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or population-specific private haplotypes in order to main-
tain recent and regional adaptions. Above all, stocking with 
populations that exhibit haplotypes from outside Western 
Europe should be avoided in these catchments. This study 
supports the preservation of the genetic diversity of noble 
crayfish in Western Europe and provides thus a proposition 
for advanced conservation management.

Keywords Population genetic diversity · MtDNA 
sequences · Microsatellite analysis · Species conservation · 
Artificial stocking · Management units

Introduction

The protection of species diversity is a major goal in spe-
cies conservation (SCBD 1992). To maintain the genetic 
diversity within one species, conservation genetics aim to 
protect genetic variability within and between populations. 
High genetic diversity is essential for species to adapt to 
changing environmental conditions (Jump et  al. 2009). A 
reduction in this evolutionary potential can cause local pop-
ulation extinctions (Boulding 2008). Consequently, high 
genetic diversity is fundamental especially for threatened 
species. To increase the genetic diversity of populations, 
artificial cross-stock translocation of individuals is often 
promoted (Souty-Grosset and Grandjean 2009). However, 
this may result in outbreeding depression and thus decrease 
the fitness of a stock (Moritz 1999). In contrast, small iso-
lated populations with lacking gene flow may suffer from 
inbreeding depression that also reduces fitness. Therefore, 
one challenge in species’ conservation is to find a balance 
between outbreeding and inbreeding depression (Frankham 
et al. 2011; Waser and Price 1994).
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To conserve the integrity and the maximum genetic 
diversity of a species, it is recommended that translocations 
are only conducted within evolutionary significant units 
(ESUs) (Ryder 1986). Populations in an ESU are recipro-
cally monophyletic for mtDNA alleles and show significant 
divergence of allele frequencies at nuclear loci (Moritz 
1994). As Moritz (1994) remarks, this definition may seem 
overly restrictive, but it is theoretically sound. However, 
in practice, a Management Unit (MU) is more applica-
ble for population monitoring. A MU can be defined as a 
population or group of populations with significant diver-
gence of allele frequencies at nuclear or mitochondrial loci 
compared to other populations or groups of populations, 
regardless of the phylogenetic distinctiveness of the alleles 
(Moritz 1994). For species like freshwater crayfish whose 
distribution has been impacted by anthropogenic influence, 
we cannot expect strict monophyly for mtDNA alleles. 
However, because freshwater species often experience 
restricted gene flow, especially in lotic habitats, an individ-
ual management or conservation strategy is required. Con-
sequently, the identification of MUs is an appropriate basis 
for modern conservation management. Although a MU for 
freshwater species is expected to be restricted to one river 
catchment due to limited distribution abilities, this catego-
rization is not valid for all freshwater species (Vonlanthen 
et  al. 2007). Additionally, anthropogenic translocations 
can alter the genetic distinctiveness of freshwater species 
as well (Lerceteau-Köhler et al. 2013), an aspect especially 
severe in species of commercial interest such as freshwater 
crayfish.

For native crayfish species translocations for restocking 
purposes should be conducted with special caution because 
all populations are highly threatened by the spread of the 
crayfish plague agent (Aphanomyces astaci). This highly 
virulent disease (OIE 2016) has been distributed in most 
European rivers via invasive crayfish originating from 
North America (e.g. Pârvulescu et al. 2012; Schrimpf et al. 
2013) or even without a host via transport of the A. astaci 
spores (Svoboda et al. 2016). As a result, European native 
crayfish are currently mostly restricted to isolated ponds, 
lakes and springs (Holdich 2002).

The European noble crayfish (Astacus astacus) shows 
a decreasing population trend and is listed as vulner-
able (IUCN 2013). Its population status is of high con-
cern especially in Western Europe. For instance, in The 
Netherlands there is only one population remaining (Eds-
man et  al. 2010; Ottburg and Roessink 2012). In Bel-
gium, the species is no longer present in Flanders (Boets 
et  al. 2012) but currently inhabits only Wallonia. Here, 
however, the number of populations harboured in ponds 
suffered a 40% reduction between 2001 and 2012 (Cam-
maerts, unpublished work based on the database of the 
Département de l’Étude du Milieu naturel et agricole, 

Gembloux, Belgium). In France the species is close to 
extinction (Collas et al. 2007; UICN 2012). In Germany 
most remaining stocks are located in low mountain ranges 
(Schulz et al. 2008) and many result from anthropogenic 
artificial translocations for population augmentation.

Previous studies showed that the highest genetic diver-
sities of noble crayfish can be found in south-eastern 
Europe, the refugial area of this crayfish during the last 
glacial maximum (Schrimpf et  al. 2011, 2014) which 
lasted from approximately between 26,500 and 19,000 
years before present (Clark et al. 2009). Crayfish popula-
tions from these refugia recolonized most of the remain-
ing European continent after the retreat of the ice sheet. 
Due to strong founder effects these populations are usu-
ally characterised by low genetic diversity. However, 
because of the high differentiation of endemic haplotypes 
from Rhineland-Palatinate in south-western Germany and 
from Schleswig-Holstein in northern Germany, the exist-
ence of additional refugia in Central and Western Europe 
during the last ice age is still under debate (Schrimpf 
et  al. 2014). As a consequence, an intensive population 
genetic study of the noble crayfish in its Western Euro-
pean distribution range (France, The Netherlands and 
Belgium) was required to assess the natural genetic struc-
ture and to establish proper management strategies for 
this threatened species in order to preserve the adaptive 
potential of the remaining populations.

Therefore, the aim of this study was to answer three 
questions which are fundamental for future conservation 
programs of noble crayfish in Western Europe:

1. Can we detect high genetic diversity in Western Europe 
with distinct haplotypes/alleles that indicate an addi-
tional extra-Mediterranean refugium during the last 
glacial period?

2. Can we reveal genetic similarities or differentiations 
between populations within the Meuse, Rhine, Scheldt 
and Seine river catchments in order to identify MUs?

3. Can we detect an anthropogenic influence on noble 
crayfish population structure to distinguish between 
autochthonous (indigenous) and allochthonous (artifi-
cially translocated) populations?

To answer these questions, we used mitochondrial 
DNA (cytochrome oxidase subunit I and 16S rRNA) and 
nuclear DNA (microsatellites) and compared our data 
from Western Europe to the European wide data set of 
Schrimpf et  al. (2014). Additionally, our study benefits 
from detailed background information about the studied 
populations from historic records, which allowed us to 
compare the genetic results with reconstructions of the 
populations’ origins.
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Methods

Study site and molecular analysis

In total, 563 crayfish specimens from 31 sampling sites 
(Fig.  1; Table  1) from Belgium, France, The Netherlands 
and Western Germany were collected by hand or trapping 
devices. Populations originating either from fish farms or 
hatcheries known to breed crayfish from outside Western 
Europe were not sampled. The sampling sites were located 
in the river catchment of the Meuse (N = 18), the Rhine 
(N = 4), the Scheldt (N = 7) and the Seine (N = 2). We 
assumed that the crayfish from each site formed a distinct 
population. Immediately after the lower part of one perei-
opod (propodus and dactylus) was removed, specimens 
were released again at the location where they were caught. 
Appendages usually regenerate after a few molts. Samples 
were stored in 96% ethanol until DNA extraction. DNA 
was extracted from the muscle tissue using a standardized 
protocol (Sambrook and Russell 2001).

We generated a 350 base pair (bp) fragment of the mito-
chondrial cytochrome oxidase subunit I (COI) and a 500 bp 
fragment of the mitochondrial 16S rRNA (16S) for ten indi-
viduals per sampling site, using the primer pair ASTCOI 
(forward primer: 5′-GCG GGG ATA GTA GGA ACC TC-3′; 
reverse primer: 5′-ATT TAC CGC CCC TAA AAT CG-3′) and 
16S_1471 and 16S_1472 (Crandall and Fitzpatrick 1996), 
respectively. Polymerase chain reactions (PCR) were per-
formed according to Schrimpf et  al. (2011). PCR products 
were sequenced on a 3730 DNA Analyzer eight capillary 
sequencer (Applied Biosystems, MA, USA) by the company 
SeqIT (Kaiserslautern, Germany). The sequences were edited 
and aligned with Geneious 5.0.3 (Drummond et al. 2011). The 
sequences were checked manually for base pair ambiguities, 
nuclear copies of mitochondrial derived genes, stop codons, 
and high levels of divergence (Buhay 2009). All haplotypes 
were submitted to GenBank (Genbank accession numbers will 
be provided upon acceptance of the manuscript).

To genotype all sampled individuals  (Nmax = 25 per 
sampling site) we used the six species-specific microsatel-
lite (msat) loci Aas2, Aas6, Aas8, Aas11, Aas766, Aas1198 
(Kõiv et al. 2008, 2009). PCR was carried out using a Pri-
mus 96 Cycler (Peqlab Biotechnologie GmbH, Erlangen, 
Germany) under the following conditions: an initial dena-
turation at 95 °C for 2 min, followed by 35 cycles of 30 s at 
95 °C, 30 s at 60 °C, 30 s at 72 °C, and a final extension of 
5 min at 72 °C. The 60 °C annealing was replaced by 63 °C 
for primer Aas11 and by 57 °C for primer Aas8. 2 μl PCR-
product were added to 30 μl SLS (Beckman Coulter, Kre-
feld, Germany). The fragment analysis was performed on 
a Beckman Coulter CEQ 8000 eight capillary sequencer. 
Loci were scored using the software GeneMarker version 
2.4.0 (State College, PA, USA). Micro-Checker version 

2.2.3 was applied to test for scoring error due to stuttering, 
large allele dropout and null alleles (Van Oosterhout et al. 
2004). All loci were tested for linkage disequilibrium with 
ARLEQUIN version 3.5.1.3 (Excoffier and Lischer 2010). 
In total, 10% of all samples were randomly chosen for rep-
etition to estimate the genotyping error rate (Bonin et  al. 
2004). A genotyping error rate of 0.96% was estimated and 
should not bias our results.

Statistical analysis

Potential refugium in Western Europe

Based on the sequence data, the genetic variation within 
each sampling site was measured in terms of the number 
of haplotypes  (HN) and the haplotype diversity  (HD) using 
DNASP v 5.10.1 (Librado and Rozas 2009). To identify 
haplotypes and to determine the phylogenetic relation-
ships between haplotypes a median joining (MJ) network 
(Bandelt et  al. 1999) was constructed using the software 
NETWORK 4.610 (Fluxus Technology, Suffolk, UK). In a 
second median joining (MJ) network (NETWORK 4.510) 
the haplotypes of this study were assembled with 46 hap-
lotypes from 540 specimens from the dataset of Schrimpf 
et al. (2014) in order to compare where the haplotypes of 
this study have been found before.

Concerning the msat data, the average number of alleles 
per locus per site (A) and the expected  (HE) and observed 
 (HO) heterozygosity were calculated in ARLEQUIN ver-
sion 3.5.1.3 (Excoffier and Lischer 2010). Each popula-
tion was tested for deviations of the Hardy–Weinberg 
equilibrium with GenoDive v 2.0b23 (Meirmans and Van 
Tienderen 2004). The number of private alleles  (AP, i.e., 
alleles endemic to populations or regions) per sampling 
site was calculated with the Genetic Data Analysis (GDA) 
v 1.1 software (Lewis and Zaykin 2001). In addition, a 
factorial correspondence analysis (FCA) was conducted 
with the default settings in GENETIX 4.05 (Belkir et  al. 
1996–2004) with the msat data of this study and reference 
data of 289 noble crayfish that were genotyped by Schrimpf 
et al. (2014) to compare the Western European noble cray-
fish to a European-wide data set.

MUs in Western Europe

Using sequence and msat data, a hierarchical analysis of 
molecular variance (AMOVA, Excoffier et  al. 1992) with 
populations from each river catchment partitioned into 
separate groups was performed and the genetic differen-
tiation in terms ΦST-values (sequence data) and  FST-values 
(msat data) among populations and river catchments was 
estimated with ARLEQUIN v 3.11 (Excoffier and Lis-
cher 2010). Significance was based on 1000 random 
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permutations. We applied the False Discovery Rate (FDR) 
approach to the p values (Benjamini and Hochberg 1995) 
of the ΦST- and  FST-values.

Using msat data, the structure of and the variation among all 
populations was visualised by a principal component analysis 
(PCoA) via covariance matrix with data standardization with 
the software GenAlEx v 6.5 (Peakall and Smouse 2012) where 

Fig. 1  Map showing the sampling sites of noble crayfish populations in France, Belgium, The Netherlands and Western Germany. Code abbre-
viations are explained in Table 1. Arrows indicate previous known translocations of noble crayfish. (Color figure online)
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Table 1  Sampling sites of noble crayfish populations from France (FR), Belgium (B), The Netherlands (NL) and western Germany (DE)

Code Town Type Present cm Original sub-cm Origin

Autochthonous population which local origin is indicated by archive
 B2 Lierneux Pond Meuse Meuse, Amblève Baleur brook,  1880a

Populations almost certainly from local origin and known to be present before WWII
 B1 Momignies Brook Meuse Meuse, Sambre Brooks of Jeumont area (adjacent to Belgium), ca 

1930,  Franceb

 B5 Paliseul Pond Meuse Meuse, Ourthe occidentale Libramont-Freux area around 1960, but crayfish 
seems to have been in situ already in  1899b

 B7 La Roche Brook Meuse Meuse, Ourthe orientale Said to be local, already known in  1983a,b

 B12 Ciney Brook and pond Meuse Meuse, Lesse Said to be local, known since well before WW  IIb

 B14 Marchin Brook Meuse Meuse, Houyoux Said to be local, known since well before WW  IIb

 B16 Braine-le-Château Pond Scheldt Meuse, Eau Blanche From the Roly region, introduced in 1960 in this 
 ponda

 B18 Gesves Brook Meuse Meuse, Samson Unknown, present at least as early as  1940a,b

Populations possibly from local origin
 B4 Florenville Brook Meuse Meuse, Semois? Local origin not ascertained, known from  1978a,c

 B15 Gedinne Pond Meuse Meuse, Houille Said “to have been never introduced”b

 B19 Walcourt Brook Meuse Meuse? Sambre? Unknown, perhaps from local river (le Thyria, 
where it abounded around 1960)a,b

 DE2 Aachen Brook Meuse Ruhr Unknown, maybe  localb

 F2 Contrexéville Brook Meuse Meuse Possibly transferred from an abbey estate located 
near the Meuse springs, decennia  1970b

 F3 Breuvannes-en-Bassigny Brook Seine Meuse Near the Meuse springs, but has been transferred 
into a pond in Seine catchment, decennia  1980b

 F4 Rocquigny Brook Seine Oise Unknown, possibly  localb

 F5 Signy-le-Petit Pond Seine Oise Unknownb

Populations originating from a possible stocking in past times
 DE1 Aachen Brook Meuse Wurm-Ruhr Originates from a local brook and pond located in 

an old  estateb

 B3 Sainte-Cécile Fish farm Meuse Meuse, Semois? Unknown, but said to be at least  localb and present 
before  1980a

Population originating from a stocking made before or likely well before 1970
 B6 Tournai W  quarryg Scheldt ? Unknown, already present in  1996a

 B9 Tournai W  quarryg Scheldt ? Unknown, already present in  1985a

 B11 Ecaussinnes W  quarryg Scheldt ? Unknown, already present in  1946a

 B17 Ecaussinnes W  quarryg Scheldt Scheldt? Introduced from a fishing pond of a tributary of 
the River Haine (Scheldt cm),  1966b

 B21 Antoing W  quarryg Scheldt ? Unknown, stocked in  1930a

 B22 Beloeil W  quarryg Scheldt ? Unknown, already present in  1970a

Population originating from a stocking made since 1970 or after this date
 B8 Fosses-la-Ville Pond Meuse ? Said to be from France, 1990, without further 

 precisionb

 B13 Ohey Pond Meuse ? Purchased in a food store of Namur, ca  1970b

 B20 Ciney Pond Meuse ? Purchased in 2002, said to originate from  Polandb

Population in The Netherlands
 NL Arnhem Pond Rhine Rhine Transferred from a nearby brook, decennia  1980d

Population in the Vosges country, perhaps stocked in past times
 F6 Sturzelbronn Pond Rhine Moselle Local; crayfish already present in Sturzelbronn 

brook in 1594 and  1789e; it may not be ruled 
out that it originated in a past stocking from 
Strasbourg by monks of the  abbeyf
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the reference data from Schrimpf et al. (2014) were excluded. 
The Structure v 2.3.4 software (Pritchard et al. 2000) was used 
to evaluate the genetic population partitioning. The admixture 
model with correlated allele frequencies was used without spec-
ifying sampling locations. The program was initially run with a 
number of clusters of K = 1–31 and a burn-in period of 10,000 
followed by 50,000 Markov chain Monte Carlo (MCMC) itera-
tions. The analysis was repeated five times. Structure Harvester 
v 0.6.94 (Earl and von Holdt 2012) was used to determine the 
most likely number of clusters applying the delta K method 
(Evanno et  al. 2005). The highest delta K was determined at 
K = 4. A second analysis with K = 4 with a burn-in of 50,000 
followed by 500,000 MCMC was repeated ten times.

Anthropogenic translocations in Western Europe

To evaluate the possibility of artificial translocations of 
noble crayfish we compared the combined COI+16s hap-
lotype distribution of the study area (North Sea catchment) 
with a European-wide data set (Schrimpf et  al. 2014) in 
the MJ graph with the reference data. An allochthonous 
haplotype may indicate translocation and stocking from a 
distant source. Furthermore, the admixture of the popula-
tions, based on the Structure results (msats), was evaluated. 
The admixture model assumes that each individual carries 
potential ancestry from different clusters.

Results

Potential refugium in Western Europe

In total, out of 309 sequenced individuals, seven com-
bined (COI+16S) haplotypes were detected. The majority 

of sampled individuals (N = 277) from all four river catch-
ments were invariable (Table 2; Fig. 2) and contained the 
most common European haplotype, Hap01 (as defined by 
Schrimpf et  al. 2014). 23 sampling sites exhibited only 
Hap01  (HD = 0). Site B11 was most diverse  (HD = 0.822), 
representing four haplotypes. The median joining network 
of Western European haplotypes (Fig. 2) showed that most 
haplotypes were separated by only one bp exchange. Hap41 
was most differentiated with ten mutational steps to Hap01.

Regarding the microsatellite data, the microchecker 
analysis provided evidence for a homozygotes excess and 
putative null alleles for locus Aas11. The effect of null 
alleles may reduce the power to correctly assign individuals 
in the Structure tests to up to 1% and cause a small over-
estimation of  FST values (Carlsson 2008), however, they 
will not significantly influence the results. No pair of loci 
showed significant linkage disequilibrium. Nine popula-
tions deviated significantly from the Hardy–Weinberg 
equilibrium (deficit of heterozygotes, Table  2). The num-
ber of alleles and private alleles per population, as well as 
expected and observed heterozygosity are given in Table 2. 
The number of alleles and expected heterozygosity was 
highest at sites F1 (A = 4.5,  HE = 0.622) and F7 (A = 4.33, 
 HE = 0.631) and lowest at sites F5 (A = 1.0,  HE = 0.083) 
and B7 (A = 1.5,  HE = 0.039).

Figure  3 shows a two-dimensional plot of the FCA, 
also including the reference msat data. The first two axes 
account for 3.97 and 3.70% of the total variability of the 
msat data. Most individuals from Belgium, Germany, The 
Netherlands and the French Seine and Meuse assemble 
with the North and Baltic Sea populations from Central 
Europe. The individuals from the French Rhine group sepa-
rate from the other populations and the distribution of these 

Table 1  (continued)

Code Town Type Present cm Original sub-cm Origin

Population in the Vosges country, stocked in recent times

 F1 Meisenthal Hatchery Rhine Moselle Local, present before 1950, stocked in Meisenthal 
 brookf, sampled at Mirwart fish farm (Belgium)

 F7 Lemberg Pond Rhine Moselle Partly local and from Meisenthal crayfish 
 hatcheryf

Given is the present catchment (cm), the original sub-catchment (sub-cm) and the origin. The “?” indicates uncertain information. Sampling 
sites are sorted according to the population history. For species protection, local name and coordinates are not included in this table but can be 
obtained by enquiry from the authors
a DEMNA archives and data base
b Owner or manager’s personal communication
c Balzat and Dussart (1978)
d Ottburg and Roessink (2012)
e Jehin (2006–2007)
f Franckhauser’s personal communication
g Water-filled quarry 
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individuals is also more scattered, indicating a relatively 
high genetic variation.

MUs in Western Europe

Haplotypes Hap47 and Hap48 were the only haplotypes 
that occur solely in the study area (Scheldt, population B11; 
Figs. 2, 6; Table 2). The number of private msat alleles was 
highest in population B6, B15 and DE1  (AP = 3).

The results of the hierarchical AMOVA are shown 
in Table  3. The majority of variance was present within 

populations for sequence as well as msat data (62.94%, 
p < 0.001 and 61.97%, p < 0.001, respectively). In total, 
35.82% (p < 0.001) and 32.27% (p < 0.001) was attrib-
uted to variation among populations within river catch-
ments while variation was minor between river catch-
ments (sequence data: 1.23%, p = 0.262; msat data: 5.76%, 
p = 0.044). Most of the genetic variation was thus repre-
sented among crayfish within populations while there was 
very little variation between river catchments.

While pairwise comparison for mtDNA revealed 
very low and not significant ΦST-values between most 

Table 2  Results of the microsatellite and sequence analyses

The number of analysed samples is given for each analysis (N). For the microsatellite analysis the average number of alleles per primer (A), the 
number of private alleles  (AP), the expected  (HE) and observed  (HO) heterozygosity is shown. Significant deviations from the Hardy–Weinberg 
equilibrium are indicated (*p < 0.05, **p < 0.01). For the sequence analysis, number of haplotypes (H), haplotype diversity  (HD), nucleotide 
diversity (N. div), the number of individuals that hold the most common haplotype (Hap01) and the other haplotype codes as described in 
Schrimpf et al. (2014) are indicated. The numbers of individuals corresponding to these haplotypes are indicated in brackets

Code Microsatellite analysis Sequence analysis

N AP A HE HO N H HD N. div Hap01 Other Haplotypes 

B1 10 1.33 0.076 0.033 10 1 0.00 0.0000 10
B2 20 1 2.00 0.101 0.096 10 1 0.00 0.0000 10
B3 20 1.83 0.210 0.223 10 2 0.20 0.0004 9 Hap35 (1)
B4 19 1.50 0.116 0.096 10 1 0.00 0.0000 10
B5 20 1 2.00 0.122 0.048** 10 1 0.00 0.0000 10
B6 19 3 2.17 0.118 0.096 10 1 0.00 0.0000 10
B7 15 1.50 0.039 0.039 10 1 0.00 0.0000 10
B8 16 1 2.33 0.282 0.243 10 1 0.00 0.0000 10
B9 19 2.17 0.193 0.213 10 2 0.20 0.0002 9 Hap35 (1)
B11 20 2 2.50 0.293 0.267 10 4 0.82 0.0013 3 Hap35 (3), Hap47 (2), Hap48 (2)
B12 20 2 2.33 0.168 0.164 10 1 0.00 0.0000 10
B13 20 2.67 0.460 0.302** 10 1 0.00 0.0000 0 Hap40 (10)
B14 19 1 2.33 0.200 0.136** 10 1 0.00 0.0000 10
B15 20 3 2.17 0.134 0.109 10 1 0.00 0.0000 10
B16 20 1.83 0.202 0.126 10 1 0.00 0.0000 10
B17 20 2.83 0.271 0.274 10 2 0.35 0.0004 8 Hap35 (2)
B18 16 1.33 0.050 0.012** 10 1 0.00 0.0000 10
B19 20 2 1.67 0.188 0.166 9 1 0.00 0.0000 9
B20 20 2.67 0.218 0.212 10 1 0.00 0.0000 10
B21 20 2.67 0.306 0.273 10 1 0.00 0.0000 10
B22 20 1 2.17 0.197 0.176 10 1 0.00 0.0000 10
DE1 14 3 3.67 0.561 0.365** 10 1 0.00 0.0000 10
DE2 20 2.00 0.110 0.103 10 1 0.00 0.0000 10
F1 19 1 4.50 0.622 0.555* 10 2 0.36 0.0043 8 Hap41 (2)
F2 20 1.67 0.192 0.200 10 1 0.00 0.0000 10
F3 20 1 1.67 0.238 0.255 10 1 0.00 0.0000 10
F4 10 1.67 0.102 0.112 10 1 0.00 0.0000 10
F5 12 1.00 0.083 0.014 10 1 0.00 0.0000 10
F6 16 1 4.50 0.578 0.440** 10 2 0.53 0.0019 6 Hap31 (4)
F7 25 4.33 0.631 0.532** 10 3 0.71 0.0047 4 Hap31 (4), Hap41 (2)
NL 14 1.83 0.144 0.015** 10 1 0.00 0.0000 10
Total 563 23 2.33 0.507 0.1797 309 7 0.20 0.0007 277
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populations (Table  4 in Appendix  1), ΦST-values among 
B11, B13 and F7 and all other populations were high 
(ΦST-range: 0.115–1.000; p < 0.05) suggesting significant 
genetic differentiation. According to the msat data, pair-
wise comparisons between populations revealed significant 
 FST-values (p < 0.05) for most sites (Table  4 in Appen-
dix 1). F3 was the site with the highest differentiation com-
pared to all other sites (mean  FST-value = 0.615).  FST-values 
were highest between F5 and F2 as well as between F5 and 
F3, respectively.  FST-values were lower between sampling 
sites within river catchments (mean  FST-value = 0.194) than 
amongst river catchments (mean  FST-value = 0.34).

In the PCoA based on msat data from the present study 
only (Fig. 4), the data points are distributed in four groups. 
The first group contains populations from the French 
Meuse catchment (F2 and F3), the second group comprises 
of populations from the French Rhine catchment (F6 and 
F7), from the hatchery in France (F1) and from the Ger-
man Meuse catchment (DE1). The third group includes 
noble crayfish from the French Seine (F4, F5) and Belgium 
(Meuse and Scheldt, B19–22). The fourth group com-
prises all remaining populations. Sampling site NL, from 
The Netherlands (Rhine), is situated in-between all groups, 
while B13 has a position apart from all other groups. In 
general, the individuals from the French Rhine and Meuse 

Fig. 2  A median joining network calculated with NETWORK 4.610 
showing the genealogical relationships among the concatenated COI 
and 16S haplotypes from 309 noble crayfish from Western Europe. 
The size of circles is proportional to the frequency of the represented 
haplotype. The circle in the lower left corner represents two haplo-
types (2 Hap). Each connecting branch line represents one nucleotide 
substitution. When haplotypes were separated by more than one base 
pair exchange, the number is given. Haplotype codes on the network 
correspond to samples listed in Table 2

Fig. 3  A factorial correspond-
ence analysis (FCA) based on 
msat data was calculated with 
the software GENETIX 4.05 
(Belkir et al. 1996–2004) with 
reference data from 289 noble 
crayfish from the Black Sea, 
North Sea and Baltic Sea basins 
from Schrimpf et al. (2014). 
The circles represent noble 
crayfish from Belgium, the 
triangles represent individuals 
from Western Germany, the 
diamonds indicate crayfish from 
France, the squares for crayfish 
from The Netherlands. The 
Black Sea basin is indicated by 
a cross, the North Sea basin by 
a plus, and the Baltic Sea by a 
minus. (Color figure online)
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catchments differ in allelic similarity (Fig. 4), while sam-
ples presently from the rest of the Meuse, the Scheldt and 
the Seine show a large allelic similarity.

The Structure analysis based on msat data suggested a 
clustering of K = 4 as the best model explaining the pop-
ulation structure (Fig.  5). Populations F2 and F3 clearly 
formed cluster 1 and DE1 had a high affiliation to cluster 
1. Populations F1, F6 and F7 comprised cluster 2 with 
B13 exhibiting a high affiliation to this cluster. Populations 
B19–B22, F4, F5 and NL group in cluster 3. The remain-
ing populations group in cluster 4. The circles represent the 
proposed management units (MU) based on the results of 
both, microsatellite and sequence analyses.

Anthropogenic translocations in Western Europe

Among the seven detected COI+16s haplotypes, four 
(Hap01, Hap35, Hap40, Hap41) were shared between 
the study area (North Sea catchment) and the Black Sea, 
Baltic Sea and Finland areas, respectively (Fig. 6). While 
Hap01 is the most common European haplotype distributed 
across all major river catchments and in almost all studied 

Table 3  Results of the 
analysis of molecular variance 
(AMOVA) calculated with 
ARLEQUIN v. 3.11 based on 
mtDNA and microsatellite 
allele frequencies (msats) where 
populations (pop) are grouped 
according to river catchments

Significant values of fixation indices (F-statistic) indicated with an asterisk (*p < 0.05; ***p < 0.001) base 
on 1000 random permutations
d.f. degrees of freedom

DNA marker Among groups Among populations 
within groups

Within populations

mtDNA
 d.f. 3 27 279
 Sum of squares 4469 33,867 52,300
 Percentage of variation 1.23 35.82 62.94
 Variance components 0.004 0.107 0.187
 F-statistic 0.012 0.371*** 0.363***

msat
 d.f. 3 27 1091
 Sum of squares 114,606 526,289 1063,159
 Percentage of variation 5.76 32.27 61.97
 Variance components 0.091 0.507 0.974
 F-statistic 0.058* 0.342*** 0.380***

Fig. 4  Plots of the first two axes of a principal component analy-
sis (PCoA) based on msat data implemented using the software 
GenAlEx v 6.5 (Peakall and Smouse 2012) revealed four groups. 
Each dot represents one population. (Color figure online)

Fig. 5  Genetic population partitioning was evaluated using the 
Bayesian clustering approach in the program Structure v 2.3.4. The 
admixture model with correlated allele frequencies was used without 
specifying sampling locations. Four clusters were considered as most 
likely by the program. The colours correspond to the predicted clus-

ters (1–4) as calculated by Structure. Yellow cluster 1, blue cluster 2, 
red cluster 3, green cluster 4. Each individual is represented by one 
vertical column, which is divided into coloured segments with the 
length proportional to the individual’s estimated affiliation to the spe-
cific clusters. (Color figure online)
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populations, Hap41 is the most differentiated haplotype, 
which is shared between the Croatian Danube, the hatchery 
F1 and the natural population F7.

The structure plot shows that all populations exhibit 
some admixture of microsatellite alleles from other popula-
tions because of mixed genetic heritage, especially in B13, 
B14, DE1, DE2 and NL (Fig. 5).

Discussion

Potential refugium in Western Europe

The high genetic diversity in Western European noble cray-
fish supports the hypothesis of an additional extra-Mediter-
ranean refugium during the last glacial period as stated in 
Schrimpf et al. (2014). Our results indicate that the Belgian 
and Dutch noble crayfish populations assembled with indi-
viduals from the North Sea and Baltic Sea basins, while 
noble crayfish populations from the French Meuse catch-
ment showed an overlap with samples from the North 
Sea basin and Black Sea basin (Fig. 3). This denotes for a 
common origin in south-eastern Europe from where these 
basins were recolonized (Schrimpf et al. 2014). In contrast, 
noble crayfish from the French Rhine river catchment (F6 
and F7, Table 2) were genetically very diverse and differen-
tiated from all other populations. The sympatric occurrence 
of both common as well as endemic haplotypes and alleles 

in the Rhine catchment could be the result of secondary 
contact of two different recolonization lineages.

Extremely low haplotype diversity was detected in Fin-
land with only one single haplotype in 742 noble crayfish 
populations (Makkonen et  al. 2015) and in Poland with 
two haplotypes in 50 specimens (Skuza et al. 2016), indi-
cating recently colonised regions. Populations surviving in 
small extra-Mediterranean refugia that experienced bottle-
necks are expected to be characterised by a low diversity, 
but should have more endemic haplotypes (Maggs et  al. 
2008). Thus, the occurrence of Hap31 (Fig. 6), a haplotype 
endemic to the Rhine catchment in south-western Europe 
where it occurs frequently (Schrimpf et  al. 2014), could 
indicate that these populations have been present in West-
ern Europe for several centuries. This result contradicts 
earlier assumptions, which argued that the distribution of 
noble crayfish in France resulted from anthropogenic intro-
ductions or a recolonization through the Rhine–Rhone 
channel (Albrecht 1983). The differentiation, diversity 
and endemism of haplotypes and alleles from this Rhine 
catchment could be attributed to an additional refugium of 
noble crayfish in south-western Europe during the last ice 
age. This hypothesis originates from Schrimpf et al. (2014) 
where more endemic haplotypes have been found in the 
Rhine catchment. The findings of Hap31 in the two popula-
tions in France from this study corroborate this hypothesis.

A similar phylogeographic history with an additional 
western refugium during the last glacial maximum has also 
been described, e.g., for the spined loach Cobitis taenia 

Fig. 6  A median joining net-
work showing the genealogical 
relationships among concat-
enated COI and 16S haplotypes 
from 540 noble crayfish from 
a European-wide reference 
dataset (Schrimpf et al. 2014). 
Haplotypes from this study are 
highlighted in red. Haplotype 
codes correspond to samples 
listed in Table 2. See also expla-
nation of Fig. 2. Figure adopted 
from Schrimpf et al. 2014. 
(Color figure online)
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(Culling et al. 2006). Moreover, survival in periodically ice-
free rivers in central Europe has been assumed for the Euro-
pean grayling Thymallus thymallus (Gum et  al. 2005) and 
European bullhead Cottus gobio (Vonlanthen et  al. 2007). 
Thus, with the results of this study, an extra-Mediterranean 
refugium for isolated populations of noble crayfish in West-
ern Europe is very likely. A final proof of this hypothesis 
would require an increased number of samples or loci. For 
this the recently developed tetranucleotide microsatellite 
markers for noble crayfish (Gross et al. 2016) could be used.

MUs in Western Europe

We propose the designation of four management units 
(MU 1–MU 4) according to genetic differentiation between 
groups of populations. Based on msat data, we detected a 
strong differentiation between the French Meuse populations 
F2 and F3 “MU 1” (Fig. 4) as well as between the French 
Rhine populations F6 and F7 and Meisenthal hatchery F1 
“MU 2” from the remaining sites including the French 
Seine catchment populations F4 and F5 “MU 4”. This dif-
ferentiation is reflected in particular by the high  FST-values 
between sites from the French Rhine catchment and from 
the French Meuse catchment to the remaining sites includ-
ing “MU 3” (Table  4 in Appendix  1). While the French 
Rhine harbours at least some distinct mtDNA haplotypes, 
the French Meuse is characterised only by the common hap-
lotype Hap01, indicating a lower diversity which is typical 
for recently colonised regions (Hewitt 1999). The genetic 
differentiation between groups of populations becomes also 
evident in the Structure analysis (Fig.  5) as well as in the 
PCoA graph (Fig.  4). While DE1 grouped with “MU 1” 
in the Structure analysis, it was assigned to “MU 2” in the 
PCoA. Excluding sampling site DE1 due to the large geo-
graphic distance from the MUs 1 and 2 (ca. 180–300 km), 
we propose three MUs for France that need individual man-
agement: the French Meuse river catchment (MU 1), the 
French Rhine river catchment (MU 2) and the French Seine 
river catchment (MU 4). The FCA and the PCoA (Figs. 3, 
4) showed a genetic similarity within river catchments for 
noble crayfish, which is common for many freshwater fauna 
restricted to the water phase. Their dependence on a water 
body and the limited dispersal potential on land greatly 
reduces the ability to migrate to other not-connected water 
bodies and/or catchments as for instance has been shown 
for the endangered white-clawed crayfish Austropotamobius 
pallipes (Gouin et al. 2006) and the common dace Leucis-
cus leuciscus (Costedoat et al. 2006).

Although genetic similarity of populations within river 
catchments was large, some genetic differences did occur 
occasionally. For instance, the French Meuse sites (F2, F3) 
located near the river springs (Fig. 1) were genetically dif-
ferentiated from one German Meuse population (DE2) and 

from the populations presently in the Belgian Meuse catch-
ment (B1–5, B7, B8, B12–15 and B18–20). Since the Euro-
pean landscape has been modified by glaciers and melting 
water during the last glacial cycles (e.g. Fourneau 2006) 
this might be a result of changes in the flow direction of the 
upper river systems after the most recent glaciations. Such a 
change in the flow direction of river springs was also found 
for other river systems (Hantke 1993) and may explain why 
in some cases there is a higher differentiation of popula-
tions within a river catchment than between different catch-
ments, as is the case for the European grayling T. thymal-
lus (Gum et al. 2005). In such a case, one MU would not 
correspond to one river catchment. For the Meuse we can 
therefore propose at least two MUs within one catchment: 
the French Meuse springs region (MU 1, see above) and the 
remaining Meuse catchment (MU 3). The proposed MUs 
harbour 47 private alleles compared to 23 alleles, which are 
shared between MUs. Five private alleles are distributed in 
MU 1, 18 in MU 2, 24 in MU 3 and MU 4 harbours no 
private alleles. The relative high number of private alleles 
indicates the genetic distinctiveness of the proposed MUs 
and supports a separate management of the populations 
within the MUs.

In contrast, we cannot genetically distinguish the popu-
lations present in the Belgian Meuse and Scheldt catch-
ments; most of them form one MU (“MU 3”) while oth-
ers (B19–22) are genetically closer to those of the Seine 
catchment MU4 (Figs. 4, 5). Nevertheless, as a precaution-
ary measure we would recommend that some populations 
inside the same catchment should be managed separately 
(e.g. only within catchment translocations) in order to pre-
serve possible recent and regional variability that we could 
not uncover with the methods used in this study. This rec-
ommendation applies especially to population B11 with 
regionally limited haplotypes Hap47 and Hap48 in the 
Scheldt catchment, which should be conserved. Since we 
have only analysed limited samples of noble crayfish popu-
lations from Belgium, it is possible that other populations 
exhibit more private haplotypes.

Anthropogenic translocations in Western Europe

Our msat data exhibited only small signals of genetic 
admixture among the study populations B13, B14, DE1, 
DE2 and NL (Fig.  5). This could be an indication that 
there was less translocations of noble crayfish in Western 
Europe than previously expected. However, it is known 
that translocations of noble crayfish have been con-
ducted in Germany, Belgium and France (Albrecht 1983, 
Franckhauser, personal communication, Collas, unpub-
lished data, Table 1). It is presumed that autochthonous 
noble crayfish populations from the Scheldt catchment 
no longer exist in this catchment, except perhaps the 
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translocated population B17, and that present populations 
in this catchment most probably originate from restock-
ing with animals from the River Meuse catchment (Cam-
maerts, personal investigations). The natural genetic 
structure is probably partly dissolved due to the strong 
influence of man on the distribution of noble crayfish. 
The same has been observed in Northern Europe where a 
similarity between noble crayfish from southern Finland 
and Sweden can likely be explained by artificial stockings 
between these countries (Gross et  al. 2013). For more 
details on the anthropogenic influence on the distribution 
of noble crayfish in Western Europe and stocking recom-
mendations see Appendix  2. Interestingly, the genetic 
results support the known history of most populations.

Anthropogenic translocations of endangered source 
populations should be continued in Western Europe in 
order to minimize extinction risk of the source popula-
tion. However, the genetic make-up of the source popu-
lation should be considered. Bláha et al. (2015) found no 
significant decline in genetic diversity between source and 
stocked noble crayfish populations one decade (assumed 
three generations) after stocking and all populations were 
still viable. However, any noble crayfish transfer has to be 
preceded by a careful assessment (after Schulz et al. 2002): 
(1) why is the native crayfish not present (anymore) in the 
target habitat? (2) The introduction is not causing any 
negative effects on any other protected species, a problem 
that can be avoided using newly man-made sites such as 
water-filled quarries or by establishing priorities between 
protected species. (3) The stocked waterbody as well as the 
stocked crayfish are free from the crayfish plague agent.

Additionally, it is important to consider that transloca-
tion of wildlife species always bears the risk of transfer-
ring diseases (Woodford and Rossiter 1993). For crayfish 
species the risk is especially high to spread the crayfish 
plague pathogen A. astaci. The finding of latent infected 
noble crayfish populations makes it possible that an infec-
tion is not visible (Jussila et  al. 2011; Viljamaa-Dirks 
et al. 2011). Therefore, careful disease examination of the 
population should be conducted before any release of the 
animals into another water body is performed. Infected 
populations should be excluded from translocation pro-
jects. Also movements of fish stocks from infected waters 
presents a risk of crayfish plague transmission. Predators, 
fishing gear and any item that has been in contact with 
contaminated water may transmit the pathogen between 
waterbodies and should be avoided (OIE 2016).

Conclusions

Within our study area we identified four distinct manage-
ment units: the French Meuse, the French Rhine and the 

French Seine catchments as special management units, 
as well as the remaining catchments Meuse and Scheldt. 
Although a genetic differentiation could not be detected 
for the river catchments in Belgium, The Netherlands and 
Western Germany, as a precautionary measure we recom-
mend separate management practices of some populations 
to preserve possible recent and regional adaptions and to 
carefully find a balance between outbreeding and inbreed-
ing depression. To face this challenge in modern A. asta-
cus conservation management in Western European catch-
ments, we recommend (1) stocking either with populations 
that bear population specific private haplotypes or (2) 
stocking with populations that bear only the most common 
haplotype H01, and (3) oppose to stocking with popula-
tions that exhibit allochthonous haplotypes (populations 
F1, F7 and B13 and all those from hatcheries working with 
non-Western European noble crayfish), in order to conserve 
the maximum genetic diversity in this threatened species.

This study demonstrates that a population genetic analy-
sis can help stakeholders to prioritize conservation actions to 
specific populations. It also confirms that the designation of 
ESUs is not applicable for species with anthropogenic influ-
enced population structure. Stocked populations may resem-
ble species with high (artificial) gene flow. In such a case the 
definition of MUs is the method of choice because it is less 
strict than ESUs as it does not require the distinctiveness of 
alleles between groups of populations (Moritz 1994). With 
the fulfilment of MUs during stockings, the adaptive poten-
tial as well as the variation within a species can be preserved.
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Table 4  Pairwise FST- and ΦST-values between sampling sites calculated with ARLEQUIN, v. 3.11

B1 B2 B3 B4 B5 B6 B7 B8 B9 B11 B12 B13 B14 B15 B16 B17

B1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B2 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B3 0.061 0.061 0.000 0.000 0.000 0.000 0.000 0.111 0.284 0.000 0.947 0.000 0.000 0.000 0.000
B4 0.115 0.128 0.070 0.000 0.000 0.000 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B5 0.031 0.038 0.098 0.113 0.000 0.000 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B6 0.014 0.016 0.061 0.086 0.058 0.000 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B7 0.033 0.035 0.075 0.081 0.034 0.008 0.000 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B8 0.102 0.089 0.062 0.181 0.110 0.093 0.099 0.000 0.395 0.000 1.000 0.000 0.000 0.000 0.111
B9 0.087 0.064 0.071 0.201 0.139 0.100 0.136 0.029 0.284 0.000 0.947 0.000 0.000 0.000 0.000
B11 0.269 0.260 0.183 0.307 0.282 0.246 0.275 0.115 0.200 0.395 0.713 0.395 0.395 0.395 0.198
B12 0.132 0.133 0.082 0.111 0.134 0.119 0.111 0.089 0.140 0.143 1.000 0.000 0.000 0.000 0.111
B13 0.420 0.446 0.357 0.385 0.442 0.389 0.370 0.331 0.416 0.347 0.265 1.000 1.000 1.000 0.901
B14 0.304 0.273 0.212 0.308 0.290 0.256 0.236 0.146 0.242 0.186 0.163 0.323 0.000 0.000 0.111
B15 0.011 0.025 0.073 0.144 0.053 0.062 0.071 0.115 0.098 0.267 0.126 0.432 0.300 0.000 0.111
B16 0.373 0.349 0.259 0.343 0.387 0.316 0.332 0.228 0.300 0.134 0.158 0.309 0.100 0.365 0.111
B17 0.131 0.108 0.099 0.202 0.151 0.128 0.159 0.048 0.078 0.063 0.108 0.379 0.177 0.136 0.195
B18 0.023 0.000 0.062 0.114 0.052 0.005 0.021 0.122 0.099 0.288 0.141 0.433 0.288 0.030 0.361 0.147
B19 0.351 0.347 0.316 0.346 0.300 0.327 0.306 0.254 0.361 0.290 0.228 0.464 0.352 0.337 0.395 0.273
B20 0.315 0.297 0.268 0.364 0.287 0.295 0.288 0.196 0.294 0.260 0.252 0.476 0.302 0.296 0.380 0.219
B21 0.363 0.360 0.282 0.366 0.371 0.350 0.343 0.205 0.303 0.206 0.206 0.393 0.280 0.361 0.295 0.234
B22 0.339 0.317 0.283 0.348 0.297 0.321 0.312 0.229 0.316 0.270 0.233 0.488 0.305 0.313 0.363 0.224
DE1 0.449 0.476 0.355 0.453 0.469 0.437 0.432 0.274 0.420 0.195 0.291 0.296 0.345 0.467 0.327 0.315
DE2 0.109 0.101 0.095 0.104 0.062 0.119 0.084 0.100 0.151 0.243 0.049 0.397 0.215 0.111 0.294 0.141
F1 0.365 0.398 0.340 0.386 0.394 0.355 0.341 0.266 0.363 0.280 0.282 0.196 0.318 0.389 0.334 0.318
F2 0.704 0.711 0.624 0.673 0.691 0.675 0.663 0.564 0.677 0.536 0.555 0.448 0.600 0.702 0.605 0.613
F3 0.702 0.707 0.621 0.671 0.691 0.670 0.657 0.560 0.675 0.537 0.541 0.459 0.581 0.701 0.590 0.610
F4 0.433 0.368 0.310 0.423 0.354 0.360 0.355 0.221 0.337 0.262 0.258 0.479 0.287 0.358 0.367 0.231
F5 0.618 0.513 0.425 0.529 0.483 0.487 0.489 0.352 0.484 0.375 0.354 0.547 0.441 0.485 0.498 0.362
F6 0.475 0.511 0.446 0.492 0.498 0.471 0.451 0.366 0.476 0.369 0.372 0.292 0.409 0.497 0.430 0.420
F7 0.345 0.369 0.317 0.348 0.359 0.333 0.318 0.251 0.347 0.253 0.242 0.246 0.291 0.371 0.299 0.290
NL 0.450 0.438 0.374 0.451 0.430 0.408 0.385 0.247 0.385 0.263 0.283 0.370 0.181 0.451 0.272 0.275

B18 B19 B20 B21 B22 DE1 DE2 F1 F2 F3 F4 F5 F6 F7 NL

B1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.106 0.010 0.000 0.000 0.000 0.262 0.202 0.000
B4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.106 0.010 0.000 0.000 0.000 0.262 0.202 0.000
B11 0.395 0.377 0.395 0.395 0.395 0.395 0.395 0.199 0.412 0.395 0.395 0.395 0.209 0.184 0.395
B12 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B13 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.532 1.000 1.000 1.000 1.000 0.500 0.278 1.000
B14 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B16 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B17 0.111 0.097 0.111 0.111 0.111 0.111 0.111 0.111 0.124 0.111 0.111 0.111 0.211 0.181 0.111
B18 0.000 0.000 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
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Appendix 2

Detailed discussion about the stocking history 
of the analyzed populations

Our study benefits from detailed information about the his-
tory of the studied populations. The differentiated Hap41 
found in the Meisenthal hatchery (F1) and in a natural 
population in the Rhine catchment in France (F7, Lem-
berg) indicates a stocking event because this haplotype 
and related ones are frequently distributed in the Croatian 
Danube catchment (Hap 41 in Fig. 6 and in Schrimpf et al. 
2014). A parallel evolution of Hap41 is highly unlikely 
because it differs from the most common haplotype Hap01 
by 10 mutations. The hatchery (F1) was founded with cray-
fish from the Meisenthal brook in the Vosges, where ponds 
were dug out in the past to supply power to the local glass 
industry (Franckhauser, personal communication). We thus 
assumed that the population from the hatchery was stocked 
with Danubian crayfish. In its geographic vicinity, sam-
pling site F6 (Sturzelbronn in the Vosges, Fig. 1) is located, 
which belongs to the same MU (Fig.  4). Noble cray-
fish were present in the former Sturzelbronn abbey estate 
already in 1594 and 1789 (Jehin 2006–2007). Therefore, it 
is most probable that population F6, characterized by the 
Western-European haplotype Hap31, existed here already 
historically. It should be preserved by priority. The pres-
ence of F6 should explain the presence of both Hap31 and 
Hap41 in the F7 population. Because noble crayfish stock-
ings likely occurred many times in this region more natural 
populations from the French Rhine should be analysed to 
estimate the influence of stockings from the past.

Although some of the sampled populations, especially 
those harboured in water-filled quarries such as B6 and 
B9 on the one hand and B11 and B17 on the other hand 
(all Scheldt catchment) live only a few hundred meters 
apart from each other in a same locality, they were stocked 
independently (Table 1), from a distinct origin and in dis-
tinct quarries without any exchange between them. While 
the origin of B9 and B11 is unknown, the origin of B17 
is a pond in the Haine-Scheldt catchment. However, as this 
population may have been stocked in past times, its very 
first origin is unknown. Interestingly, these stocked popula-
tions and the fish farm B3 (Meuse catchment) all carried 
the haplotype Hap35, which was previously found in the 
Romanian Danube catchment (Schrimpf et al. 2014). How-
ever, since haplotype Hap35 differed by only one base pair 
exchange from Hap01 it is possible that Hap35 has evolved 
independently twice. In this case the occurrence in both 
regions would not necessarily be a sign for a translocation 
of noble crayfish from Romania to Belgium, but could be 
an indication of a relationship between the Belgian popu-
lations. According to the msat data, the respective Belgian 
populations (B3, B9, B11, B17) were distinct from noble 
crayfish from the Black Sea catchment, but they did show 
some similarity to the remaining noble crayfish from cen-
tral and Western Europe (Fig. 3). Especially interesting is 
population B11, which additionally holds two private hap-
lotypes (Hap47, Hap48), that have not been found else-
where in Europe before. The private haplotypes explain 
the high ΦST-values between B11 and all other populations 
(Table  4 in Appendix  1). As long as we cannot provide 
evidence for an alien origin of these private haplotypes we 

Table 4  (continued)

B18 B19 B20 B21 B22 DE1 DE2 F1 F2 F3 F4 F5 F6 F7 NL

B19 0.379 0.000 0.000 0.000 0.000 0.000 0.097 0.000 0.000 0.000 0.000 0.316 0.213 0.000
B20 0.335 0.135 0.000 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B21 0.388 0.172 0.139 0.000 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
B22 0.358 0.118 0.049 0.123 0.000 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
DE1 0.485 0.391 0.391 0.264 0.416 0.000 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
DE2 0.121 0.238 0.264 0.268 0.232 0.404 0.111 0.000 0.000 0.000 0.000 0.333 0.230 0.000
F1 0.396 0.369 0.370 0.312 0.395 0.225 0.370 0.124 0.111 0.111 0.111 0.174 0.026 0.111
F2 0.719 0.615 0.626 0.492 0.635 0.303 0.647 0.399 0.000 0.000 0.000 0.350 0.245 0.000
F3 0.716 0.611 0.631 0.497 0.637 0.329 0.637 0.402 0.204 0.000 0.000 0.333 0.230 0.000
F4 0.432 0.145 0.024 0.141 0.035 0.413 0.288 0.372 0.670 0.668 0.000 0.333 0.230 0.000
F5 0.590 0.178 0.108 0.219 0.149 0.492 0.408 0.437 0.727 0.726 0.063 0.333 0.230 0.000
F6 0.511 0.429 0.443 0.366 0.463 0.271 0.460 0.099 0.429 0.426 0.444 0.509 0.015 0.333
F7 0.373 0.279 0.297 0.230 0.309 0.206 0.317 0.114 0.368 0.357 0.303 0.359 0.090 0.230
NL 0.465 0.340 0.307 0.240 0.304 0.318 0.354 0.290 0.543 0.514 0.286 0.423 0.352 0.246

Results for mtDNA data are shown above the diagonal and microsatellite data are shown below the diagonal. Significant values are indicated in 
bold (p < 0.05), non significant values are in italics. Bolditalic values were not significant under the FDR (Benjamini and Hochberg 1995)
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recommend special protection of population B11 in the 
Scheldt catchment.

Population B13 was highly differentiated from all 
other populations (high Φ-values and  FST-values, Table 4; 
Figs.  4, 5), even from the geographically very close 
and presumably autochthonous population B18. All 10 
sequenced individuals of population B13 carried a hap-
lotype (Hap40, Table  2) that was previously found in the 
Romanian Danube catchment (Schrimpf et al. 2014). Inter-
estingly, this population was stocked with crayfish pur-
chased in a Belgian food store in the 1970s (S. Kanjester, 
personal communication; Table 1). Since both the historic 
record and the genetic results indicate an allochthonous 
origin, population B13, along with other populations with 
allochthonous haplotypes (populations F1, F7), should not 
be used for further stockings in Belgium. Also other cray-
fish with Danubian (see Schrimpf et al. 2014) or other for-
eign origin should not be used.

Small isolated populations like the last known Dutch 
noble crayfish population (NL) are at high risk from 
inbreeding depression (Frankham et al. 2012). Individuals 
in small populations have a lower fitness and the extinction 
probability is increased especially in changing environ-
ments (Willi et  al. 2006). Haplotype and allele diversities 
are indeed already low in the Dutch population (Table 2). 
Additionally, as for the Belgian and the French Oise catch-
ment populations, the extinction risk for noble crayfish in 
The Netherlands is especially high due to the wide distribu-
tion of American crayfish species (Koese and Soes 2011) 
and the crayfish plague (Tilmans et al. 2014). Consequently, 
this population should be a focus of special management.
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