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ABSTRACT

Major global changes (e.g., human impact or climatic cycles) have a se-
vere impact on the distribution and diversity of species such as the vulner-
able European noble crayfish Astacus astacus. This is the first large-scale
study regarding haplotype diversity of A. astacus in central and southeast-
ern Europe. We analyzed a partial sequence of the mitochondrial gene cy-
tochrome 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 diver-
sity between major river catchments (®st: 0.03481 to 0.20387). The high
haplotype diversity (Hp = 0.794 +0.024) and high number of private haplo-
types suggests a glacial refuge in the Balkan area. The very low haplotype
diversity in central Europe (Hp = 0.299 + 0.038 and Hp = 0.163 + 0.058)
could be a result of human translocation and/or founder effects due to
postglacial re-colonization. Nevertheless, the high frequency of private
haplotypes in all major catchment areas indicates a differentiation of no-
ble crayfish populations throughout Europe despite the extensive human
translocation of crayfish. The results of this study support the establish-
ment of conservation management plans for this vulnerable species.

RESUME

Une premiére analyse génétique a grande échelle des populations vulnérables de I'écre-
visse Astacus astacus révele une faible diversité des haplotypes dans les populations du

centre de 'Europe
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D’importants changements globaux (par exemple, I'impact humain ou les cycles
climatiques) ont un grave impact sur la distribution et la diversité des espéces telle
que I’écrevisse a pattes rouges européenne Astacus astacus. C’est la premiére
étude a grande échelle en matiére de diversité des haplotypes d’A. astacus en
Europe centrale et du sud-est. Nous avons analysé une séquence partielle du
gene 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 (Hp = 0,794 +
0,024) et le nombre élevé d’haplotypes suggérent un refuge glaciaire dans la région
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des Balkans. La trés faible diversité des haplotypes en Europe centrale (0,299 +
Hp = 0,038 et 0,163 + Hp = 0,058) pourrait étre une conséquence de la transloca-
tion de ’'homme et / ou des effets fondateurs en raison de la re-colonisation post-
glaciaire. Néanmoins, la fréquence élevée des haplotypes particuliers dans tous
les grands bassins versants indique une différenciation des populations d’écre-
visses 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 espéce vulnérable.

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 con-
vention 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 protec-
tion 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 suffi-
ciently 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 decreas-
ing 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 cray-
fish 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 po-
tential reduces the possibility of reestablishing local populations that have gone extinct
(Abrahamsson, 1971; Strayer and Dudgeon, 2010). In addition to environmental contribu-
tions 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 in-
dividuals and whole stocks (Skurdal and Taugbel, 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 num-
ber 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
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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 morpho-
logical characteristics (Bott, 1950, 1972; Karaman, 1962, 1963; Albrecht, 1983), while molec-
ular 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 distribu-
tion 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 natu-
ral 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 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.

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, spec-
imens were released at the place where they were caught. Appendages usually regenerate
after a few molts. The samples were stored in 96% ethanol until DNA extraction. DNA was ex-
tracted 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.). Poly-
merase chain reactions (PCR) were performed in a total volume of 25 uL containing 0.625 u
GoTag DNA Polymerase (Promega, Mannheim, Germany), 1x Colorless GoTag® 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 Biotech-
nologie 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 am-
plified 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 template was sequenced
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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.

Figure 1

Aire d’étude des sites échantillonés. Les principaux bassins hydrographiques sont indiqués en gris clair
pour le bassin de la Mer Baltique, en gris foncé pour le bassin de la Mer du Nord et en noir pour le
bassin de la Mer Noire. G. BS = estuaire allemand en Mer Baltique ; P. BS = estuaire polonais en Mer
Baltique. (b) Carte a plus grande échelle du bassin versant de la Mer du Nord.

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 cor-
poration, Ann Arbor, Michigan). The sequences were checked manually for base pair am-
biguities, nuclear copies of mitochondrial derived genes, stop codons, and high levels of
divergence, as recommended by Buhay (2009). All haplotypes were submitted to GenBank.
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Table |

Locality information of analyzed Astacus astacus populations. The originating countries and river catch-
ments, the number of populations (Pop) and the number of sequenced individuals (N), the number of
haplotypes (Hy), the haplotype diversity (Hp) and the number of polymorphic sites (S) are given. Coun-
try Codes: AUT = Austria; BEL = Belgium: BUL = Bulgaria; CZE = Czech Republic; GER = Germany;
CRO = Croatia; HUN = Hungary; POL = Poland; ROU = Romania.

AUT, BUL, CRO,

Black Sea GER, HUN, ROU Danube 30 | 106| 16 0.794 + 0.024 17
Eider, Elbe,
North Sea | CZE,GER,BEL | Rhine, Meuse, | 50 | 241| 11 | 0.299+0.038 | 14
Weser
Baltic Sea GER, POL Uecker, Odra, | 45 | g9 | 3 | 0.163+0.058 | 2

Wisla, Wiprza

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 hap-
lotype 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 correspond-
ing to the major catchment areas, and the pairwise ®st-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, Hp, S, and pairwise ®st-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 ®gr-values
due to the low sample size (N = 5).

RESULTS

COIl 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 substitutions resulted in an amino acid change in
four haplotypes (H04, H10, H21). In total, 23 unique haplotypes were detected (GenBank ac-
cession numbers: JN254659-JN254681), 17 of which were endemic to a specific river catch-
ment. 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
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Table I

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 .

Barthe 54.333 | 12.833 GER | G.BS| BAS |5 H02(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 PBS | BAS |7 | 7

Lake close to Miastko | 54.017 | 16.983 PO PBS | 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)

Razdvec 43.463 | 24.908 BU DA BS 6| 4 |H13(1), 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)

Farm Augsburg 48.359 | 10.906 GER DA BS (14| 9 |HO05(2), 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)

Kadarta 47.12 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 45104 | 21.768 RO DA BS 1 H11(1)

Carasova 45174 | 21.952 RO DA BS 1 H11(1)

Carasova 45176 | 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 41 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 21 H20(1)

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 21 H20(1)
H11(1)
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Table Il

Continued.

Nadas 46.206 | 21.359 RO DA BS (14 H12(1), H20(12)

Conop 46.122 | 21.359 RO DA BS 1 H20(1)

Farm Oeversee, origin:Ls 54.688 9.422 GER Eider NS 5 HO09(4), H10(1)

Langsee (Ls) 54.575 9.593 GER | Eider NS 9 H09(8), H10(1)

Svetlohor 48.977 | 13.736 cz Elbe NS 77

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

Kramata 49.043 | 13.758 cz Elbe NS 77

Stepenitz 53.037 | 12.042 GER Elbe NS [5] 5

Schwarze Elster 51.582 13.97 GER Elbe NS 6| 6

Jaglitz 52.96 12.741 GER Elbe NS 715 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 41 4

n.a. n.a. n.a. BE |Meuse| NS 211 H12(1)

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

Klausbach 52.272 7.910 GER RH NS 71 3 H20(4)

Mahlscheid 50.778 7.972 GER RH NS 8| 8

Zo0 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 41 4

Ambach 50.702 8.275 GER RH NS 5| 5

Miihigraben 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

Mademuhlen 2 50.624 8.143 GER RH NS 2| 2

Nanzenbach 50.78 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

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 211 H20(1)

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

Wolfsagertal 49.106 7.701 GER RH NS 7|1 2 | HO8(1), H20(2),
H22(2)
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Table Il
Continued.

Tableau I
Suite.

Meisertalweiher 49.335 7.769 GER RH NS
Waldteich Irrschelde 50.763 8.399 GER RH NS
Waldteich bei Wallenfels | 50.774 8.438 GER RH NS
Clausthal-Zellerfeld* 51.809 | 10.352 GER |Weser| NS

N =,
N = o| O

Breitweiher/Rhon 50.507 9.730 GER | Weser NS
Ocherbach 50.673 9.185 GER | Weser NS
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).

HO4

H2( HO5

HO6
H18
Black Sea
North Sea
@ 110 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.

Figure 2

Réseau d’haplotypes (350 pb) construit a partir de 416 individus d’Astacus astacus. La taille des cercles
est proportionnelle a la fréquence des haplotypes. Les vecteurs médians sont indiqués par des points
blancs. Le nombre de changements nucléotidiques est indiqué, aucun nombre = un changement de
1 pb.
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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.

Tableau

Résultats de I’analyse de variance moléculaire (AMOVA). Les pourcentages de la variance totale (% Var),
les indices de fixation (F) et leur significativité (** : p < 0,001) basée sur 1000 permutations aléatoires
sont donnés.

Among major catchment areas 2 5.06 Ocr = 0.051

Among river catchments within major catchment areas 9 23.92 | dgc = 0.252**

Within river catchments 406 | 71.02 | ®dgr = 0.290™*
Table IV

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

Tableau IV

Valeurs de diversité pour I’échantillonnage concernant la Mer du Nord. Le nhombre d’individus séquen-
cés (N), le nombre d’haplotypes (Hy), la diversité haplotypique (Hp) et le nombre de sites polymorphes
(S) sont indiqués pour sept affluents de la Mer du Nord.

Elbe 38 3 | 0.199+0.084 | 8
Ems 5 2 | 0.400+0.237 | 2
Meuse 11 2 1 0182+0.144 | 1
Rhine 161 6 | 0.227+0.043 | 5
Weser 12 1 0.000+0.000 | O
Eider 14 2 | 0264+0.136 | 1

area, and two out of three haplotypes were exclusively found in the rivers discharging into the
Baltic Sea. Five haplotypes (H05, 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.

Hp-values (Table 1) 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 ®gr-value between the
North and the Baltic Seas (®st = 0.035), and the highest value between the Black and Baltic
Seas (Pst = 0.204, Table V). The ®gr-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 lll and reveal
highly significant genetic differentiation between the major catchment areas (®st = 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). Hp for the Rhine (N = 161) was 0.227. Pair-
wise ®gr-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 (®sr-value between 0.575
and 0.876; p < 0.001).
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Table V
Pairwise ®gr-values between the three major catchment areas and their significance (*: p < 0.05,
= p < 0.001).

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

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

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 de-
termine 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 (®sr-values between 0.575 and 0.876) between the Ei-
der 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 signifi-
cantly less differentiated than within the Black Sea catchment (Table I). A high haplotype di-
versity 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, se-
vere climatic fluctuations in central Europe resulted in repeated range expansions and regres-
sions 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 mod-
ified river systems (Hanfling et al., 2009). The re-colonization 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 south-
ern to northern populations has been observed for many freshwater species, for example,
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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 re-colonization 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) may be interpreted as a result of two routes of re-
colonization 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 dis-
persal has been excluded (e.g., Durand et al., 1999; Weiss et al., 2002; Hanfling et al., 2009). A
second re-colonization 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 Taugbel, 2002), resulting in a mix-
ture of indigenous and non-indigenous populations (Largiadér et al., 2000). Endemic haplo-
types of the North Sea and Baltic Sea catchments could be the result of artificial stocking,
or using stock from a river catchment not included in our study (e.g., from Russia). How-
ever, 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 (®sr-values between 0.035 and 0.204), indicates a differenti-
ation of populations throughout Europe despite the extensive human translocation of noble
crayfish. Nevertheless, the artificial translocation of individuals can be observed in the dis-
junct distribution of some shared haplotypes between different drainage areas (Figure 1).
Haplotype H20 could be an example of artificial distribution across central Europe. This hap-
lotype 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, South-
ern 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 dif-
ferences 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, the Balkans were relatively unaffected by geo-
logical 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 ma-
jor 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 sim-
ilar 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
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tributaries of the Danube. This is especially important for countries that plan to found cray-
fish 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 popula-
tion’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 fur-
ther 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
genetic diversity.

In conclusion, the results of this study suggest a glacial refuge in the Balkan area and a post-
glacial re-colonization of central Europe. Despite human translocations, which were revealed
by the disjunct distribution of some haplotypes, a differentiation of noble crayfish popula-
tions in all major catchment areas supports the establishment of distinct ESUs to protect its
present-day genetic diversity in Europe.
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