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Abstract 

Aphanomyces astaci, the crayfish plague pathogen, is responsible for mass mortalities in native European crayfish stocks. Its 
persistence and spread across Europe has been facilitated by the presence of invasive North American crayfish species, which act 
as asymptomatic vectors of this pathogen. In France, some recent mass mortalities have involved the pathogenic strain harboured 
by the invasive signal crayfish, Pacifastacus leniusculus, which may share habitats with the autochthonous white-clawed crayfish, 
Austropotamobius pallipes. To improve the efficiency of conservation management of A. pallipes, we have (i) updated information 
on the distribution of P. leniusculus populations in France based on data collected by the ONEMA (French National Agency for 
Water and Aquatic Environments), (ii) studied the distribution and prevalence of the crayfish plague pathogen within P. 
leniusculus populations throughout the country, and finally (iii) genotyped the strains responsible for several recent mass 
mortalities in A. pallipes populations. In total, 1658 populations of the signal crayfish were recorded in France; 1554 of these in 
streams and 104 in ponds. In 2014, this species was present in 80 of 95 French departments. Among the 1131 analyzed P. 
leniusculus individuals from 94 localities, 255 individuals (23%) tested positive for A. astaci presence. Infected individuals were 
detected in 63% of studied populations. Local prevalence varied highly among populations, ranging from 0% (no detection of A. 
astaci) up to 90% in the most infected ones. Out of five mass mortalities characterized in France in 2014–2015, four involved the 
strain from genotype group B, specific to P. lenisuculus. Our results confirm that the widespread signal crayfish serves as a key 
reservoir of A. astaci in France and therefore represents a serious danger for native crayfish species, especially the white-clawed 
crayfish. 
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Introduction 

The introduction of non-indigenous crayfish species 
(NICS) outside of their native ranges constitutes a 
major threat to freshwater biological diversity, with 
significant negative impacts on their native counter-
parts and at the ecosystem level (Souty-Grosset et al. 
2006). European freshwater ecosystems have been 
particularly affected since the first documented 

introduction of the American crayfish Orconectes 
limosus to Pommerania (presently Poland) in 1890. 
To date, eight NICS of American origin have been 
successfully introduced into Europe via human 
activities (Kouba et al. 2014). 

In France, the database on crayfish species 
distribution was developed by the French National 
Agency for Water and Aquatic Environments 
(ONEMA) in 1978. Each decade, crayfish distribution 
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is updated based on data collected at the depart-
mental level by the ONEMA departmental service. 
In the last investigation, Collas et al. (2007) reported 
the presence of three American crayfish species in 
France: the spiny-cheek crayfish O. limosus, the 
signal crayfish Pacifastacus leniusculus and the red 
clawed crayfish Procambarus clarkii. Although 
transport of live non-native crayfish species is 
forbidden in France, two additional American crayfish 
species, Orconectes juvenilis and Orconectes immunis, 
are now found in French freshwater hydrographic 
systems (Kouba et al. 2014). Among these five 
species, P. leniusculus is considered the most likely 
species to affect native crayfish stocks in France. 
This crayfish species may inhabit the same 
headwater habitats as the endangered white-clawed 
crayfish Austropotamobius pallipes (Bramard et al. 
2006), and may compete with the autochthonous 
species either directly, or impact them indirectly via 
the transmission of pathogens (Alderman and 
Polglase 1986, 1988; Weinländer and Füreder 2012; 
Chucholl 2016). Pacifastacus leniusculus was first 
introduced to Europe (Sweden) in 1959 in an attempt 
to replace declining A. astacus populations (Souty-
Grosset et al. 2006). Now it is the most widespread 
NICS in Europe and is present in at least 29 
territories (Kouba et al. 2014). In France, it was first 
introduced in 1974 in Thonon-les-Bains (Haute-
Savoie) (Souty-Grosset et al. 2006) and by 2006 it 
was recorded from about 1000 sites in 73 out of 95 
French departments (Collas et al. 2007). Because of 
the detrimental effects of signal crayfish intro-
ductions on native biota and its high potential 
invasiveness in most of Europe, it has been included 
in the list of invasive alien species (IAS) of Union 
concern (EU regulation No 1143/2014). 

The three widespread NICS of North American 
origin in Europe (O. limosus, P. clarkii and P. 
leniusculus) are proven vectors of A. astaci, which is 
responsible for mass mortalities in European crayfish 
stocks (Alderman et al. 1990; Holdich et al. 2009; 
Kozubíková et al. 2009; Kozubíková-Balcarová et al. 
2014; Rezinciuc et al. 2014). Recent evidence confirms 
that the less widespread NICS introduced more 
recently to European waters are also often carriers of 
this pathogen (Schrimpf et al. 2013; Keller et al. 
2014; Tilmans et al. 2014). Due to its devastating 
impact, A. astaci has been included among the 100 
worst invasive alien species (Lowe et al. 2000). 

The use of molecular diagnostic methods for 
detection of the crayfish plague pathogen has 
confirmed A. astaci presence in French populations 
of P. leniusculus, P. clarkii and O. immunis (Filipová 
et al. 2013). However, their contribution to disease 
transmission likely varies substantially, depending 

on the distribution and pathogen prevalence patterns 
in different carrier species. To assess the transmission 
pathways more directly, it is possible to genotype the 
pathogen strains involved in mass mortalities, and link 
them to the most likely carrier species (Grandjean et al. 
2014; Rezinciuc et al. 2014). Microsatellite markers, 
which allow direct identification of A. astaci genotype 
groups from infected individuals (Grandjean et al. 
2014), are commonly used for this purpose (e.g., 
Vrålstad et al. 2014; Collas et al. 2016; Maguire et al. 
2016; Kaldre et al. 2017; Mrugała et al. 2017). 
Among the five different A. astaci genotype groups 
(A–E) described so far from crayfish species (Huang et 
al. 1994; Diéguez-Uribeondo et al. 1995; Kozubíková 
et al. 2011a), two have been isolated from P. 
leniusculus (groups B and C). 

In the largest study screening P. leniusculus for A. 
astaci infection (with 513 individuals analyzed from 
45 French populations), Filipová et al. (2013) reported 
the pathogen from 24 (53%) of the studied popu-
lations, with an infection prevalence within populations 
reaching up to 80%. This indicates a major threat of 
crayfish plague transmission from P. leniusculus to 
French crayfish populations, as is the case in other 
regions, e.g., Sweden (Bohman et al. 2006). Indeed, 
one of the earlier disease outbreaks analysed by 
microsatellite markers could have been linked to the 
A. astaci genotype group B associated with P. 
leniusculus (Grandjean et al. 2014), as was the 
recently reported major outbreak that decimated one 
of the largest A. pallipes populations in France (Collas 
et al. 2016). On the other hand, A. astaci genotype 
groups associated with O. limosus and P. clarkii cause 
crayfish mass mortalities in France as well (Grandjean et 
al. 2014). Assessing the relative contribution of different 
A. astaci genotypes to the outbreaks is thus important 
for understanding the dynamics of this disease. 

The aims of this paper are: (i) to update the 
previous investigation on distribution of the signal 
crayfish in France (Collas et al. 2007), for the first 
time using geolocalisation of P. leniusculus popu-
lations; (ii) to complete the preliminary study 
performed by Filipová et al. (2013) on the A. astaci 
infection status of French signal crayfish populations; 
(iii) to reevaluate the risk of crayfish plague trans-
mission imposed by this alien crayfish species; and 
finally (iv) to genotype A. astaci strains from a series 
of outbreaks that took place in 2014 and 2015 in 
France, and hence to quantify the contribution of strains 
transmitted from P. leniusculus to losses of indigenous 
crayfish populations. This study improves knowledge 
on spread and infection patterns for this species and 
thus contributes towards the conservation and manage-
ment of endangered indigenous crayfish, in particular 
the white-clawed crayfish species A. pallipes. 
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Figure 1. Distribution of the invasive signal 
crayfish Pacifastacus leniusculus populations 
in France in 2014 according to ONEMA 
inventories. Each population was characterised 
by geographic coordinates and is represented 
by a red dot. 
 

Material and methods 

Distribution of P. leniusculus in France  

The last investigation of crayfish distribution in 
France was performed in 2006 (Collas et al. 2007) 
but only the presence or absence of crayfish species 
were reported at the departmental level. From 2006 
to 2014, a new screening protocol for crayfish presence 
was performed by ONEMA. From early June to 
September each year, crayfish were caught at night 
using baited traps or by electrofishing and were 
determined to species. Indigenous crayfish species 
(ICS) were re-released, and NICS were removed 
from the system following French law on invasive 
species. For this new inventory, the quality of data 
has been improved by the geolocalisation of each 
crayfish population. A map of species distribution at 
the country level was then generated in ArcGis 10.0. 

Screening for crayfish plague pathogen prevalence 
in P. leniusculus populations 

In total, 1131 signal crayfish individuals sampled 
between 2008 and 2012 by the ONEMA departmental 
service from 94 localities in France (Supplementary 
material Table S1) were analysed for A. astaci 
infection; these sites cover a significant portion of 
the regions most invaded by this species (compare 
Figures 1 and 2). Preliminary results obtained by 
Filipová et al. (2013) on 513 individuals from 45 
populations were included in this study. Most 
individuals were caught from running waters, 
especially brooks and several rivers. After sampling, 
crayfish were stored in 96% ethanol until further use. 

Tissues from one half of the soft abdominal 
cuticle and one uropod were dissected from each 
crayfish using sterile tools, collected in a single 1.5 mL 
tube, dried and stored in a deep freezer at −80 °C. 
These samples were then tested for A. astaci infection 
following Filipová et al. (2013). We used DNeasy 
tissue kit (Qiagen) to isolate DNA from the cuticle 
samples immersed in 360 L of Buffer ATL and 
crushed by stainless steel beads (1.6 mm diameter) a 
BBX24B Bullet Blender (Next Advance) for 10 min. 
DNA extractions otherwise followed the spin-column 
protocol of the DNeasy tissue kit but the volume of 
the reagents was doubled. 

The presence of A. astaci genetic information in 
the DNA isolate was tested by the TaqMan MGB 
real-time PCR assay (Vrålstad et al. 2009) in 25 L 
reaction volumes, using a LightCycler 480 Instrument 
(Roche). The relative level of infection by the patho-
gen was determined by the strength of the qPCR 
signal and recalculated to the corresponding amount 
of PCR-forming units (PFUs) in the reaction, then 
expressed as semi-quantitative agent levels (following 
Vrålstad et al. 2009; Kozubíková et al. 2011b). 

We estimated the prevalence (with 95% confidence 
intervals) of A. astaci in our studied populations 
using the function “epi.conf” included in the library 
epiR (Stevenson et al. 2013) from the statistical 
package R v. 3.0 (R Core Team 2013). We also asses-
sed spatial autocorrelation in the data by examining 
pairs of sample locations. By measuring the distance 
between two locations and plotting the squared 
difference between infestation values in the respective 
populations, we evaluated whether the pattern corres-
pond to clustered, dispersed, or random distribution 
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Figure 2. Map of hydrographic regions (in capital letters) showing the distribution of analysed populations for crayfish plague detection and 
the prevalence of infection in percentages (classified into six categories). Number of analysed populations for each prevalence category is 
indicated in brackets. Blue dots indicate crayfish plague outbreaks in native crayfish populations. A Rhine, B Meuse, D tributaries of Rhine, 
E Escaut and coastal streams at Bresle, F Seine, G Coastal streams from Artois Picardie to Seine, H Seine and Oise, I Coastal streams from 
Seine (excluded) to Loire Bretagne, J Bretagne, K Loire from its spring to Vienne (excluded), L Loire from Vienne to Maine (excluded), 
M Loire from Maine to the sea, N Coastal streams in south of Loire, O Garonne, P Dordogne, Q Adour, R Charente, S Coastal streams, 
U Saône, V Rhône, W Isèr, X Durance, Y Mediterranean streams. 
 

(Devevey and Brisson 2012). We also calculated the 
value of the Moran’s I, z-score and p-value asso-
ciated with that index value. The analysis was 
performed in ArcGis 10.0 

Genotyping of A. astaci strains in crayfish outbreaks 

Between 2014 and 2015, five outbreaks of crayfish 
plague were documented in France (2014: La Lucelle, 
department Haut-Rhin; La Noullée, Sarthe; Le 
Curraize, Loire; Le Grozon, Corrèze; 2015: Le Buizin, 
Haute-Savoie) (Figure 2). Two individuals from each 
crayfish outbreak were genotyped with 9 microsa-
tellite loci (Aast 2, 3, 6, 7, 9, 10, 12, 13 and 14) 
following protocols in Grandjean et al. (2014). The 
amplification was performed on an iCycler (Bio-Rad) 

for all tested microsatellite loci with the following 
conditions: 35 cycles of 95 °C for 30 s, 54 °C for 90 s, 
and 72 °C for 60 s, followed by a final extension of 
5 min at 72 °C. Following the amplification, the 
samples were diluted by adding ultrapure Milli-Q 
water. To each sample of 0.5 L of the diluted PCR 
products, the mix containing 0.5 L of GENESCAN 
500 ROX (Applied Biosystems) and 9 L of deionized 
formamide was added. Microsatellite alleles were 
detected on an ABI 3130XL Genetic Analyser (Applied 
Biosystem) and scored using the GENEMAPPER 
version 3.7 software (Applied Biosystems). 

The resulting multilocus genotypes (allele sized at 
individual loci) were compared by eye with the patterns 
obtained from reference strains representing all known 
genotype groups of A. astaci (Grandjean et al. 2014). 
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Results 

P. leniusculus distribution in France 

In total, 1658 signal crayfish populations were 
recorded in France (Figure 1), including both histo-
rical data and those obtained during the screening 
between 2006 and 2014. Of these populations, 1554 
were in streams and 104 in ponds. By 2014, this 
species was present in 80 out of 95 French depart-
ments. P. leniusculus was recorded for the first time 
in the following departments: Bouches-du-Rhône 
(southeastern France), Calvados, Côtes d’Armor 
(northwestern France), Landes, Meurthe-et-Moselle 
(northeastern France), Tarn-et-Garonne (southeastern 
France), and Val d’Oise (north central France). 

At the country level, signal crayfish are unevenly 
distributed (Figure 1). The species seems scarce or 
even completely absent across the Atlantic coast, 
from Finisterre in the north to Landes in the south. P. 
leniusculus was also underrepresented in the regions 
Nord and Picardie (northern France). Although 
populations of signal crayfish seem to be rather 
scattered in the eastern part of France, regions such 
as the north of the Lorraine and the western slope of 
the Vosges in Alsace harbor numerous P. leniusculus 
populations. The entire Massif Central, from the 
Plateau de Millevache (Limousin) to the Cévennes, 
is currently colonized by P. leniusculus. Its presence 
was recorded in all of its 22 departments and seems 
to be the most abundant at the national level (Table 
1). P. leniusculus was also widespread in regions of 
Basse-Normandie (Manche, Orne) in the northwest, 
Morvan (Nièvre, Yonne) in the northern part of central 
France, and in several departments from the Rhône-
Alpes region (Haute-Savoie, Ain) in the southeast of 
France. 

Aphanomyces astaci prevalence in P. leniusculus 
populations 

Infection rate within populations 

Out of 1131 signal crayfish analysed (Table S1), 255 
individuals (23%) tested positive for A. astaci presence 
(agent level A2–A5). Infected individuals were 
detected in 59 (63%) of the 94 studied populations. 
Local prevalence varied highly among populations, 
ranging from 0% (no detection of A. astaci in 
analysed individuals) up to 90% (Landone population 
in Auvergne region) (Table S1). In the majority of 
signal crayfish individuals (876), the pathogen was 
either not detected (agent level A0; 744 individuals) 
or qPCR analyses indicated a presence of traces of 
A. astaci DNA not considered as a reliable positive 
detection of the pathogen (agent level A1; 132 
individuals). 178 individuals with agent level A2 were 

Table 1. List of French departments with the highest number of 
Pacifastacus leniusculus populations arranged by habitats. 

Department 
Number of 
populations 

Streams Ponds 

Allier 40 36 4 
Aveyron 140 129 11 
Cantal 75 75 – 
Corrèze 37 35 2 
Loire 75 73 2 
Haute-Loire 65 57 8 
Nievre 134 129 5 
Orne 104 94 10 
Puy de Dôme 74 72 2 
Tarn 86 85 1 

recorded. Agent level A3 was found in 67 indivi-
duals, A4 and A5 in 5 individuals each. 

The distribution of P. leniusculus populations with 
the highest crayfish plague prevalence (over 50%) 
was scattered (Figure 2). These were located in 
Auvergne, Limousin (Central France), Rhône-Alpes 
(Eastern France), Basse-Normandie (northwestern 
France), Midi-Pyrénées (Southern France) and the 
Lorraine region (Northeastern France) (Table S1, 
Figure 2). In some regions, A. astaci-positive indivi-
duals were found in the majority of analysed local 
populations, such as in Limousin (9 out of 10 popu-
lations infected), Rhône-Alpes (14/17), and Basse-
Normandie (5/7). On the other hand, relatively low 
numbers of infected individuals were detected in 
most populations from the Lorraine region, where 6 
out of 13 analysed populations were shown to be 
infected. Similarly, we detected A. astaci in only 2 out 
of 8 populations in Champagne-Ardenne (Table S1, 
Figure 2). In Languedoc-Rousillon, A. astaci was not 
detected; however, only 25 individuals from three 
populations were analysed from that region. 

Geographical distances had no effect on the 
infestation rate in P. leniusculus populations. Moran’s I 
coefficient, testing the correlation between the 
distance in kilometres and the prevalence, was not 
significantly different (lm = 0.8995, p = 0.35) from a 
random distribution. 

Genotyping of A. astaci strains in crayfish outbreaks 

Out of five crayfish mass mortalities recorded in 
2014–2015, from which we genotyped the crayfish 
plague pathogen, microsatellite allele sizes matched 
the genotype of group B (strain originating from P. 
leniusculus) in four of them (La Lucelle, Haut-Rhin; 
La Noullée, Sarthe; Le Curraize, Loire; Le Grozon, 
Corrèze). The outbreak in Le Buizin from Haute-
Savoie department was due to an A. astaci strain 
from the genotype group E, originally isolated from 
O. limosus (Kozubíková et al. 2011a). 
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Discussion 

The range of P. leniusculus continues to expand in 
the French hydrographic system, with 7 departments 
newly colonized since 2006. In total, 1658 signal 
crayfish populations were recorded in France, a 60% 
increase since 2006 (Collas et al. 2007) due to its 
natural spread but also to illegal human translocation. 
The number of signal crayfish populations seems 
highest in the Massif Central region, from the Plateau 
de Millevache until the Cévennes, the regions where 
signal crayfish were massively introduced in the 1970s. 
Between 1974 and 1977, when any regulatory legi-
slation was lacking, 18 000 juvenile signal crayfish 
of Swedish origin were introduced in several accli-
matisation attempts in the Haute-Savoie, Ain and 
Yonne departments (Laurent 1983). This species was 
subsequently introduced on various occasions into 
both closed water bodies and open waters (Vigneux 
1980). The regions Nord and Lorraine are also well-
colonised by signal crayfish. Historical data has 
shown that introduction trials were performed during 
the 1970s in the Meuse department (Laurent 1983). 

Overall, this species is rarely found in ponds, 
these localities accounting for only 6% of all recorded 
signal crayfish populations in France. Similar findings, 
i.e. signal crayfish being most prevalent in lotic 
habitats, were also reported from Austria and 
Germany (Weinländer and Füreder 2012; Chucholl 
2016). Owing to a rapid spread of P. leniusculus and 
an increase in the number of established populations, 
the transportation of live specimens has been forbidden 
in France since 1983. Moreover, any introduction 
attempt is punishable by a fine of 9000 euros accor-
ding to French legislation (Article L 432-10, code de 
l’environnement (2016)). In order to control signal 
crayfish populations, local fishing federations 
organise fishing days to promote the removal of this 
species from the colonised watercourses but this 
activity is not efficient (Peay 2009). 

Our study detected A. astaci in 63% of analysed 
signal crayfish populations across the whole country; 
with prevalence rate fluctuating greatly among them 
from 0% to 90 %. This pattern, with some populations 
apparently little infected but others with very high 
prevalence, is consistent with the smaller dataset 
analysed by Filipová et al. (2013) from France, as 
well as with another recent study focusing on signal 
crayfish populations in the United Kingdom (James 
et al. 2017). A. astaci has been confirmed in signal 
crayfish populations in numerous other countries, inclu-
ding the Czech Republic and Slovakia (Kozubíková 
et al. 2011b), Germany (Chucholl and Schrimpf 2016), 
Hungary (Kozubíková et al. 2010), Spain (Diéguez-

Uribeondo 2006), Sweden (Svoboda et al. 2014), 
Finland (Strand et al. 2012; Aydin et al. 2014), 
Norway (Vrålstad et al. 2011) and the Netherlands 
(Tilmans et al. 2014) but not in one analysed popu-
lation in Denmark (Skov et al. 2011). 

The prevalence of the disease in France is not 
correlated with the geographical distance among 
populations and differs greatly among and within 
regions. This is probably due to the very diverse 
origin of the introduced populations as well as 
founder effects following anthropogenic transloca-
tions (e.g., Grandjean and Souty-Grosset 1997; 
Diéguez-Uribeondo 2006; Kozubíková et al. 2009; 
Tilmans et al. 2014, Petrusek et al. 2017). Indeed, if 
only a few individuals from an intermediately 
infected population are introduced into a new 
environment, it is possible that those individuals are 
the uninfected ones. 

Several other non-exclusive hypotheses could 
explain the fluctuation of prevalence of A. astaci 
observed among signal crayfish populations, such as 
the influence of water parameters on the deve-
lopment of the pathogen. Both growth and 
sporulation capacity of A. astaci are strain- and 
temperature-dependent (Diéguez-Uribeondo et al. 
1995). Strains from genotype groups A and B prefer 
cold waters (4–21 °C) and are virulent at 10 °C 
whereas strains from genotype group D, isolated 
from a host species specific to warmer waters, have 
higher radial growth rates in temperatures ranging 
between 20–26 °C (Diéguez-Uribeondo et al. 1995). 

The heterogeneity in prevalence found between 
populations could also be linked to crayfish population 
densities, as a dense population would favour pathogen 
spread. The regions corresponding to the primary 
introduction sites (Auvergne, Midi-Pyrénées, Rhône-
Alpes, and Limousin) are densely populated by P. 
leniusculus, and have a high prevalence of A. astaci. 
However, pathogen prevalence may also vary over 
time (Matasová et al. 2011), so interpretation of 
patterns from a single sampling event must be made 
with caution. 

Our results further strengthen the evidence that 
the signal crayfish is the most important reservoir for 
the crayfish plague pathogen in France. An A. astaci 
genotype group originating from this host species 
was responsible for four out of five disease outbreaks, 
confirming the high virulence of this genotype group 
(Diéguez-Uribeondo 2006; Makkonen et al. 2012, 2014; 
Becking et al. 2015). Therefore, the signal crayfish 
represents a serious threat to native crayfish popula-
tions, especially the white-clawed crayfish A. pallipes. 
Indeed, this endangered species occupies a very similar 
ecological niche to the signal crayfish (Kopp et al. 
2010; Weinländer and Füreder 2012; Chucholl 2016). 
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Our findings highlight sites requiring special 
attention, where populations of signal crayfish are 
highly infected, and in particular those in close 
vicinity to white-clawed crayfish populations (see also 
James et al. 2017). As it is practically impossible to 
rid ecosystems (especially lotic ones) of signal 
crayfish, the risk of crayfish plague transmission can 
be very high in these highly-infected zones. Native 
crayfish populations in these high-risk zones could 
be translocated to safer areas, i.e., “ark sites” (Peay 
2009). If needed, the eradication, or at least control, 
of the most infected non-native crayfish populations 
could also be considered (Oidtmann et al. 2006; Peay 
and Dunn 2014). We hope that our results will 
contribute to a better awareness on the potential 
impact of infected alien crayfish populations and to 
improving the efficiency of conservation manage-
ment of the indigenous white-clawed crayfish. 

As crayfish plague spores may be accidentally 
transmitted through water or contaminated equipment 
(boots, wet nets, etc.) during fishery management 
and other activities (see also review in Svoboda et al. 
2017; Jussila et al. 2014), it is essential to implement 
a routine disinfection protocol of used materials. 
Fish aquaculture practices located at the basin heads 
should favour the precautionary principle in order to 
avoid transmission of the spores through fish species 
that could act as potential vectors. Systematic control 
of A. astaci presence (i.e. by analysing water with 
eDNA method; Strand et al. 2011, 2012) could be set 
up at the sources prior to restocking, in order to 
determine the risk of dissemination with contaminated 
water or fish themselves (Oidtmann et al. 2002). 

Acknowledgements 

We thank François Richard (AFB, Agence Française de la 
Biodiversité), Nicolas Bech for statistical support, and Agata 
Mrugała, Chris Chucholl and two anonymous reviewers for 
comments on the previous versions of this manuscript. This study 
was funded by the ONEMA (Office National des Eaux et des 
Milieux Aquatiques). 

References 

Alderman DJ, Polglase JL (1986) Aphanomyces astaci: isolation and 
culture. Journal of Fish Diseases 9: 367–379, https://doi.org/10. 
1111/j.1365-2761.1986.tb01030.x 

Alderman DJ, Polglase JL (1988) Pathogens, parasites and 
commensals. In: Holdich DM, Lowery RS (eds), Freshwater 
Crayfish: biology, management and exploitation. Croom Helm, 
London, pp 167–212 

Alderman DJ, Holdich D, Reeve I (1990) Signal Crayfish as vectors 
in crayfish plague in Britain. Aquaculture 86: 3–6, https://doi.org/ 
10.1016/0044-8486(90)90216-A 

Aydin H, Kokko H, Makkonen J, Kortet R, Kukkonen H, Jussila J 
(2014) The signal crayfish is vulnerable to both the As and the 
PsI-isolates of the crayfish plague. Knowledge and Management 
of Aquatic Ecosystems 14: 3, https://doi.org/10.1051/kmae/2014004 

Becking T, Mrugala A, Delaunay C, Svoboda J, Raimond M, 
Viljamaa-Dirks S, Petrusek A, Grandjean F, Braquart-Varnier C 
(2015) Effect of experimental exposure to differently virulent 
Aphanomyces astaci strains on the immune response of the 
noble crayfish Astacus astacus. Journal of Invertebrate 
Pathology 132: 115–124, https://doi.org/10.1016/j.jip.2015.08.007 

Bramard M, Demers A, Trouilhe M-C, Bachelier E, Dumas J-C, 
Fournier C, Broussard E, Robin O, Souty-Grosset C, Grandjean 
F (2006) Distribution of indigenous and non-indigenous crayfish 
populations in the Poitou-Charentes region (France): evolution 
over the past 25 years. Bulletin Français de la Pêche et de la 
Pisciculture 380–381: 857–866, https://doi.org/10.1051/kmae:2006027 

Bohman P, Nordwall F, Edsman L (2006) The effect of the large-
scale introduction of signal crayfish on the spread of crayfish 
plague in Sweden. Bulletin Français de la Pêche et de la Pisci-
culture 380–381: 1291–1302, https://doi.org/10.1051/kmae:2006026 

Chucholl C (2016) The bad and the super-bad: prioritising the threat 
of six invasive alien to three imperilled native crayfishes. 
Biological Invasions 18: 1967–1988, https://doi.org/10.1007/s105 
30-016-1141-2 

Chucholl C, Schrimpf A (2016) The decline of endangered stone 
crayfish (Austropotamobius torrentium) in southern Germany is 
related to the spread of invasive alien species and land-use 
change. Aquatic Conservation: Marine and Freshwater 
Ecosystems 26: 44–56, https://doi.org/10.1002/aqc.2568 

Code de l’environnement - Article L432-10 (2016) https://www.legi 
france.gouv.fr/affichCodeArticle.do?cidTexte=LEGITEXT000006074220
&idArticle=LEGIARTI000006834125&dateTexte=&categorieLien=cid 

Collas M, Becking T, Delpy M, Pflieger M, Bohn P, Reynolds J, 
Grandjean F (2016) Monitoring of white-clawed crayfish 
(Austropotamobius pallipes) population during a crayfish plague 
outbreak followed by rescue. Knowledge and Management of 
Aquatic Ecosystems 417: 1, https://doi.org/10.1051/kmae/2015037 

Collas M, Julien C, Monnier D (2007) Note technique. La situation 
des écrevisses en France. Résultats des enquêtes nationales 
réalisées entre 1977 et 2006 par le Conseil Supérieur de la 
pêche. Bulletin Français de la Pêche et de la Pisciculture 386: 
1–38 

Devevey G, Brisson D (2012) The effect of spatial heterogenity on 
the aggregation of ticks on white-footed mice. Parasitology 139: 
915–925, https://doi.org/10.1017/S003118201200008X 

Diéguez-Uribeondo J (2006) The dispersion of the Aphanomyces 
astaci-carrier Pacifastacus leniusculus by humans represents the 
main cause of disappearance of the indigenous crayfish 
Austropotamobius pallipes in Navarra. Bulletin Français de la 
Pêche et de la Pisciculture 380–381: 1303–1312, https://doi.org/ 
10.1051/kmae:2006036 

Diéguez-Uribeondo J, Huang TS, Cerenius L, Soderhall K (1995) 
Physiological adaptation of an Aphanomyces astaci strain 
isolated from the freshwater crayfish Procambarus clarkii. 
Mycological Research 99: 574–578, https://doi.org/10.1016/S0953-
7562(09)80716-8 

Filipová L, Petrusek A, Matasová K, Delaunay C, Grandjean F 
(2013) Prevalence of the crayfish plague pathogen Aphanomyces 
astaci in populations of the signal crayfish Pacifastacus 
leniusculus in France: Evaluating the threat to native crayfish. 
PLoS One 8: e70157, https://doi.org/10.1371/journal.pone.0070157 

Grandjean F, Souty-Grosset C (1997) Preliminary results on the 
genetic variability of mitochondrial DNA in the signal crayfish, 
Pacifastacus leniusculus Dana. Comptes Rendus de l’Académie 
des Sciences 320: 551–556, https://doi.org/10.1016/S0764-4469(97) 
84710-5 

Grandjean F, Vrålstad T, Diéguez-Uribeondo J, Jelič M, Mangombi 
J, Delaunay C, Filipová L, Rezinciuc S, Kozubíková-Balcarová 
E, Guyonnet D, Viljamaa-Dirks S, Petrusek A (2014) Micro-
satellite markers for direct genotyping of the crayfish plague 
pathogen Aphanomyces astaci (Oomycetes) from infected host 
tissues. Veterinary Microbiology 170: 317–324, https://doi.org/10. 
1016/j.vetmic.2014.02.020 

https://doi.org/10.1111/j.1365-2761.1986.tb01030.x
https://doi.org/10.1016/0044-8486(90)90216-A
https://doi.org/10.1007/s10530-016-1141-2
https://www.legifrance.gouv.fr/affichCodeArticle.do?cidTexte=LEGITEXT000006074220&idArticle=LEGIARTI000006834125&dateTexte=&categorieLien=cid
https://doi.org/10.1051/kmae:2006036
https://doi.org/10.1016/S0953-7562(09)80716-8
https://doi.org/10.1016/S0764-4469(97)84710-5
https://doi.org/10.1016/j.vetmic.2014.02.020


F. Grandjean et al. 

548 

Holdich DM, Reynolds JD, Souty-Grosset C, Sibley PJ (2009) A 
review of the ever increasing threat to European crayfish from 
non-indigenous crayfish species. Knowledge and Management 
of Aquatic Ecosystems 11: 394–395, https://doi.org/10.1051/kmae/ 
2009025 

Huang TS, Cerenius L, Söderhall K (1994) Analysis of genetic 
diversity in the crayfish plague fungus Aphanomyces astaci, by 
random amplification of polymorphic DNA. Aquaculture 126: 
1–9, https://doi.org/10.1016/0044-8486(94)90243-7 

James J, Nutbeam-Tuffs S, Cable J, Mrugala A, Vinuela-Rodriguez 
N, Petrusek A, Oidtmann B (2017) The prevalence of 
Aphanomyces astaci in invasive signal crayfish from the UK and 
implications for native crayfish conservation. Parasitology 144: 
411–418, https://doi.org/10.1017/S0031182016002419 

Jussila J, Toljamo H, Makkonen J, Kukkonen H, Kokko H (2014) 
Practical disinfection chemicals for fishing and crayfishing gear 
against crayfish plague transfer. Knowledge and Management of 
Aquatic Ecosystems 413: 02, https://doi.org/10.1051/kmae/2014002 

Kaldre K, Paaver T, Hurt M, Grandjean F (2017) First records of 
non-indigenous signal crayfish (Pacifastacus leniusculus) and its 
threat to the noble crayfish (Astacus astacus) populations in 
Estonia. Biological Invasions 19: 2771–2776, https://doi.org/10. 
1007/s10530-017-1496-z 

Keller NS, Pfeiffer M, Roessink I, Schulz R, Schrimpf A (2014) First 
evidence of crayfish plaque agent in populations of the marbled 
crayfish (Procambarus fallax forma virginalis). Knowledge and 
Management of Aquatic Ecosystems 414: 15, https://doi.org/10. 
1051/kmae/2014032 

Kopp D, Santoul F, Poulet N, Compin A, Céréghino R (2010) 
Patterning the distribution of threatened crayfish and their exotic 
analogues using self-organizing maps. Environmental 
Conservation 37: 147–154, https://doi.org/10.1017/S0376892910000378 

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

Kozubíková E, Filipová L, Kozák P, Ďuriš Z, Martín MP, Diéguez-
Uribeondo J, Oidtmann B, Petrusek A (2009) Prevalence of the 
crayfish plague pathogen Aphanomyces astaci in invasive 
American crayfishes in the Czech Republic. Conservation Biology 
23: 1204–1213, https://doi.org/10.1111/j.1523-1739.2009.01240.x 

Kozubíková E, Puky M, Kiszely P, Petrusek A (2010) Crayfish 
plague in invasive North American crayfish species in Hungary. 
Journal of Fish Diseases 33: 925–929, https://doi.org/10.1111/ 
j.1365-2761.2010.01199.x 

Kozubíková E, Viljamaa-Dirks S, Heinikainen S, Petrusek A (2011a) 
Spiny-cheek crayfish Orconectes limosus carry a novel genotype 
of the crayfish plague pathogen Aphanomyces astaci. Journal of 
Invertebrate Pathology 108: 214–216, https://doi.org/10.1016/j.jip. 
2011.08.002 

Kozubíková E, Vralstad T, Filipová L, Petrusek A (2011b) Re-
examination of the prevalence of Aphanomyces astaci in North 
American crayfish populations in Central Europe by TaqMan 
MGB real-time PCR. Diseases of Aquatic Organisms 97: 113–
125, https://doi.org/10.3354/dao02411 

Kozubíková-Balcarová E, Beran L, Duris Z, Fischer D, Horká I, 
Svoboda J, Petrusek A (2014) Status and recovery of indigenous 
crayfish populations after recent crayfish plague outbreaks in the 
Czech Republic. Ethology, Ecology & Evolution 26: 299–319, 
https://doi.org/10.1080/03949370.2014.897652 

Laurent PJ (1983) Un siècle de transplantations d’écrevisses nord-
américaines. Compte rendu des séances de la Société de 
biogéographie 59(3c): 393–404 

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the 
World’s Worst Invasive Alien Species. A selection from the 
Global Invasive Species Database. Published by The Invasive 
Species Specialist Group (ISSG) a specialist group of the 
Species Survival Commission (SSC) of the World Conservation 
Union (IUCN), 12 pp 

Maguire I, Jelić M, Klobučar G, Delpy M, Delaunay C, Grandjean F 
(2016) Prevalence of the pathogen Aphanomyces astaci in 
freshwater crayfish populations in Croatia. Diseases of Aquatic 
Organisms 118: 45–53, https://doi.org/10.3354/dao02955 

Makkonen J, Jussila J, Kortet R, Vainikka A, Kokko H (2012) 
Differing virulence of Aphanomyces astaci isolates and elevated 
resistance of noble crayfish Astacus astacus against crayfish 
plague. Diseases of Aquatic Organisms 102: 129–136, 
https://doi.org/10.3354/dao02547 

Makkonen J, Kokko H, Kortet R, Vainikka A, Jussila J (2014) Dose 
dependent mortality of the noble crayfish (Astacus astacus) to 
different strains of the crayfish plague (Aphanomyces astaci). 
Journal of Invertebrate Pathology 115: 86–91, https://doi.org/ 
10.1016/j.jip.2013.10.009 

Matasová K, Kozubíková E, Svoboda J, Jarošík V, Petrusek A 
(2011) Temporal variation in the prevalence of the crayfish 
plague pathogen, Aphanomyces astaci, in three Czech spiny-
cheek crayfish populations. Knowledge and Management of 
Aquatic Ecosystems 401: 14, https://doi.org/10.1051/kmae/2011029 

Mrugała A, Šanda R, Petrusek A, Marić D, Vukić J (2017) Recent 
acute crayfish mortality reveals Aphanomyces astaci presence in 
Bosnia and Herzegovina. Journal of Invertebrate Pathology, 
150: 73–75, https://doi.org/10.1016/j.jip.2017.09.004 

Oidtmann B, Heitz E, Rogers D, Hoffmann RW (2002) Transmission 
of crayfish plague. Diseases of Aquatic Organisms 52: 159–167, 
https://doi.org/10.3354/dao052159 

Oidtmann B, Geiger S, Steinbauer P, Culas A, Hoffmann RW (2006) 
Detection of Aphanomyces astaci in North American crayfish by 
polymerase chain reaction. Diseases of Aquatic Organisms 72: 
53–64, https://doi.org/10.3354/dao072053 

Peay S (2009) Invasive non-indigenous crayfish species in Europe: 
recommendations on managing them. Knowledge and 
Management of Aquatic Ecosystems 394–395: 1–9, https://doi.org/ 
10.1051/kmae/2010009 

Peay S, Dunn AM (2014) The behavioural response of the invasive 
signal crayfish Pacifastacus leniusculus to experimental 
dewatering of burrows and its implications for eradication 
treatment and management of ponds with crayfish. Ethology 
Ecology & Evolution 26: 277–298, https://doi.org/10.1080/039493 
70.2014.903379 

Petrusek A, Filipová L, Kozubíková E, Grandjean F (2017) High 
genetic variation of invasive signal crayfish in Europe reflects 
multiple introductions and secondary translocations. Freshwater 
Science 36 (in press) 

R Core Team (2013) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria 

Rezinciuc S, Galindo J, Montserrat J, Diéguez-Uribeondo J (2014) 
AFLP-PCR and RAPD-PCR evidences of the transmission of 
the pathogen Aphanomyces astaci (Oomycetes) to wild 
populations of European crayfish from the invasive crayfish 
species, Procambarus clarkii. Fungal Biology 118: 612–620, 
https://doi.org/10.1016/j.funbio.2013.10.007 

Skov C, Aarestrup K, Sivebæk F, Pedersen S, Vrålstad T, Berg S 
(2011) Non-indigenous signal crayfish Pacifastacus leniusculus 
are now common in Danish streams: preliminary status for 
national distribution and protective actions. Biological Invasions 
13: 1269–1274, https://doi.org/10.1007/s10530-010-9901-x 

Souty-Grosset C, Holdich DM, Noel PY, Reynolds JD, Haffner P 
(2006) Atlas of Crayfish in Europe. Patrimoines naturels, 64. 
Museum national d’Histoire naturelle, Paris, 188 pp 

Stevenson M, Nunes T, Sanchez J, Thornton R, Reiczigel J, Robison-
Cox J, Sebastiani P, Solymos P, Yoshida K, Jones G, Pirikahu S, 
Firestone S, Kyle R (2013) epiR: An R package for the analysis 
of epidemiological data. R package version 0.9–48. http://CRAN. 
R-project.org/package=epiR 

Schrimpf A, Chucholl C, Schmidt T, Schulz R (2013) Crayfish 
plague agent detected in populations of the invasive North 
American crayfish Orconectes immunis (Hagen, 1870) in the 

https://doi.org/10.1051/kmae/2009025
https://doi.org/10.1016/0044-8486(94)90243-7
https://doi.org/10.1007/s10530-017-1496-z
https://doi.org/10.1051/kmae/2014032
https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1111/j.1365-2761.2010.01199.x
https://doi.org/10.1016/j.jip.2011.08.002
https://doi.org/10.1016/j.jip.2013.10.009
https://doi.org/10.1051/kmae/2010009
https://doi.org/10.1080/03949370.2014.903379
http://CRAN.R-project.org/package=epiR


Status of Pacifastacus leniusculus and its role in recent crayfish plague outbreaks in France 

549 

Rhine River, Germany. Aquatic Invasions 8: 103–109, 
https://doi.org/10.3391/ai.2013.8.1.12 

Strand DA, Holst-Jensen A, Viljugrein H, Edvardsen B, Klaveness 
D, Jussila J, Vrålstad T (2011) Detection and quantification of 
the crayfish plague agent in natural waters: direct monitoring 
approach for aquatic environments. Diseases of Aquatic 
Organisms 95: 9–17, https://doi.org/10.3354/dao02334 

Strand DA, Jussila J, Viljamaa-Dirks S, Kokko H, Makkonen J, 
Holst-Jensen A, Viljugrein H, Vrålstad T (2012) Monitoring the 
spore dynamics of Aphanomyces astaci in the ambient water of 
latent carrier crayfish. Veterinary Microbiology 160: 99–107, 
https://doi.org/10.1016/j.vetmic.2012.05.008 

Svoboda J, Mrugała A, Kozubíková-Balcarová E, Petrusek A (2017) 
Hosts and transmission of the crayfish plague pathogen 
Aphanomyces astaci: a review. Journal of Fish Diseases 40: 
127–140 

Svoboda J, Strand DA, Vrålstad T, Grandjean F, Edsman L, Kozák 
P, Kouba A, Fristad RF, Bahadir Koca S, Petrusek A (2014) The 
crayfish plague pathogen can infect freshwater-inhabiting crabs. 
Freshwater Biology 59: 918–929, https://doi.org/10.1111/fwb.12315 

Tilmans M, Mrugala A, Svoboda J, Engelsma MY, Petie M, Soes 
DM, Nutbeam-Tuffs S, Oidtmann B, Rossink I, Petrusek A 
(2014) Survey of the crayfish plague pathogen presence in the 
Netherlands reveals a new Aphanomyces astaci carrier. Journal 
of Invertebrate Pathology 120: 74–79, https://doi.org/10.1016/j.jip. 
2014.06.002 

Vigneux E (1980) Actions entreprises par le Conseil Supérieur de la 
Pêche en matière astacicole. Bulletin de Liaison du Conseil 
Superieur de la Pêche 13: 5–10 

Vrålstad T, Knutsen AK, Tengs T, Holst-Jensen A (2009) A 
quantitative TaqMan1 MGB real-time polymerase chain 
reaction based assay for detection of the causative agent of 
crayfish plague Aphanomyces astaci. Veterinary Microbiology 
137: 146–155, https://doi.org/10.1016/j.vetmic.2008.12.022 

Vrålstad T, Johnsen SI, Fristad RF, Edsman L, Strand D (2011) 
Potent infection reservoir of crayfish plague now permanently 
established in Norway. Diseases of Aquatic Organisms 97: 75–
83, https://doi.org/10.3354/dao02386 

Vrålstad T, Strand DA, Grandjean F, Kvellestad A, Hastein T, 
Knutsen AK, Taugbøl T, Skaar I (2014) Molecular detection and 
genotyping of Aphanomyces astaci directly from preserved 
crayfish samples uncovers the Norwegian crayfish plague 
disease history. Veterinary Microbiology 173: 66–75, https://doi. 
org/10.1016/j.vetmic.2014.07.008 

Weinländer M, Füreder L (2012) Associations between stream 
habitat characteristics and native and alien crayfish occurrence. 
Hydrobiologia 693: 237–249, https://doi.org/10.1007/s10750-012-
1125-x 

 
 

 
 
Supplementary material 

The following supplementary material is available for this article: 

Table S1. Number of analysed and infected individuals, prevalence of the crayfish plague pathogen Aphanomyces astaci and agent level in 
infected individuals are given for each population. 

This material is available as part of online article from:  
http://www.aquaticinvasions.net/2017/Supplements/AI_2017_Grandjean_etal_Table_S1.xlsx 

https://doi.org/10.1016/j.jip.2014.06.002
https://doi.org/10.1016/j.vetmic.2014.07.008



