence of
noble crayfish in the Baltic Sea major catchment may also be the result of human
translocation, although no evidence exists to support this theory.

Our study indicates that the original distribution pattern of the noble crayfish
has changed significantly due to anthropogenic influence (Skurdal and Taugbgl,
2002), resulting in a mixture of indigenous and non-indigenous populations
(Largiader et al., 2000). Endemic haplotypes of the North Sea and Baltic Sea
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catchments could be the result of artificial stocking, or using stock from a river
catchment not included in our study (e.g., from Russia). However, presumably no
stocking of native crayfish has been conducted in the Balkan States and the
Ponto-Caspian region (Albrecht, 1983). We can therefore assume a natural origin
of the studied populations from the Balkans (Maguire, 2009). The high frequency
of private haplotypes in all major catchment areas, as well as the relatively high
genetic differentiation between the catchment areas (PST-values between 0.035
and 0.204), indicates a differentiation of populations throughout Europe despite
the extensive human translocation of noble crayfish. Nevertheless, the artificial
translocation of individuals can be observed in the disjunct distribution of some
shared haplotypes between different drainage areas (Figure 1). Haplotype H20
could be an example of artificial distribution across central Europe. This haplotype
was detected in the lower section of the Danube (Black Sea catchment), in the
river catchments of the Rhine and Ems, and in individuals from a crayfish farm in
Augsburg, Southern Germany (Table VII). This farm was founded by mixing four
donor populations of the upper section of the Danube catchment area (Keller,
pers. com.). Because restocking programs have been frequently conducted
throughout Germany over the last few decades, in particular using stocking
materials from the above-mentioned farm in Augsburg (Keller, 1999; Souty-
Grosset and Reynolds, 2009), it is conceivable that specimens carrying haplotype
H20 may originate from the Danube area and were artificially spread over central
Europe. Human impact is also assumed to affect the (haplotype-) distribution of
other European crayfish species, such as Austropotamobius pallipes (e.g.,
Grandjean et al., 2001; Diéguez-Uribeondo et al., 2008) or Austropotamobius
italicus (Cataudella et al., 2010). Until today, the natural migratory routes of these
species could not be fully inferred. However, the authors revealed geographical
differences in the haplotype distribution and diversity, which may influence the

conservation management strategies for these species.

With regard to A. astacus, the high frequency (74%) of private haplotypes in
the Black Sea catchment highlights the importance of the Balkans as a reservoir
for intraspecific genetic diversity. In addition to the topographical complexity,
which allows for the isolation of single populations on a small geographical scale,
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the Balkans were relatively unaffected by geological events during the glacial
cycles. Thus, biodiversity is more conserved in the Balkans compared to central
Europe for many species (Trontelj et al., 2005; Hanfling et al., 2009). Therefore,
we strongly suggest a definition of several distinct ESUs along the Black Sea
major catchment area. To define such ESUs, more populations of the Black Sea
catchment area have to be analyzed because there might be much higher levels
of genetic diversity and more detectable, endemic haplotyes to be found, for
example, in the Upper Kolpa drainage similar to the recently detected distinct
clades of Austropotamobius torrentium (Trontelj et al., 2005). So far, we suggest
avoiding the intermixing of noble crayfish populations between the tributaries of
the Danube. This is especially important for countries that plan to found crayfish
farms for potential future restocking programs, e.g., in Bulgaria (Zaikov and
Hubenova, 2007). We strongly emphasize that haplotype identification of the
donor population should be conducted before a breeding stock is used for
restocking. Additionally, the waters to be restocked should be carefully selected to
avoid the contamination of local stocks. If restocking programs continue to
translocate individuals with no regard for their population's genetic structure, the
natural genetic make-up will further dissolve (Souty-Grosset et al., 2003), which is
accompanied by a reduction in intraspecific diversity. Conservation strategies,
therefore, need to manage populations of A. astacus as distinct ESUs and give
the highest priority to the populations with high genetic diversity and unique
haplotypes. Mitochondrial DNA is a widely used marker to reconstruct the
phylogeographic history of species. Here, we show that the analysis of partial
COl-sequences helps to understand the genetic structure of noble crayfish.
However, the variation in noble crayfish COIl-sequences is relatively low and the
resolution is limited. Additional DNA-sequences should be included in the analysis
to increase the resolution. Finally, a microsatellite analysis should be conducted
to estimate genetic diversity within populations to give special attention to diverse
populations and to further identify artificially stocked and naturally dispersed
populations. However, as long as we cannot reject the hypothesis that private
central European haplotypes developed due to local adaption, those populations
that harbor endemic haplotypes are suggested to be candidates for special
management plans to prevent the loss of unique haplotypes and to protect overall
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genetic diversity. In conclusion, the results of this study suggest a glacial refuge in
the Balkan area and a postglacial re-colonization of central Europe. Despite
human translocations, which were revealed by the disjunct distribution of some
haplotypes, a differentiation of noble crayfish populations in all major catchment
areas supports the establishment of distinct ESUs to protect its present-day

genetic diversity in Europe.
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ABSTRACT

Conservation strategies aim to maintain the genetic diversity and the genetic
integrity of a species. The phylogeographic history of a species can aid in defining
areas of conservation priority. For freshwater species, the historical river structure
plays a significant role in explaining the genetic differentiation and the population
structure. Here, we aimed to reconstruct the post-glacial recolonization of central
Europe of the endangered noble crayfish (Astacus astacus) and intended to
identify refugial areas that are hotspots of genetic diversity. To address these
guestions, we analysed a fragment of the mitochondrial cytochrome oxidase
subunit | (COI), and the 16S rRNA from 540 noble crayfish specimens from 158
sampling sites distributed throughout five European sea basins. Additionally, we
conducted a microsatellite analysis of 289 individuals from 22 out of the 158

above-mentioned sites.

The haplotype diversity was highest in the Black Sea basin (Hp = 0.851, 28
haplotypes) and lowest in the Baltic Sea basin (Hp = 0.276, four haplotypes). The
microsatellite data supported these results. Both markers revealed a particular
high differentiation between populations from the Western Balkans to the
remaining Black Sea populations. Western Balkan haplotypes diverged already
around 710,890 years before present, whereas remaining differentiations
occurred within the last 450,000 years before present. With migration modeling
we detected that the North Sea basin and the Baltic Sea basin were colonized

independently via different colonization paths from the eastern Black Sea basin,
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while the Western Balkans did not contribute to the colonization. The results
suggest the existence of at least two refugial areas in southeastern Europe. To
conserve the maximum genetic diversity, the focus of conservation prioritization
for noble crayfish should be set in southeastern Europe. We further propose that
each river catchment forms a separate management unit.

Key words: mtDNA sequences ¢ microsatellite analysis < refugial area -
postglacial colonization « migration model ¢« conservation management

INTRODUCTION

The Convention on Biological Diversity (CBD) highlighted the preservation of
biological diversity as one of its three main goals (SCBD 1992). According to the
CBD, biological diversity includes the diversity of ecosystems, between species
and within species (genetic diversity) (CBD Article 2). A high genetic diversity
increases the chance of long-term survival because species with greater diversity
are more likely to be able to survive in response to a changing environment
compared to those with lower diversity (Malcolm et al., 2007). Apart from the
maintenance of the genetic diversity, the preservation of the native species’
integrity (e.g. local specificity) is one of the major goals in conservation genetics
(Souty-Grosset et al., 2003). To protect the integrity and the within-species
diversity a detailed knowledge of the phylogenetic structure of a species is
indispensable. Present-day genetic structure is a result of climatic variation and
associated geomorphological and hydrographic conditions in the past.

Geological events in Europe

Severe climatic oscillations and accompanying geomorphological and
hydrographic conditions during the Pleistocene period resulted in great changes
in species distribution areas characterised by contractions and expansions of their
geographical ranges (Hewitt 1996). Southern Europe, especially the Iberian
Peninsula, Apennine and the Balkans, served as a refuges during cold periods for
many species (Hewitt 1999). During subsequent warm periods, a repeated
northward expansion took place from refuges involving the leading edge (Hewitt
1996). Such a colonisation process of a limited number of individuals implies
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successive founder effects that may lead to a loss of genetic diversity in the
northern populations of cold-intolerant taxa (Taberlet et al., 1998). The
colonisation is followed by repeated extinctions of northern populations during
cold climate phases (Hewitt 1996). In contrast, the diverse topography of southern
refuges allows populations to diverge through several ice ages (Hewitt 1999).

The present distribution of freshwater organisms that often cannot migrate
between river catchments has been most strongly influenced by the changes in
landscapes caused by glaciers and melting water (e.g. Hanfling et al., 2009;
Vonlanthen et al., 2007). The retreat of the glaciers formed the migration routes
for freshwater species after the Last Glacial Maximum (LGM) that lasted from
approx. 24,000 — 12,000 years before present (YBP). However, ephemeral
contacts between river systems and changes in the flow direction of upper river
systems complicate the reconstruction of the migration routes.

Over the LGM, freshwater crayfish were absent in central and northern
Europe. They outlasted the glacial cycles on the Iberian Peninsula, the Italian
Peninsula, the Balkan Peninsula or in the Ponto-Caspian region (Albrecht 1983).
For noble crayfish (Astacus astacus), who probably survived the last glacial on
the Balkan Peninsula (Albrecht 1983) under temperate conditions, a north- and
westward spread along the Danube drainage system is most probable (Schulz
and Grandjean, 2005) as it was shown for the freshwater fish species Vimba
vimba (L, 1758) (Hanfling et al., 2009), Leuciscus cephalus (L, 1758) (Durand et
al., 1999) or the European grayling Thymallus thymallus (L, 1758) (Weiss et al.,
2002). The recolonisation route reconstruction facilitates the identification of
management units or evolutionary significant units (ESU) and is therefore relevant

for conservation.

Noble crayfish - threats

The IUCN Red List of Threatened Species lists the noble crayfish as
vulnerable with a decreasing population status (IUCN 2010). Besides
environmental changes like water pollution or channelisation of streams, native
crayfish species are highly threatened by invasive species. In particular, North
American crayfish species pose a high threat to noble crayfish because they
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potentially carry the oomycete fungus Aphanomyces astaci (Schikora 1906) that
causes high mortalities in native crayfish populations (e.g. Alderman 1996). The
high extinction rate goes along with a severe decrease in genetic diversity of
European crayfish species. As the largest freshwater invertebrates and due to
their trophic activities as omnivores, European crayfish play a key role in many
freshwater ecosystems (Nystrom 1999). The exctincion of local populations ay
have drastic impacts on local biodiversity.

For more than 2000 years noble crayfish have been an object of commerce
and trade (Skurdal and Taugbgl 2002) and are therefore influenced to the highest
degree by human translocations (Albrecht 1983). The economic value of crayfish
has led to noble crayfish stocking into numerous new localities. When the crayfish
plague hit central Europe at the turn of the 19th century, noble crayfish were
imported in large quantities from eastern European countries (Skurdal and
Taugbgl 2002). Also today there are operating noble crayfish farms in several
European countries, especially in central and northern Europe (e.g. Jussila and
Mannonen 2004; Paaver and Hurt 2009) that sell crayfish as a food source, as
stock for private ponds, or as donors for restocking programs in response to
rapidly declining stocks. Stocking often occurs without knowing the taxonomic
status of the stocking material (Souty-Grosset et al., 2003). As a consequence,
the trade leads to translocations and disintegrates the natural genetic structure. In
addition, the construction of channels connecting different major rivers
catchments also strongly influenced the distribution of crayfish species (Albrecht
1983).

Previous study

The first molecular-based phylogeographic study of noble crayfish by
Schrimpf et al. (2011) covered a large part of the distribution range and resolved
the large-scale genetic structure of this species: the haplotype diversity of the
cytochrome oxidase subunit | (COI) fragment in central Europe was very low
compared to the high diversity in the Balkan area where a centre of range
expansion was suggested. Interestingly, a strong divergence between populations

from the Western Balkans (Croatia) and the eastern Black Sea basin (Romania,
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Bulgaria) was found (Schrimpf et al., 2011). The genetic divergence may indicate
the existence of two separate glacial refuges inhabited by populations that did not
exchange genes for several centuries (Hewitt 1999). However, since only five
specimens were analysed from the Western Balkans a final conclusion could not
be drawn. The obtained result could also be the consequence of a human-
mediated noble crayfish translocation. This first phylogeographic study of noble
crayfish (Schrimpf et al., 2011) has also shown that one marker (COIl) is not
sufficient to resolve the genetic structure of noble crayfish and additional markers

are needed.

Aim of this study

In this study we analysed a second mtDNA marker (16S rRNA) to increase
the resolution of the phylogenetic analyses. Although mtDNA is useful for studying
historical lineage splits in the context of geological events, only little or no signal
can be detected in bottlenecked populations that have recently colonised an area
(Hewitt 1999). Therefore, we utilised nuclear microsatellite data to track the recent
gene flow among populations and to estimate within population diversity.
Moreover, we enhanced the number of sampling sites in southeastern Europe,
especially in the Western Balkans. With this study we aim to answer three main
guestions that are fundamental for the conservation of the maximum genetic
diversity of noble crayfish: a) Did the noble crayfish survive the last glacial in more
than one refugial area in southeastern Europe? b) From which refugium did the
noble crayfish recolonise central Europe? c) Was the Baltic Sea basin recolonised
from the North Sea basin or from the Black Sea basin?
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Figure 1 Study area with sampling sites. Sea basins of European rivers are colored in blue for the
North Sea basin, in green for the Baltic Sea basin, in grey for the Black Sea basin and in pink for
the Adriatic Sea basin. The orange circle shows the one sample from the Aegean Sea that was
included in the sequence analysis. Red circles indicate populations that were sequenced and
black circles indicate populations that were additionally genotyped. When the black circle is
overlaid by another circle, a bold arrow point to the hidden circle. Thin arrows point to the
respective river catchments. The dotted circle indicates the populations grouped as 'Western
Balkans'. The two sampling sites from Finland (Valkeinen and Y& river catchments) are not shown.

MATERIAL AND METHOD

Sampling

In total, 540 crayfish specimens from 158 sampling localities that are located
within 14 river catchments (Figure 1, Table | in Supplementarly material) and from
four hatcheries were collected by hand or by traps. The sampling sites were
distributed within five different sea basins: 12 in the Baltic Sea basin, 59 in the
North Sea basin, 87 in the Black Sea basin, four in the Adriatic Sea basin and one
in the Aegean Sea basin. Immediately after the lower part of one pereopod
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(propodus and dactylus) was taken specimens were released at the place where
they were caught. Appendages usually regenerate after a few moults so the
vitality of crayfish was not affected. Samples were stored in 70-96% Ethanol until
DNA extraction. DNA was extracted from the muscle tissue using a standardized
protocol ('Rapid isolation of Mammalian DNA', Sambrook and Russel, 2001).

Laboratory work

A 350 base pair (bp) fragment of cytochrome c oxidase subunit | (COI) and a 476
bp fragment of the 16S rRNA (16S), both mitochondrial DNA, were amplified
using the primer pair ASTCOI (forward primer: GCGGGGATAGTAGGAACCTC;
reverse primer. ATTTACCGCCCCTAAAATCG) and 16S 1471 and 16S_1472
(Crandall and Fitzpatrick 1996) respectively. The Polymerase chain reactions
(PCR), the purification of the PCR products, the sequencing reaction and the
sequencing were performed as described in Schrimpf et al. (2011). The annealing
temperature in the PCR reaction for 16S was changed to 51° C. Sequences were
edited and aligned with the SEQUENCHER 3.0 software (Gene Codes
Corporation, Ann Arbor, Michigan, USA). Sequences were checked manually for
base pair ambiguities, nuclear copies of mitochondrial derived genes, stop codons,
and high levels of divergence, as recommended by Buhay (2009). All haplotypes
were submitted to GenBank (Accessions numbers will be provided upon
acceptation of the manuscript). As both COI and 16S share the same history,
sequences were concatenated and treated as a single locus for the following

analyses except for the calculation of the Bayesian tree.

For 289 individuals from 22 populations from 12 river catchments and the
hatchery in Augsburg (Table 1 in supplementary material) a total of six
microsatellite loci with a dinucleotide repeat were analysed using the species-
specific primer pairs Aas2, Aas6, Aas8, Aasll, Aas766, Aas1198 (Koiv et al.,
2008, 2009). Forward primers were designed with a 19 bp M13-tail that was
labelled during the PCR reaction using a universal fluorochrome-labelled M13
primer. PCR were carried out using a Primus 96 Cycler (Peqglab Biotechnologie
GmbH, Erlangen, Germany) under the following conditions: An initial denaturation
at 95°C for 2 min, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C, 30 s at
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72°C, and a final extension of 5 min at 72°C. The 60°C annealing was replaced by
63°C for primer Aasll and by 57°C for primer Aas8. 2 ul PCR-product were
added to 30 pl SLS (Beckman Coulter, Krefeld, Germany). The fragment analysis
was performed on a Beckman Coulter CEQ 8000 eight capillary sequencer. Loci
were scored using the software CEQ SYSTEM version 9 (Beckman Coulter,
Krefeld, Germany). 10% of all samples were randomly chosen and repeated for

estimation of the error rate (Bonin et al., 2004).

Statistical analysis - Sequence analyses

The statistical analyses were calculated either for sea basins (e.g. North Sea
basin) or river catchments (e.g. Rhine catchment) or for both. From the Black Sea
basin we have only samples from the Danube river catchment, therefore the same
samples were used for a sea basin comparison (as 'Black Sea basin’) and for a
river catchment comparison (‘as Danube river catchment’). Genetic variation
within sea basins and river catchments were measured in terms of the number of
haplotypes (Hn), haplotype diversity (Hp) and number of segregating sites using
DNASP v 5.10.1 (Librado and Rozas 2009). To detect genetic differentiation a
hierarchical analysis of molecular variance (AMOVA, Excoffier et al., 1992) with
populations from each river catchment partitioned into separate groups was
performed and ®g-values among sea basins and river catchments were
estimated with ARLEQUIN v 3.11 (Excoffier and Lischer 2010). Significance was
based on 1000 random permutations. To identify haplotypes and to determine the
phylogenetic relationships between haplotypes a median joining (MJ) network
(Bandelt et al., 1999) was constructed using the software NETWORK 4.610
(Fluxus Technology, Suffolk, UK). DNASP v 5.10.1 was used to perform a
mismatch analysis, which plots the distribution of the number of differences
between pairs of sequences and compares it with a fit to an unimodal Poisson
distribution as expected under sudden expansion from a small population. An
unimodal pattern in the graph indicates that a species underwent a recent
population expansion. A multimodal, ragged pattern in the graph, however,
indicates that this species has maintained a stable population size over a long
period of time. The value of the calculated raggedness statistic r (Harpending et
al., 1993) is lower in expanding population compared with a constant population
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size. To test for deviation of sequence variation from evolutionary neutrality
Tajima's D and Fu's F tests (Tajima 1989; Fu 1997) were carried out with
ARLEQUIN v 3.11. Under a scenario of sudden expansion these values will be
negative, and positive in a population that's suffered a recent decrease in
population size (Excoffier et al., 1992).

A phylogenetic tree was constructed using BEAST version 1.7.3 (Drummond
et al., 2012). The molecular clock test was performed in MEGA v 5.05 (Tamura et
al., 2011). The null hypothesis of equal evolutionary rate throughout the tree was
rejected at a 5% significance level (P < 1.12). Therefore, we used a relaxed
uncorrelated lognormal clock model. Lacking fossil data to calibrate a species
specific molecular clock, we used a rate divergence for COI of 1.4% per million
years considered as an approximate average divergence rate reported for
crustaceans (Knowlton and Weight, 1998) that was recently used for the white-
clawed crayfish (Pedraza-Lara et al., 2010). Since no divergence rate is available
for 16S we used an estimated molecular clock for 16S. We used a HKY
substitution model (Hasegawa et al., 1985) with gamma distributed rate
heterogeneity and Optimum heterogeneity parameters with empirical base
frequencies, and 5 rate categories for both partitions as proposed by Treefiner
(Jobb 2011). The relative fit of each model to the data was assessed using the
Akaike Information Criteria (AIC, Akaike 1973). The starting tree was randomly
generated with a Birth-and-Death process prior on the tree. The Markov Chain
Monte Carlo (MCMC), 400 million steps long, was performed sampling every
10,000™ generation. The BEAST-run was visualized and diagnosed with Tracer
version 1.5 (MCMC Trace Analysis Tool, Rambaut and Drummond, 2009).
TreeAnnotator version 1.7.3 (Drummond and Rambaut 2011) was used for
summarising the information in a sample of trees onto a single 'target' tree
whereas the first 10% of the samples were discarded as burn-in. The consensus
tree was finally put into graphs with FigTree version 1.3.1 (Rambaut 2009). The
cold climate phases as revealed by benthic oxygen isotope stages (520, Lisiecki
and Raymo 2005) were incorporated into the tree figure.

To compare the probability of different dispersal routes, we applied a model
selection approach implemented in MIGRATE-N v 3.3.2 (Beerli and Felsenstein
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2001). To keep computation feasible the, 152 sampling sites were pooled
according to geographic patterns (sea basins) and previous results. We tested ten
hypotheses that were translated into migration matrices. The first genealogy was
started using a random tree. Initial theta and migrant values were generated from
a Fst calculation. A static heating scheme with four different temperatures was
applied. We ran 1 mio generations, from which 50,000 were sampled after a burn-
in period of 10,000. For the log-equivalent Bayes factor (LBF) estimation we used
the thermodynamic integration (T.l.) approximation using a Bezier-curve because
it results in LBFs with high repeatability and little variance (Beerli and Palczewski
2010). A high T.1. value indicates a better fit of the model than a low T.I..

Statistic analysis - Microsatellite analyses

For the nuclear DNA markers the GENETIC DATA ANALYSIS (GDA) v 1.1
software (Lewis and Zaykin 2001) was used to calculate the number of private
alleles (Ap) per sea basin, river catchment and population. The number of alleles
(An) and the expected (Hg) and observed (Ho) heterozygosity for the sea basins,
the river catchments and populations were performed in ARLEQUIN version
3.5.1.3 (Excoffier and Lischer 2010). The ARLEQUIN software was further used
to perform an AMOVA (Excoffier et al., 1992) with populations from each river
catchment partitioned into separate groups, and to calculate Fsr-values between
river catchments and sea basins. The structure of and the variation among all
genotyped individuals were determined by a factorial correspondence analysis
(FCA) with the default settings in GENETIX 4.05 (Belkir et al., 1996-2004). The
genetic population partitioning was evaluated using the Bayesian clustering
approach in the program BAPS v 5.4 (Corander et al., 2008). We used predefined
sampling units whereas all individuals of a population form one group. The
program was initially run with a fixed number of clusters (K = 22). The analysis
was repeated five times to determine to most likely number of K. With a
probability of 1 the number of K was 15. In a second analysis, five runs, each at K
=10 to K = 20, were performed to confirm the number of clusters.
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RESULTS

Sequence data

The 540 sequences of the COI and 16S genes resulted in 30 and 15
different haplotypes, respectively. COl was more diverse with Hp = 0.548 and 