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Abstract – White-clawed crayﬁsh (Austropotamobius pallipes) is a keystone species found in western

European freshwater bodies, where it has suffered drastic declines due to pathogens, competition with nonindigenous crayﬁsh species (NICS) and habitat deterioration. In Ireland, populations of (naturalised)
A. pallipes have been considered healthy and abundant mainly because no diseases or NICS have been
reported in the past decades. The present study investigated a sudden mass mortality event that occurred in
the Erne catchment in 2015. Molecular analysis conﬁrmed that the cause of the event was infection by the
oomycete Aphanomyces astaci (the causative agent of the crayﬁsh plague). While in 2015 the spread of the
pathogen appeared to remain conﬁned to the outbreak’s epicentre and nearby upstream waters, follow up
surveys using conventional methods and environmental DNA (eDNA) approaches indicated that by a year
later (2016), the pathogen was still present and had spread downstream beyond Lough Gowna. No NICS
were detected during the surveys conducted. This crayﬁsh plague outbreak is of grave concern to Irish whiteclawed crayﬁsh and associated ecosystems.
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1 Introduction
The White-Clawed Crayﬁsh (Austropotamobius pallipes,
hereafter WCC) is a freshwater crayﬁsh found in rivers,
streams and lakes generally characterised by a calcareous
inﬂuence. It is one of ﬁve crayﬁsh species native to Europe
(Kouba et al., 2014) and has undergone drastic declines due to
pathogens (Becking et al., 2021; Grandjean et al., 2019),
interspeciﬁc competition with alien species and habitat
deterioration (Holdich and Rogers, 1997; Reynolds, 1998;
Souty-Grosset et al., 2006). WCC were likely translocated into
Ireland several centuries ago (Gouin et al., 2003), but are now
considered naturalised and a keystone species of freshwater
*Corresponding author: luca.mirimin@gmit.ie

systems with protection under the Habitats Directive (92/43/
EEC, Annex II, Annex V), the Convention on the Conservation
of European Wildlife and Natural Habitats (Bern Convention,
Appendix III), the Wildlife Act (1976, Amendment Act, 2000)
and Wildlife (N.I.) Order 1985.
One of the main causes of WCC’s declines has been the
spread of a lethal pathogen referred to as “the crayﬁsh plague”,
whose causative agent is the oomycete (water mould)
Aphanomyces astaci, Schikora 1906 (Bouallegui, 2021).
The spread of this pathogen is mostly facilitated by carrier
species that are generally unaffected (such as the signal
crayﬁsh, Pacifastacus leniusculus) (e.g. Kaldre et al., 2017),
but can transmit the disease to other susceptible species/
populations if introduced (Panteleit et al., 2017). The life cycle
of A. astaci includes free-swimming spores that can persist for
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days or even weeks and hence can pose a risk for alternative
pathways such as the use of contaminated wet gear (Strand
et al., 2012). The Invasive Species Specialist Group (ISSG) of
IUCN has listed A. astaci as one of the 100 worst invasive
species in the world (Lowe et al., 2004) and this is not only due
to its ease of spread, but also to the high incidence of mortality
in WCC populations (Martín-Torrijos et al., 2017).
Crayﬁsh plague diagnostic methods originally relied on
microbiological isolation of the pathogen from moribund
animals followed by re-infection of healthy individuals.
However, molecular DNA-based methods have been
increasingly adopted thanks to their high sensitivity and
speciﬁcity. Early methods were based on end-point PCR
(Oidtmann et al., 2006, 2002), but lacked speciﬁcity
(Ballesteros et al., 2007), whereas more recent methods
are based on quantitative real-time PCR (qPCR) and target
genes that detect the presence of A. astaci’s DNA both
unambiguously and with high sensitivity (Filipová et al.,
2013; Hochwimmer et al., 2009; Vrålstad et al., 2009). The
same methods have also been increasingly applied to test not
only tissue from infected individuals, but also environmental
samples such as water or sediment, in which whole spores or
even environmental DNA (eDNA) can be successfully
detected (Robinson et al., 2018; Strand et al., 2011).
Irish WCC populations have been relatively unaffected by
the crayﬁsh plague mostly because of the absence of any other
known carrier species in the island of Ireland, with only one
previous crayﬁsh plague outbreak reported in 1980s
(Matthews and Reynolds, 1990, 1992; Reynolds, 1998). Since
then, no mass mortality of WCC has been reported in Ireland,
until 2015 when an outbreak occurred in the Bruskey River
(Erne catchment) in County Cavan, which was characterised
by signs of crayﬁsh plague (mostly due to lack of evidence of
other causes and no other species being affected in the same
area). Thus, the present study aimed at (i) elucidating the cause
of such a mass mortality event, (ii) assessing the status of the
local population post-outbreak and (iii) monitoring the
potential spread of the disease in downstream and upstream
areas. This was achieved by using genetic methods to conﬁrm
the occurrence of A. astaci’s DNA in dead and moribund
animals as well as in the water column and assessing the
presence of dead or live crayﬁsh using conventional methods
(visual and trapping surveys).

For the 2016 survey, a total of 24 sites were selected
considering accessibility as well as the complex hydrological
features of the areas surrounding the 2015 outbreak epicentre
(Tab. 1 and Fig. 1). Between 24th August and 28th September
2016, each site was visited twice, and presence of crayﬁsh was
determined using conventional capturing methods, as
described below. For each site, hydrochemical properties
were measured using a portable HACH HQ40d meter (in the
ﬁeld) and a SHIMADZU 1280 UV-VIS spectrophotometer (in
the lab). These included surface water temperature, dissolved
oxygen (DO mg/L and % saturation), conductivity, pH and
turbidity (absorbance at 540 nm and 750 nm). Additionally, the
following environmental parameters were recorded at each
site: weather conditions, substrate type, presence of vegetation
in the water and in the riparian zone, and approximate water
ﬂow (rivers/streams only). Prior to and after visiting each site,
appropriate biosecurity measures were adopted (e.g. all
equipment was decontaminated by immersion in 1% Virkon
aquatic and/or 10% sodium hypochlorite solution).
2.2 Crayﬁsh and NICS conventional survey

Under appropriate licensing permits (NPWS Licence
number C112/2016), a range of traditional methods were
used to detect the presence of crayﬁsh in the surveyed areas.
These were modiﬁed from the approach described in Reynolds
et al. (2010) and included ﬁve minutes hand and hand-net
searches, as well as trapping using baited traps (baits included
approximately 50 g of commercial cat food). For the latter, a
string of four (Swedish type) rigid funnel traps (four meters
apart from each other) was set in each site either overnight (on
ﬁrst visit) or over ﬁve nights (on second visit). Crayﬁsh
presence and abundance was determined as number of crayﬁsh
caught per hand and net search (over ﬁve minutes) and Catch
Per Unit Effort (CPUE) as number of individuals trapped per
day (i.e. either 1 day or 5 days). Captured crayﬁsh were
counted, measured (carapace length), weighed, sexed and
marked (adults only). Markings were performed by clipping
the left or right uropod (V-notch) using sterile scissors. Tissue
was placed in 90% ethanol and retained for future genetic
analysis.
2.3 Detection of A. astaci in crayﬁsh specimens

2 Materials and methods
2.1 Monitoring strategy and survey area

The initial outbreak was reported by locals in Killydoon
(GPS coordinates: 53.868245, −7.442526) in a small stretch
of the Bruskey River (Erne catchment) in County Cavan
(Fig. 1). Targeted visual and hand-net surveys were carried
out in the affected areas immediately after the suspected
crayﬁsh plague outbreak was reported on 6th July 2015, as
well as in July–December 2015. During these surveys dead
crayﬁsh (n = 44) were collected and preserved frozen for
subsequent analysis. Visual, hand-net, trapping and eDNA
surveys were then conducted a year later in AugustSeptember 2016 (described below). A follow-up visual and
hand-net opportunistic survey was ultimately conducted two
years later in October 2017.

DNA was extracted from soft abdominal cuticle of
moribund or recently dead white-clawed crayﬁsh specimens
using the QIAamp DNA mini extraction kit and an automated
QIAGEN Qiacube as per manufacturer’s instructions. DNA
extracts were screened for the presence of A. astaci using a
Taqman real-time qPCR assay targeting a 59bp of the Internal
Transcribed Spacer 1 (ITS) of the nuclear ribosomal gene
cluster on a 7500 Real-Time PCR System (Applied
Biosystems). In brief, 12.5 ml of TaqMan Universal Mastermix
(Applied Biosystems) was used to make up a total volume of
25 ml containing 500nM of the forward (AphAstITS-39F,
5’-AAGGCTTGTGCTGGGATGTT-3’) and reverse (AphAstITS-97R, 5’-CTTCTTGCGAAACCTTCTGCTA-3’) primers, 200nM of the FAM-labelled MGB probe
(AphAstITS-60T, 5’-TTCGGGACGACCC-3’), 1.5 ml molecular biology grade H2O and 5 ml of DNA template.
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Fig. 1. Location of the 24 sites surveyed in 2016 (codes as shown in Tab. 1), and occurrence of live crayﬁsh (crayﬁsh icons), dead crayﬁsh
(crosses), sites positive and negative to crayﬁsh plague’s eDNA (red and green circles, respectively). Main rivers surveyed are shown as blue
thick lines, direction of water ﬂow is shown by black arrows and main catchment boundaries are shown by black lines. The red star indicates
Killydoon location (epicentre of the original outbreak in 2015).

Lyophilised tissue infected with A. astaci (supplied by CEFAS)
was utilised as the positive control material, while negative
controls consisted of extraction reagents in the absence of
template DNA. To ensure the quality of the tested samples and
rule out any inhibition, an Internal Positive Control (IPC)
(Applied Biosystems) with pre-designed primers and Taqman
probe was used and an in house designed assay targeting a
conserved region of the crustacean 18S ribosomal RNA gene
to monitor sample extraction efﬁciency (Extraction Process
Control, EPC) were run in parallel.
The specimen samples collected from the original outbreak
site at Killydoon and from the subsequent survey further
upstream were tested by conventional PCR according to the
method described by Oidtmann et al. (2006), with some
modiﬁcations. Brieﬂy, a single round PCR was carried out with
Primers 42 and 640: PCR ampliﬁcations were carried out in a
50 ml reaction volume containing AmpliTaq Gold PCR
Mastermix and Primers 42 and 640 at a ﬁnal concentration of
0.5 mM each. The mixture was denatured at 95 °C for 10 min,
followed by 40 cycles of 15 s at 95 °C, 1 min at 58 °C, 1 min at
72 °C, and a ﬁnal extension step of 7 min at 72 °C on a Biorad
PTC-200 Thermocycler. The PCR products were separated by

gel electrophoresis using 2% agarose gel and visualised on UV
Transilluminator. Positive control material used was WCC
pleopod tissue infected with A. astaci supplied by CEFAS UK
(OIE Reference Laboratory for Crayﬁsh plague). PCR
products generated from conventional PCR using BO-42
and BO-640 primers were sent for commercial Sanger
sequencing to Sequiserve GmbH, Germany. The resulting
consensus sequence was submitted to GenBank (accession
number ON062420-ON062421) and compared with published
sequence alignments for A. astaci using BLAST to conﬁrm
identiﬁcation as A. astaci.
2.4 Detection of A. astaci in the environment (eDNA)

Following an initial pilot eDNA sampling trial, a water
collection and ﬁltration protocol was developed and implemented to avoid cross-sample contamination of eDNA
samples. Because of the presence of considerable amounts
of suspended solids in the surveyed areas, the volume of water
ﬁltered per replicate was adjusted to 100 mL per replicate.
Since the limit of detection of the assay is down to less than one
A. astaci genome per reaction (Vrålstad et al., 2009), this
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Table 1. Details of locations and dates of site visits during the 2016 survey.

amount of water was deemed appropriate to capture and detect
spores in the water column if present. At each site, 3 * 100 mL
water samples were collected from the surface using sterile
DNA-free polyethylene bottles, as well as an additional
100 mL sample collected at depth (e.g. as close to the bottom
substrate as possible) and ﬁltered through sterile Cellulose
Nitrate membranes (0.45 mm pore size, 47 mm diameter,
Thermo ScientiﬁcTM NalgeneTM) using a portable peristaltic
pump (GeopumpTM Series II, Geotech). Water samples were
ﬁltered on site immediately or after storage in the dark in a
cooler box within 12 h from collection. Upon ﬁltration, ﬁlter
membranes were transferred into pre-labelled sterile 15 ml
tubes or zip-lock bags and kept on ice until ﬁnal storage at
–20 °C or –80 °C in GMIT laboratories. Daily ﬁeld negative
controls consisted of 100 mL distilled water stored and ﬁltered
as per above protocol and repeated at every visit (i.e. one ﬁeld
negative per day of collection). Prior to choosing the
laboratory screening protocol (from extraction to data),
preliminary validation steps were carried out to assess
potential inhibition effects and sensitivity of the eDNA assay.
Ultimately, the extraction protocol chosen for isolating eDNA
from membranes was the PowerWater kit (MO BIO; now
DNeasy Power Water kit, QIAGEN). Extractions were carried
out from half membrane and the ﬁnal elution step was done
with 50ml of elution buffer (PW6), while the other half of the

membranes were retained as a backup sample. Prior to DNA
extractions, surfaces and instruments were cleaned with a 5%
sodium hypochlorite solution and 70% ethanol. All extractions
were performed using sterile DNAse-free ﬁlter tips under a
laminar ﬂow hood and in a separate room from subsequent
downstream applications (e.g. PCR and qPCR). The same
qPCR assay described above (Vrålstad et al., 2009) was used
for the detection of the crayﬁsh plague (A. astaci) in eDNA
samples. In this case, qPCR conditions included 1X qPCR
master mix (Promega), 500 nM of each primer and 250 nM of
probe (PrimeTimeTM, Integrated DNA Technologies, Inc.) and
two microliters of template eDNA. All reactions were carried
out in the presence of laboratory negative controls (no template
control). For each qPCR run, technical No Template Controls
were included and standard curves were generated using serial
dilutions of a synthetically-derived 493bp portion of the ITS
gene (gBlocksTM, Integrated DNA Technologies, Inc.)
encompassing the target region of the assay. All reactions
and qPCR run parameter analysis were performed using a
Rotor-GeneTM 6000 Real-Time qPCR and associated software
(Corbett Life Science). A sample was deemed positive if any of
the ﬁeld replicates was positive for at least one of the two
laboratory technical replicates and showed a higher value than
the Limit Of Detection (LOD). The LOD of the crayﬁsh plague
assay was determined by replicating (n = 9) serial dilutions of
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the synthetic gBlock target, ranging from 0.02 pg/ml to
0.000128 fg/ml. Theoretical LOD estimates were then
determined following a strict 95% positive rule as well as
the approach of Klymus et al. (2020) using R Studio
(v. 1.0.143). Estimated DNA concentration (ng/ml) were
converted into copies of target DNA/ml using the following
formula: (est. ng of DNA * 6.022 * 1023)/(target length bp *
1 * 109 * 650).

3 Results
3.1 Conventional (direct) surveys

Following the ﬁrst outbreak in 2015, approximately 600
dead crayﬁsh were found in a relatively small stretch of the
River Bruskey, Co. Cavan. Sequencing of PCR products from
two dead individuals conﬁrmed that the mortality event was
due to infection by Aphanomyces astaci, the causative agent of
the crayﬁsh plague. In subsequent surveys carried out in 2015,
the recovery of dead crayﬁsh revealed that the spread of the
plague progressed rapidly several kilometers upstream, but
appeared not to have spread downstream of the outbreak’s
epicentre, possibly due to the buffering/dilution action of
Lough Gowna. During the 2017 follow-up survey, live and
apparently healthy WCC were still present in the affected areas
but abundances appeared to be low compared to original
numbers (data not shown). The expected spread of the plague
in the studied areas over the period surveyed is shown in
Figure 1.
3.2 Environmental DNA (indirect) surveys

The areas and sites surveyed in conjunction with eDNA
analysis comprised mostly shallow fast ﬂowing streams,
except for Lough Gowna (sites 1, 4 and 12) and Kill Lough
(site 7). Overall, substrates included a mixture of boulders,
cobbles, pebbles, gravel and sand, and macrophytes were
present on average over 23.6% of surveyed areas. The presence
of predators and crayﬁsh prey remains (otter spraints) was
observed in site 32. Environmental parameters showed a high
range of variability between and within sites, with surface
water temperatures of 11.9–20.7 °C, DO 4.2–15.1 mgO2/L, %
saturation 47.3–167.6, conductivity 131.9–584 mS/cm,
pH 7.3–10.1, absorbance at 540 nm 0.003–0.033, absorbance
at 750 nm 0.002–0.036.
No mass mortality was observed during the 2016 survey
period, however, a number of dead WCC individuals were
found at the ﬁrst visit to sites 1 (n = 2 fresh), 9 (n = 1 fresh) and
10 (n = 1 partly decomposed/remains). These four individuals
tested positive for A. astaci by means of real-time qPCR
analysis. Using conventional capture methods (hand search,
hand nets and trapping), live WCC were found in six out
of 24 sites surveyed; these were sites 3, 9, 12, 14a, 25 and 32
(Tab. 2 and Fig. 1). Overall, numbers of captured white-clawed
crayﬁsh ranged from one to 19 per site per visit and showed no
apparent signs of infection (e.g. lively escaping behaviour and
no lethargy). Most sites showed absence of crayﬁsh or very
low abundance (Tab. 2), except for site 32 (located in the River
Annalee, which is in a separate sub-catchment to the Bruskey
(Fig. 1)), which showed relatively high numbers of individuals.

No other species of crayﬁsh (i.e. NICS) were found during the
survey period using conventional methods.
Following the conditions used in the present study, results
of the performance of the eDNA assay at a range of target DNA
concentrations is shown in Table 3. LOD was determined to be
at 60 target DNA copies/ml (mean Cq = 35.74) (following a
strict 95% rule) or 25 copies/ml (mean Cq = 40.26) (following
the method of Klymus et al. 2020). From the 24 sites, a total of
168 water samples were collected (including 5 ﬁeld negative
controls) and screened for the presence of A. astaci eDNA. The
pathogen was detected in 11 out of 24 sites, including ﬁve of
the six sites where live crayﬁsh were captured by conventional
methods (Tab. 4).

4 Discussion
The present study conﬁrms that A. astaci was the causative
agent of the WCC mass mortality event in the Bruskey River in
2015. Although some mass mortality events have been
previously reported in Ireland in the 1980s (Reynolds,
1988), this is the ﬁrst ofﬁcial conﬁrmation of the crayﬁsh
plague in Ireland at least in the past 30 years. This event led to a
drastic decline of the local WCC population bringing it to
levels close to local extinction, however the post-outbreak
persistence of some individuals in the affected areas suggests
some level of potential resistance to the pathogen, which was
reported in other studies (Martín-Torrijos et al., 2017). Several
strains of A. astaci have been described to date, some of which
appear to present variable levels of virulence and can be found
in both native and non-native crayﬁsh populations
(Kozubíková et al., 2011; Maguire et al., 2016). Thus, further
investigations are required to elucidate the actual strain that
affected the Bruskey area, which may explain some level of
resistance and survival by the local WCC population. A. astaci
was detected in dead WCC as well as in water samples (eDNA)
in ﬁve out of six sites (where live and apparently healthy WCC
were found), indicating that the pathogen was still present in
the system one year after the original outbreak in 2015.
Nonetheless, numbers were still very low compared to the
original population density, which was assumed to be in the
hundreds based on the number of carcasses found in the
Killydoon area in 2015. This indicates that the local population
has undergone a severe demographic bottleneck, as it has been
observed in other studies of European crayﬁsh (Cammà et al.,
2010; Diéguez-Uribeondo et al., 1997; Grandjean et al., 2017;
Kozubíková et al., 2008).
The observed pattern of disease spread post-outbreak is
similar to that reported in other studies, whereby mortalities
are observed both down- and upstream of the epicentre, but
also that local hydrographical features play an important role
(e.g. Collas et al., 2016). Immediately after the original
outbreak in 2015, the spread of the pathogen (as shown by the
presence of mortalities) was fast and facilitated by water
current, despite measures being taken by NPWS to inform
stakeholders and prevent further spread. The mode of spread
was downstream but also upstream, probably facilitated by
individual movement. Even though the drastic reduction in
effective population size may have caused a signiﬁcant genetic
bottleneck, the local population could be restored either by
enabling survivors to repopulate the area and/or by careful
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Table 2. Detection of live crayﬁsh during the survey period using conventional capture methods. Traps CPUE was calculated over one day
(visit 1) or ﬁve days (visit 2).

restocking practices (Manenti et al., 2021; Reynolds et al.,
2002, 2009; Souty-Grosset and Reynolds, 2009), although it
may be prudent to continue monitoring for the presence of
A. astaci before restocking efforts commence. Maintaining
healthy populations of WCC in Ireland is not only important
for the preservation of local ecosystems but also because Irish
WCC populations have been suggested as potential source
stocks for reintroduction in other European areas that are
recurrently affected by pathogens and non-indigenous carrier
species (Reynolds et al., 2002).
During the 2016 survey, a healthy population of WCC was
found in the River Annalee, which is a different sub-catchment
of the Erne system compared to the Erne, suggesting that the
pathogen was still contained within the Bruskey sub-catchment. However, the survey conducted in 2016 not only
conﬁrmed the presence of the pathogen around the original
outbreak epicentre one year later, but also showed that it had
spread downstream into and below Lough Gowna. The

persistence of the pathogen and its spread in larger water
bodies increases the chances of further spread of viable A.
astaci spores to additional water courses through contamination of wet gear and equipment used by recreational water
users. Following the Bruskey outbreak, several further WCC
crayﬁsh plague events have occurred across Ireland (https://
www.biodiversityireland.ie/projects/invasive-species/cray
ﬁsh-plague/). Ongoing monitoring and investigation are taking
place to shed light on whether the Bruskey outbreak acted as a
source or is related to other events that have been occurring
around the country.
While it is still possible that a small number of NICS were
present in the system, the present study did not ﬁnd any
evidence of NICS in the surveyed area (using trapping and
hand searching), suggesting that the introduction of the
pathogen may have occurred by introduction of contaminated
wet gear bearing viable spores or hyphae), rather than by the
presence of infected carrier NICS, which would otherwise be
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Table 3. qPCR results (Cq values) of theoretical Limit Of Detection (LOD) estimation.

Table 4. Cq values for positive A. astaci eDNA detection, below the “strict” LOD (red) and below the “relaxed” LOD (orange).

difﬁcult to eradicate as is the case in Britain (James et al.,
2017). A. astaci is characterised by genetic intraspeciﬁc
variation, whereby speciﬁc genetic variants seem to be
associated to speciﬁc intermediate hosts/carrier species
(Svoboda et al., 2017). Thus, to further elucidate the origin

of the pathogen current work is being undertaken to investigate
the pathogen’s genetic variants in the various Irish plague
outbreak events. The eDNA approach was effective at
detecting water borne traces of the pathogen, however for
the positive sites not all replicates were positive, which could
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be explained by a low concentration of the pathogen in the water
column. Larger volumes of water could not be processed at the
time of the survey due to high amounts of suspended solids in the
water column, however, in case of turbid waters, it is
recommended to aim for larger volumes of water in future
surveys (e.g. increasing the number of replicates and/or
increasing the pore size of the ﬁlter membranes). Additionally,
the eDNA approach has shown to be effective at detecting host
crayﬁsh species (including NICS) and also to be superior to
conventional trap-based assessment approaches in mainland
Europe and Britain, respectively (Atkinson et al., 2019;
Robinson et al., 2018; Wittwer et al., 2018). This is the ﬁrst
ﬁeld study to apply eDNA techniques aiming to identify the
pathogen A. astaci from water samples in the Republic of Ireland.
Considering these data, the implementation of preliminary
eDNA monitoring using water samples from a broad range of
sites could identify both A. astaci and potential NICS hosts in
parallel, providing a valuable tool to pinpoint sites of interest for
more direct and comprehensive sampling methods.
In addition to other ongoing activities aimed at reducing risks
associated to biosecurity (e.g. the “Check, Clean, Dry” campaign,
https://invasives.ie/check-clean-dry-resources/), a number of
measures are hereby recommended for future monitoring and
management of this threat to Irish WCC populations, including:
(i) increase stakeholder awareness on native protected fauna as
well as risks associated to anthropogenic activities; (ii) promote
biosecurity practices for commercial and recreational water
users; and (iii) increase monitoring and continue documenting the
spread, including the establishment of reference material/data for
future genetic screening.
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