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Abstract Invasive species can facilitate the spread
of pathogens by first providing asymptomatic host
reservoirs, and then driving disease outbreaks in native
populations through pathogen spillover. An example
of this are invasive crayfish species in Europe
(Faxonius limosus, Pacifastacus leniusculus, Procambarus clarkii), which carry the deadly plague agent
(Aphanomyces astaci). Effective disease management
requires comprehensive monitoring, however, pathogen detection in carrier populations with low pathogen
prevalence and intensities is challenging. We
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Technology, Überlandstrasse 133, 8600 Dübendorf,
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simultaneously collected and analysed crayfish tissue
samples of invasive crayfish populations and water
samples to compare A. astaci detection in different
sample types using quantitative PCR. Combined, the
two sampling methods revealed A. astaci presence
with DNA concentrations above limit of detection
(LOD; the lowest concentration which can be detected
with reasonable certainty) in 13 of 23 invasive crayfish
populations. In four additional sites, A. astaci DNA
concentrations below LOD were found in water. In
four populations only were A. astaci concentrations
above LOD detected in both sample types and in three
populations in concentrations above LOD in tissue but
below LOD in water. The likely reason for these
discrepancies is the low A. astaci prevalence and
concentration in resistant invasive crayfish, which
limit detection reliability. Consistency may be
improved by timing surveys with seasonal periods of
high A. astaci abundance and by increasing water
sampling effort. Considering the ease of collecting
eDNA samples, compared to crayfish tissue sampling,
eDNA methods would facilitate frequent and comprehensive surveys. However, remaining uncertainties in
eDNA-based detection reveal the relevance of combining monitoring tools to improve detection of
invasive pathogens and their management.
Keywords Aphanomyces astaci  Invasive crayfish 
Environmental DNA  Pathogen monitoring
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Introduction
Invasive species can disrupt the structure and functioning of communities and ecosystems, threatening
the survival of endangered species (Strayer 2010). In
addition to direct effects through competition or
predation, co-dispersal of parasites with invasive host
species often compounds the harmful effects on local
biodiversity, especially when the introduced parasite
can also infect resident biota (Dunn and Hatcher
2015). The spread of a species carrying parasites into
new territory can lead to novel combinations of
parasites and hosts, i.e. to a spillover event, where
the parasite acquires a new host species in its invasive
range (Strauss et al. 2012). In their introduced range,
invasive parasites can mediate the competition
between species (Price et al. 1988; Dunn and Hatcher
2015). If the new native host is more susceptible to the
parasite than its original, non-native host, the nonnative host can acquire a competitive advantage,
which promotes its spread and its chances of becoming
invasive (Strauss et al. 2012). Invasive species and
their parasites can therefore become serious threats to
highly susceptible native species, since invasive
species can act as an asymptomatic carrier and
reservoir species for the parasite. Such reservoir
species can be crucial for the persistence of an
invasive parasite (Reynolds 1988).
The oomycete Aphanomyces astaci is the causative
agent of crayfish plague, the most serious disease
threatening European native freshwater crayfish
species (Holdich et al. 2009). It is therefore listed
among the 100 worst invasive species worldwide
(Lowe et al. 2000). Native European crayfish are
highly susceptible to the disease, which is transmitted
by free-swimming zoospores, and local population
extinction has been documented in a matter of weeks
after contracting the pathogen (Unestam and Weiss
1970; Alderman et al. 1987). Originating from North
America, A. astaci has a long history of co-evolution
with North American crayfish species, such as the
signal crayfish (Pacifastacus leniusculus), which
appear to be asymptomatic carriers of the pathogen
in their introduced range in Europe (Holdich et al.
2009). Infection in crayfish usually happens through
lesions in the epicuticle, the outermost layer of the
exoskeleton (Unestam and Weiss 1970). Once
infected, growth of A. astaci hyphae is stopped or
slowed by melanisation in P. leniusculus, while the
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melanisation response of the European noble crayfish
(Astacus astacus) is too slow to prevent the parasite
from spreading (Nyhlén and Unestam 1980; Cerenius
et al. 2003). The widespread presence of invasive
North American crayfish species in Europe, acting as
disease carrier and reservoir species, poses severe
infection risks to native crayfish populations (Holdich
et al. 2009; Kouba et al. 2014). Crayfish transported in
the ballast water of trans-Atlantic ships are suspected
as the source of initial A. astaci invasions (Holdich
2003). The first outbreak was recorded in Italy in 1859
and several outbreaks were observed throughout
Europe thereafter (Alderman 1996). The intentional
release of P. leniusculus in Sweden, to compensate for
the dwindling populations of native A. astacus, further
promoted the spread of the crayfish plague (Bohman
et al. 2006). Today, invasive North American crayfish
and A. astaci are found in most European countries
(Kouba et al. 2014).
In Switzerland, three North American crayfish
species, P. leniusculus, spiny-cheek (Faxonius limosus) and red swamp crayfish (Procambarus clarkii)
have successfully colonised large waterways and
lakes, while populations of the native species A.
astacus, white-clawed (Austropotamobius pallipes)
and stone crayfish (Austropotamobius torrentium)
only persist in isolated waterbodies or smaller, hard
to reach streams (Stucki and Zaugg 2005). To preserve
the remaining populations and allow their recovery,
management plans have been devised (Stucki and
Zaugg 2011; Elmiger et al. 2018). For the effective
implementation of such plans, close surveillance of
native and invasive crayfish populations and their
disease status is crucial. The advancement of molecular methodologies has enabled the development of
fast and reliable A. astaci detection using PCR
(Oidtmann et al. 2002, 2004, 2006; Hochwimmer
et al. 2009) and quantitative real-time PCR (qPCR)
assays (Vrålstad et al. 2009) of infected crayfish tissue.
Molecular diagnostics on crayfish tissue samples have
therefore become the default testing method for
crayfish plague (Kozubı́ková et al. 2009; Vrålstad
et al. 2011; Kokko et al. 2012; Schrimpf et al. 2012).
Soft cuticle from the abdomen and the tail fans of
invasive crayfish species have shown highest A. astaci
detection rates and sampling of both cuticle types
increases detection success (Oidtmann et al. 2006;
Vrålstad et al. 2011). However, acquisition of crayfish
tissue for testing is laborious and costly since crayfish
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need to be captured in high numbers for reliable results
of infection status, especially when A. astaci prevalence in the population is low (Schrimpf et al. 2013).
Furthermore, searching and trapping activities can
unnecessarily disturb the local habitats and species
beyond the target crayfish. Therefore, an alternative
method involving the detection of A. astaci in water,
based on the detection of environmental DNA (eDNA;
Bass et al. 2015; Thomsen and Willerslev 2015), has
been developed and experimentally tested with water
spiked with A. astaci zoospores (Strand et al. 2011),
with ambient water of infected P. leniusculus (Strand
et al. 2012), and successfully applied in lakes with P.
leniusculus populations carrying A. astaci (Strand
et al. 2014). In field surveys, methods for detection of
A. astaci in water have performed equally well, or
better, in detecting infected sites, than crayfish trapping and tissue extraction methods (Strand et al. 2014;
Wittwer et al. 2018, 2019). Being less costly and
labour-intensive than conventional trapping methods
with subsequent examination of single crayfish individuals, the eDNA-based method can greatly facilitate
a regularly updated A. astaci monitoring scheme.
However, rigorous validation is required to assess the
efficacy and reliability of such an eDNA-based
detection method in comparison to more established
methods.
In this study we assessed the performance of an
eDNA-based method in detecting A. astaci in water
and compared it to crayfish trapping combined with
molecular detection from crayfish tissue. In addition,
we evaluated the capacity of eDNA-based method to
detect the crayfish plague agent associated with
invasive, asymptomatic crayfish populations (i.e. with
low infection intensity levels). To achieve this, we
firstly examined the degree of association between A.
astaci detection results using both methods. Secondly,
we investigated sources of variation in detection for
both methods, including host species identity, crayfish
size and sex, A. astaci prevalence and number of
infected individuals among captured crayfish and
agent levels in crayfish. Third, to confirm the
functionality of both methods in a situation with high
A. astaci concentrations in crayfish and water, we
sampled A. astacus and water samples from an acute
crayfish plague outbreak site. We then compared
detection rates and DNA concentrations with those
from asymptomatic invasive crayfish populations.
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Lastly, we discussed the implications of our findings
for crayfish plague monitoring.

Methods
Site selection and crayfish sampling
Sampling sites were chosen using prior knowledge of
invasive crayfish species occurrence in the Canton of
Zürich (ZH), Switzerland (n = 21 sites, Table 1).
Three additional sites were sampled in the Cantons of
Aargau (AG), St. Gallen (SG) and Zug (ZG). Sampling sites comprised different types of waterbodies,
ranging from small brooks to large rivers and lakes.
Sampling was conducted from May to September
2017. Nine sites were inhabited by P. leniusculus, six
by F. limosus, six by P. clarkii and a mixed population
of P. leniusculus and F. limosus was found at one site
(Table 1). One additional sample was taken in
September 2018 from the river Glatt, where an
ongoing crayfish plague outbreak was discovered in
a population of A. astacus, a native European species.
Depending on accessibility and practicability,
crayfish were either captured by hand, trapped, or
both (Table 1). Hand-capture was conducted at
daytime by searching the crayfish underneath stones
and in potential burrows. If less than 20 crayfish were
caught by hand, five baited traps (Krebskorb Pirat,
Engel-Netze GmbH &Co.KG, Bremerhaven, Germany) were distributed at the sampling site and left
overnight. The river Töss was trapped for two nights
with 10 baited traps each night and crayfish from Lake
Greifensee were bought from a local fisherman. The
River Limmat near Neuenhof AG was trapped with 10
traps for one night and crayfish in Lake Zugersee were
captured as bycatch in nets. The captured crayfish
were anaesthetised with clove oil (Ghanawi et al.
2019), and frozen at - 20 °C until tissue extraction.
eDNA sampling
Water samples were taken before handling crayfish.
Crayfish and water samples were collected between
mid-May and end of September 2017 (Table 1).
Environmental DNA samples were collected on the
same date as the crayfish at each sampling site, except
for sites ‘‘Greifensee’’, ‘‘Limmat Neuenhof’’ and
‘‘Zugersee’’. The water sampling procedure is
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Site name

Bienzerliweiher

Weiher bei
Gheid

Rhein A

Rhein B

Zugersee

Landbach

Mattenbach A

Mattenbach B

Raffoltersee

Chuesenbach

Riedbach

Furtbach A

Furtbach B

Katzensee

Waldbach

Rumensee

Schübelweiher

Limmat A

Limmat B

Site
#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

River

River

Pond

Pond

Stream

Lake

Stream

Stream

Stream

Stream

Pond

Stream

Stream

Stream

Lake

River

River

Pond

Pond

Type

8.31733

8.40253

8.59399

8.59096

8.74840

8.49285

8.46613

8.49086

8.46253

8.59350

8.78623

8.73559

8.77525

8.47226

8.50408

8.43490

8.59458

8.44392

8.40307

E

WGS84

47.45533

47.42181

47.32405

47.32891

47.48294

47.43134

47.44510

47.43778

47.48610

47.32651

47.62108

47.49367

47.47686

47.58444

47.17298

47.56665

47.60261

47.44807

47.42178

N

30.08.2017

03.08.2017

18.07.2017

18.07.2017

14.08.2017

06.07.2017

20.06.2017

20.06.2017

16.05.2017

19.07.2017

05.07.2017

14.08.2017

04.08.2017

26.06.2017

06.09.2017

08.08.2017

05.07.2017

20.09.2017

03.08.2017

Sampling
date

3

3

6

6

6

6

3

6

3

3

3

3

3

3

3

4

3

6

3

Nr.
eDNA
samples

15

15

4

10.5

10

12

15

15

15

15

15

15

15

15

15

15.5

15

8

15

Total
volume
filtered [L]

P.
leniusculus

F. limosus

P. clarkii

P. clarkii

P.
leniusculus

P. clarkii

P. clarkii

P. clarkii

P.
leniusculus

P.
leniusculus

P.
leniusculus

P.
leniusculus

P.
leniusculus

F. limosus

F. limosus

F. limosus

F. limosus

P. clarkii

F. limosus

Crayfish
species

22

22

13

10

27

29

3

11

21

21

39

34

3

20

20

11

1

21

1

Nr. of
crayfish

4

9

9

8

26

27

3

11

3

13

34

34

3

1

5

11

1

21

A0

4

6

2

1

1

2

12

7

5

5

7

1

A1

9

5

2

1

4

1

7

6

A2

Agent levels

5

2

2

7

2

A3

A4

A5

72.7

40.9

30.8

20

0

0

0

0

57.1

23.8

5.1

0

0

80

75

0

0

0

100

A. astaci
prevalence
[%]

Above
LOD

Below
LOD

ND

ND

Below
LOD

ND

Below
LOD

ND

Above
LOD

Below
LOD

ND

Below
LOD

Above
LOD

ND

Above
LOD

Below
LOD

ND

ND

Below
LOD

A.
astaci
eDNA

Table 1 Details of surveyed sites: waterbody type, WGS84 coordinates, sampling date, number of eDNA samples and total volume of water filtered in litres, the crayfish species
present at the site, the number of crayfish analysed and number of crayfish per Aphanomyces astaci agent level (A0–A7), the A. astaci prevalence of the analysed crayfish (number
of infected crayfish/number of analysed crayfish) and A. astaci eDNA results (ND = no detection, below LOD = A. astaci DNA concentrations below limit of detection, above
LOD = A. astaci DNA concentrations above limit of detection)
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Above
LOD

ND

4

A4

3

A3

3
8

23
26

Crayfish tissue and environmental DNA extraction
Carapace length and sex of each crayfish was determined before tissue sampling. We extracted half of the
soft abdominal cuticle and three of the five tail fan tips
(uropods) from each crayfish (Fig. S1 in Online
Resource 2). The cuticle and uropod samples were
stored separately at - 20 °C and DNA was extracted
using the DNeasy Blood and Tissue kit (Qiagen AG,
Hombrechtikon, Switzerland), following a protocol
adapted from Strand et al. (2019) (see Text S1 in
Online Resource 1 for a detailed protocol). At the
beginning of the project, we also used a CTAB-based
and a high salt extraction method on a subset of the
sampled crayfish before settling on the DNEasy Blood
and Tissue kit. The protocols of all extraction protocols can be found in Online Resource 1 (Texts S1–S3).
A dedicated laboratory used only for processing
sensitive samples with low DNA content and for prePCR work was used for eDNA extractions. Environmental DNA samples were extracted with the DNEasy
Power Water kit (Qiagen AG, Hombrechtikon,
Switzerland) as described in Sieber et al. (2020).
Extraction runs included a no-template extraction
control. The extracted DNA samples were stored at
- 20 °C until further analysis.

a

A. Astaci DNA concentration in tissue was below limit of detection (LOD)

15

A. astacus

3

3
28.09.2018

08.06.2017
47.33219

47.43941
9.15627

8.69479

Glatt
24

Lake
Greifensee
23

Stream

15

F. limosus

27
28
Girhalde–
Weiher
22

Pond

8.69098

47.43137

22.05.2017

6

15

P.
leniusculus

22
22
P.
leniusculus
Töss
21

River

8.65234

47.51873

27.09.2017

3

15

26
3
08.08.2017
47.55189
8.55504
Tössegg
20

River

N
E

15

F. limosus /
P.
leniusculus

25

1

1a

1

A2
A1
A0

Agent levels

Nr. of
crayfish
Crayfish
species
Total
volume
filtered [L]
Nr.
eDNA
samples
Sampling
date
WGS84
Type
Site name
Site
#

Table 1 continued
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described in detail and visualised in Fig. 1 of Sieber
et al. (2020). In short, a portable peristaltic pump
(Alexis peristaltic pump, Proactive Environmental
Products LLC, Bradenton FL, USA) was used to pump
water through a 47 mm diameter glass fibre filter with
1 lm pore size (Grade GF/B, Whatman, VWR,
Dietikon, Switzerland). The tubes containing the
eDNA filters were transferred on ice before being
stored at - 80 °C until DNA extraction. Three 5 L
water samples were collected per site, except when
filters clogged early due to suspended particles in the
water. In that case, up to six water samples, i.e. filters,
were collected. At each sampling site, 5 L of clean
MilliQ water were first filtered through the filtration
equipment as a negative control to verify cleanliness
of the equipment. The filtration equipment was
changed between each site. Cleaning of used equipment with bleach (2.5% active chlorine) was done
after the fieldwork in the laboratory.

100

11.5

ND
0

ND
0

Above
LOD
3.8

A5

A. astaci
prevalence
[%]

A.
astaci
eDNA
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Both crayfish tissue and eDNA extracts were analysed
for A. astaci with real-time quantitative PCR (qPCR)
on a LightCycler 480 (Roche, Basel, Switzerland)
using the same procedures and protocol. A QIAgility
pipetting robot (Qiagen AG, Hombrechtikon, Switzerland) was used for setting up triplicate reactions. For
quantification of the samples, a five-fold dilution
series consisting of eight dilutions of a doublestranded Gblocks fragment (Integrated DNA Technologies) containing the A. astaci assay target

sequence (see Text S4 in Online Resource 1 for
sequence information) was included in each qPCR run
in triplicate replication. The DNA concentrations
ranged from 69,335 to 0.9 copies ll-1. A negative
PCR control was included in each qPCR run. The
assay developed by Vrålstad et al. (2009) with a
modified thermal cycling regime to reduce nonspecific amplification according to Strand et al.
(2011, 2014) was used. Probe and primer concentrations were optimised for Roche 480 Probes Master
Mix in 10 ll reactions. Reactions contained 5 ll of
LightCycler 480 Probes Master buffer (Roche, Basel,

Fig. 1 Map of sampling sites and Aphanomyces astaci
occurrence (hashed present in crayfish tissue, red present in
eDNA, orange present in eDNA below LOD). Labels indicate
initials of the crayfish species present at each location (Aa,

Astacus astacus; Fl, Faxonius limosus; Pc, Procambarus
clarkia; Pl, Pacifastacus leniusculus). Numbers show site
identities as listed in Table 1. The grey area of the map indicates
borders of Canton Zurich
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Switzerland), forward primer AphAstITS-39F at concentration of 50 nM, reverse primer AphAstITS-97R
at 900 nM, the MGB probe AphAstITS-60 T (Vrålstad et al. 2009) at 200 nM and 2.5 ll of template
DNA. Thermal cycling was initiated by 10 min at
95 °C to activate the DNA polymerase and denature
template DNA, followed by 50 cycles of 15 s at 95 °C
and 30 s at 62 °C. At the end, a cooling step of 10 s at
40 °C was implemented as suggested by the manufacturer of the thermal cycler. A synthetic template not
matching any published sequence data was used as
internal positive control to test for PCR inhibition of
crayfish tissue and eDNA samples (Carraro et al.
2017). The IPC reactions were setup using methods
described in Sieber et al. (2020). The IPC was run
separately from the A. astaci assays in triplicate for
each crayfish tissue and eDNA sample.
Limit of detection and limit of quantification
The limit of detection (LOD) of a qPCR assay is
defined as the lowest DNA concentration, which can
still be reliably detected, e.g. with detection rates of
95% or more. The limit of quantification (LOQ) is set
at the lowest measured DNA concentration within the
linear interval of the standard curve and should
indicate the lowest reliably quantifiable DNA concentration (Bustin et al. 2009). To determine the A. astaci
assay limit of detection (LOD) and limit of quantification (LOQ) the double-stranded Gblocks fragment
(Integrated DNA Technologies) containing the A.
astaci assay target sequence was diluted five-fold to
create a dilution series with 15 dilutions from
concentrations of 54.17 9 107 to 0.09 copies reaction-1. A separate qPCR run with the A. astaci assay
was conducted with 30 replicates each of the dilutions
5 to 11, and 40 replicates each of dilutions 12–15 (see
Table S1 in Online Resource 2 for detailed results).
Detection rates were a 100% in all replicates up to
dilution 12. Therefore, the mean cycle value (Cqvalue) of positive replicates of dilution 13 with 62.5%
detection success was defined as LOD (Cq-value =
38.844; 2.22 copies reaction-1). This is a more
permissive LOD than the frequently used 95% detection threshold (Bustin et al. 2009), which we deemed
appropriate for low content DNA samples of pathogens. For comparison, we also calculated the LOD of
the A. astaci assay at a 95% detection level according
to Klymus et al. (2019), which lies at a concentration
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of 7.76 copies reaction-1. The LOQ was defined as the
concentration of the last dilution of the linear range of
the standard curve, which was at 11.09 copies reaction-1. The same standard dilution was included in
each qPCR run to quantify A. astaci DNA concentrations in samples. The standard curve used to define the
LOD and LOQ is visualised in Fig. S2 in Online
Resource 2.
Agent levels
To semi-quantitatively categorise A. astaci loads in
crayfish tissue, the PCR forming unit (PFU) value of
dilution 13 mentioned above was calculated using most
probable number (MPN) estimation (Blodgett 2010),
i.e. PFU reaction-1 = 2.303 9 log10(n 9 q-1) were
n = total number of qPCR replicates and q = number
of negative qPCR replicates. Dilution 13 had 15 out of
40 negative replicates, resulting in PFU reaction-1
(dilution 13) = 0.981. This value was used to calculate
the PFU values of the remaining dilutions of the series.
With the PFU values and mean DNA concentrations
for each dilution of the standard curve, the curve
equation y = - 1.56 9 ln(x) ? 39.71 was calculated
(x = PFU reaction-1, y = concentration). This equation was used to categorise the crayfish tissue samples
into agent levels A0 – A7 according to Vrålstad et al
(2009): A0: no detection (n. d.), A1: PFU \ 5, A2:
5 B PFU \ 50, A3: 50 B PFU \ 103, A4: 103
B PFU \ 104, A5: 104 B PFU \ 105, A6: 105
B PFU \ 106, A7: PFU C 106.
Data analysis
The LightCycler 480 Software version 1.5.1 (Roche,
Basel, Switzerland) was used to prepare the qPCR raw
data as described in Sieber et al. (2020). A crayfish
tissue or water sample was considered above LOD if
the Cq-value was lower than the LOD in at least one of
the three replicate qPCR reactions. Detection of A.
astaci was considered successful in crayfish if at least
one of the two tissue types were tested positive for A.
astaci DNA. The water at a sampling site was
considered A. astaci positive if parasite DNA was
detected in at least one of the water samples collected
at this site. Statistical analyses were conducted in R
version 3.6.1. (R Core Team 2019). Parasite detection
success was compared between crayfish tissue types
and between tissue and water samples using
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McNemar’s chi-square tests. Main and interaction
effects of crayfish species, sex and size (carapace
length) on A. astaci detection success in tissue samples
were tested with generalised linear mixed effects
models (GLMM), and the effects on estimated A.
astaci DNA concentrations in tissue samples with
linear mixed effects models (LMM), both including
sampling site as a random factor. A. astaci DNA
concentration estimates from the two tissue types of
the same individual (abdominal cuticle and uropod
tissue) were compared using a Wilcoxon signed-rank
test with continuity correction. The effects of parasite
prevalence (number of infected / total number crayfish), maximum parasite agent level and number of
infected crayfish on A. astaci detection success in
eDNA samples were analysed with GLMMs. Type II
Wald chi-square tests were used to test significance of
fixed effects. Linear models were used to analyse the
correlation between cuticle and uropod tissue types,
including species as factor, and to test for effects of
parasite prevalence, crayfish agent levels, and mean A.
astaci concentrations in crayfish tissue on estimated
pathogen eDNA concentrations at the same sampling
site. For analyses involving A. astaci prevalence, we
only included sites where three or more crayfish were
captured. PCR inhibition in DNA samples was quantified using the difference of the IPC’s Cq-values from
qPCR reactions containing the DNA extractions and
control reactions containing MilliQ water instead of
DNA template. We considered D Cq-values C 3 to
indicate substantial inhibition. The effect of inhibition
on detection success and estimated DNA concentrations was analysed with binomial GLMs and LMs,
respectively. Linear models were used to investigate
the effect of crayfish size on PCR inhibition.
A Kruskal–Wallis rank sum test was used to test for
differences of inhibition among invasive crayfish
species because the data did not meet parametric
assumptions. Normality was tested using Shapiro–
Wilk’s test. A Wilcoxon signed rank test with
continuity correction was used to compare inhibition
between tissue samples of the same crayfish. All tests
analysing effects on detection and parasite DNA
concentration were conducted once with the complete
dataset and once with a subset of samples extracted
with the DNEasy Blood and Tissue kit only. This was
to ensure that inclusion of samples not extracted with
the kit would not drastically change the results. If not
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stated otherwise, the presented results are from the full
dataset.
The R package ‘‘eDNAOccupancy’’ (Dorazio and
Erickson 2018) was used for computing hierarchical
occupancy models and model selection to test if
parasite prevalence in the population, total number of
infected crayfish, crayfish agent levels and inhibition
scores had an effect on detection probability. Occupancy models were run with 11,000 iterations of the
MCMC algorithm. The posterior Predictive Loss
(PPLC, Gelfand & Ghosh 1998) and WatanabeAkaike Information criterions (WAIC, Watanabe
2010) were used for model selection. If adding a
covariate or factor did not improve model fit, the
covariate was considered not to influence A. astaci
detection. The Eq. (1)—(1 - h)n C 0.95 was used to
determine the number of water samples (n) required
for successful detection probability of 95%, with h
being the probability of detection of A. astaci DNA in
a water sample.

Results
Detection of A. astaci in water and crayfish tissue
Aphanomyces astaci DNA was detected in quantities
above LOD in water from five and in tissue samples
from twelve out of 23 sites with invasive crayfish
(Fig. 1, Table 1). Crayfish tissue sampling was
therefore more successful in detecting A. astaci in a
population than eDNA sampling (McNemar’s v2 = 4,
df = 1, p = 0.046). A. astaci was detected in both
crayfish tissue and water from four sites (Fig. 1). Of
the remaining eight sites with detections in tissues,
three sites showed a weak signal in water (below
LOD) and the other five had no detection in water. In
turn, the water samples revealed the presence of A.
astaci (above LOD) in one site where it was not
detected in crayfish tissue.
Weak, below-LOD signals of A. astaci were
obtained from water in additional four sites where
none of the crayfish (n = 75) were found infected
(Table 1). Six sites were negative for A. astaci in both
eDNA and tissue samples. Overall, both eDNA and
tissue—based detection revealed 17 A. astaci positive
sites, if below LOD detections of A. astaci in water
were included. With their inclusion the detection
methods agreed on A. astaci presence in seven sites, on
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its absence in six sites, and five sites each revealed
detection in either eDNA or in tissue only.
Hierarchical occupancy models with constant
parameters estimated occupancy probability of A.
astaci in water per site to be W() = 0.314 in invasive
crayfish population sites. The estimate of parasite
detection per sample was h() = 0.366 and
p() = 0.726 per qPCR replicate. Thus, to reach
detection rates per site of 95% or above, seven water
samples would need to be taken. Model fit did not
improve much when additional variables were
included. If detections of A. astaci concentrations
below LOD were considered, the occupancy probabilities increased to W() = 0.544, h() = 0.760 and
p() = 0.940 and only three water samples would need
to be taken for detection success to exceed 95%. All
tested models are listed in Table S2 in Online
Resource 2.
Detection of A. astaci in water samples was more
likely with increasing parasite prevalence in the
crayfish population (v2 = 4.042, df = 1, p = 0.044).
Furthermore, there was a positive effect of the total
number of infected crayfish on eDNA detection
success (v2 = 4.497, df = 1, p = 0.034). Parasite
detection rates in water were neither affected by
highest parasite agent levels in the crayfish per
population (v2 = 5.417, df = 3, p = 0.144) nor by
invasive crayfish species (v2 = 3.663, df = 2,
p = 0.160). Further, we did not observe associations
of mean A. astaci concentration in water with parasite
prevalence in invasive crayfish (F1,9 = 1.521,
p = 0.249), nor with maximum parasite agent levels
(F3,8 = 0.753, p = 0.551) or mean A. astaci concentration estimates in crayfish tissues (Fig. 2; abdominal
cuticle: F1,6 = 0.985, p = 0.359; uropod: F1,6 = 1.376,
p = 0.285).
A. astaci detection and concentrations in different
types of crayfish tissue
Among the A. astaci positive invasive crayfish
(n = 86), the parasite DNA was detected in both
tissue types in 44.2% (n = 38) of the crayfish, and in
the remaining crayfish, 24 were A. astaci positive in
abdominal cuticle tissue and 24 in uropod tissue. The
detection success in either tissue type of invasive
crayfish was not affected by species (abdominal
cuticle: v2 = 1.331, df = 2, p = 0.214; uropod:
v2 = 1.678, df = 2, p = 0.432), nor sex (abdominal
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cuticle: v2 = 0.226, df = 1, p = 0.635; uropod:
v2 = 0.002, df = 1, p = 0.961), nor size (abdominal
cuticle: v2 = 0.021, df = 1, p = 0.886; uropod:
v2 = 0.065, df = 1, p = 0.799) nor any interaction
effects. There was a marginally significant interaction
effect between sex and size for detection probability in
abdominal cuticle samples only (v2 = 3.917,
p = 0.048), which indicated that detection rates were
higher for larger females and smaller males.
Estimated A. astaci DNA concentrations in crayfish
tissue differed significantly between the two tissue
types of the same crayfish, with concentrations in
uropod tissue being higher on average (Z = - 2.927,
p = 0.003). However, abdominal cuticle and uropod
tissue concentrations in the same individual did not
correlate significantly (R = 0.126, F1,53 = 0.86,
p = 0.358), even when we excluded 42 individuals
for which the two types of tissue samples were not
extracted with the same method (R = 0.240,
F1,44 = 2.695, p = 0.108). Estimated A. astaci DNA
concentrations in abdominal cuticle samples of invasive crayfish differed among species (v2 = 7.656,
df = 2, p = 0.022), with P. clarkii showing the highest
and P. leniusculus the lowest concentrations on
average. The other main effects were not significant
(size: v2 = 0.948, df = 1, p = 0.330; sex: v2 = 0.989,
df = 1, p = 0.320), but there was a significant interaction between species and size (v2 = 7.942, df = 2,
p = 0.019) with F. limosus showing decreasing parasite DNA concentrations with increasing size, while P.
leniusculus and P. clarkii demonstrated parasite DNA
concentrations slightly increasing with size. Furthermore, a significant interaction between sex and size
(v2 = 5.411, df = 1, p = 0.020) was noted, with
parasite DNA concentrations in females slightly
increasing, and concentrations in males slightly
decreasing with size. Concentrations of A. astaci
DNA in uropod tissues of invasive crayfish were not
affected by species (v2 = 2.852, df = 2, p = 0.240),
sex (v2 = 0.072, df = 1, p = 0. 789), or size
(v2 = 0.060, df = 1, p = 0.806) and the variables did
not show significant interaction effects.
Native noble crayfish from the single outbreak site
showed strong A. astaci signals above LOD and also
water samples from this site were clearly positive for
the crayfish plague. The diseased A. astacus also
showed the highest semi-quantitative A. astaci agent
levels we found in this study (A5), while the highest
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Fig. 2 Mean Aphanomyces astaci concentrations in crayfish
tissues (white bars) and/or water (red bars) per sampling site.
The bars are labelled with site numbers and names (see Table 1
for more details), followed by abbreviations indicating the
crayfish species in brackets (Aa, Astacus astacus; Fl, Faxonius

limosus; Pc, Procambarus clarkia; Pl, Pacifastacus leniusculus). Dots show A. astaci concentrations per crayfish and water
sample (in crayfish samples black dot = abdominal cuticle,
empty = uropod). The active A. astaci outbreak site ‘‘Glatt’’ is
distinguishable by the hashed bar pattern

levels in the invasive species were A3 for F. limosus
and P. leniusculus and A2 for P. clarkii (Table 1).

tissues of the same individuals (F1,389 = 61.410,
p \ 0.001) and reached higher levels in uropod
samples (Z = -2.589, p = 0.01). Furthermore, inhibition in tissue samples of invasive crayfish increased
with crayfish size (abdominal cuticle: R = 0.197,
F1,426 = 17.213, p \ 0.001; uropod: R = 0.369,
F1,379 = 42.665, p \ 0.001) and differed between
species, being highest in P. leniusculus (abdominal
cuticle: Kruskal–Wallis v2 = 106.16, df = 2,
p \ 0.001; uropod: Kruskal–Wallis v2 = 103.11, df =
2, p \ 0.001).
Even though the IPC indicated PCR inhibition for
part of the DNA extractions obtained from crayfish
tissue samples, this inhibition did not affect A. astaci
detection success significantly (abdominal cuticle:

PCR inhibition in tissue and eDNA samples
None of the eDNA samples were strongly inhibited
(all IPC D Cq \ 1) and A. astaci detection success in
water samples was not affected by PCR inhibition
(v2 = 1.02, p = 0.313). On the other hand, part of the
DNA extractions from crayfish tissue samples (8.3%
of cuticle samples, 24.9% of uropod samples) showed
substantial signs of inhibition, i.e. IPC DCq [ 3, and
9.9% of uropod tissue samples failed to amplify the
IPC at all (Fig. 3). Inhibition estimated as D Cq
correlated between abdominal cuticle and uropod
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v2 = 0.724, df = 1, p = 0.395; uropod: v2 = 0.313,
df = 1, p = 0.576). Accordingly, A. astaci DNA
concentrations in tissue samples of invasive crayfish
were not affected by inhibition either, neither for
abdominal cuticle (F1,79 = 0.524, p = 0.471) nor
uropod tissue (F1,80 = 2.971, p = 0.089).

Discussion
We investigated the occurrence of crayfish plague
agent Aphanomyces astaci in invasive crayfish populations, using molecular detection methods in crayfish
tissue and ambient water samples. Considering both
methods, 13 of 23 sampled invasive crayfish populations clearly harboured A. astaci, confirming the
disease agent reservoir status in around half of the
sampled sites. A. astaci was detected in crayfish tissue
in twelve and in water in five of the 23 surveyed
invasive crayfish populations (Table 1; Fig. 1), making the tissue sampling method more successful in
detecting the parasite than the eDNA method. When
weak signals (i.e. below LOD) were considered as true
positives, the number of sites with A. astaci detections
in water or tissue increased to 17, with detection in
water in a total of twelve sites, but even then the
parasite was detected by both methods in seven sites
only. We argue that while we implemented a LOD in
this study, the detections below LOD should not be
disregarded categorically, since they could likely
indicate low levels of parasite DNA in water. As
eDNA samples often contain low starting amounts of
target DNA, the frequently applied 95% detection
threshold, stemming for guidelines for mainly gene
expression assays (Bustin et al. 2009), have been
challenged for its suitability for eDNA studies (Hunter
et al. 2017; Klymus et al. 2019). In this study a
modification of the original assay from Vrålstad et al.
(2009) was used to improve specificity by increasing
the annealing temperature, which entails a trade-off
with sensitivity (Strand et al. 2011, 2014). This could
have resulted in low amplification of true positive
samples. Nevertheless, we cannot exclude the possibility that the below LOD DNA levels measured in
water samples are false positive signals, e.g. due to
unspecific amplification, as eDNA methodology is
prone to false negative and false positive errors
(Griffin et al. 2020). Therefore, target DNA levels
below LOD should be treated as inconclusive results.
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We argue that such results warrant further investigation of pathogen presence at the sampling site and
should not be discounted categorically, particularly
when applied to a deadly pathogen like the crayfish
plague.
The infection intensity in most invasive crayfish in
Europe is low, making it challenging to confirm
disease agent-free status of a population. The highest
agent level observed in tissue of an invasive crayfish in
this study was A3 which is comparable to levels found
by Vrålstad et al. (2009) but lower than in Vrålstad
et al. (2011), Filipová et al. (2013) and Wittwer et al.
(2018). Therefore, we suggest that variable detection
may be a characteristic of asymptomatic carrier
populations, and employment of multiple methods
will be required to ensure disease-free status of
crayfish populations. In the following sections we
further discuss how the variation in detection could
arise due to several factors.
DNA of A. astaci was not detected in crayfish tissue
in 5 sites where DNA was found in water samples,
although only one of these eDNA results was above
LOD. These results indicate that the tissue sampling
method failed to detect A. astaci in some infected
populations, unless the eDNA at these sites originated
from unsampled infected populations upstream. One
possible explanation is that our sample sizes were
insufficient for sites with low prevalence of the
parasite. Calculations by Schrimpf et al. (2013)
showed that, depending on test sensitivity (detection
success rate per individual) and population size, 34 to
almost a 1000 crayfish need to be sampled for reliable
detection (C 95% success rate) in populations with
low A. astaci prevalence, i.e. 10% or less infected
individuals.
Detection rates in samples from the abdominal
cuticle and uropods were equally high in our study, but
the overlap was only partial. In 48 of the 86 invasive
crayfish positive for A. astaci, the parasite DNA was
detected in only one of the two tissue types. Sampling
two different tissue types thus more than doubled the
detection rate, similar to observations by Oidtmann
et al. (2006). Detection rates might be improved
further if additional parts of the crayfish cuticle are
analysed, e.g. the whole soft abdominal cuticle or
walking legs (Vrålstad et al. 2011). Individual level
variation in site of infection is to be expected as A.
astaci infections mostly occur in spots where the
epicuticle, the outermost layer of the exoskeleton, is
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absent or damaged (Unestam and Weiss 1970).
Crayfish that tested positive for both tissue types in
this study generally contained higher A. astaci DNA
concentrations in the uropods than the abdominal
cuticle. Vrålstad et al. (2011) discussed the higher
degree of exposure to zoospores and larger total
exposure area of the uropods compared to the
abdominal cuticle as likely reasons for the observed
higher parasite concentrations.
Although infection intensity is potentially influenced by host life-history variation, we found little
evidence of it affecting detection of A. astaci in
analysed crayfish. For example, there was no general
increase in detection rate with crayfish size, even
though larger individuals yielded larger uropod tissue
samples. Sex and species did not influence parasite
detection rate, either. However, a significant interaction term indicated that detection rates increased
slightly with size in females but not in males. In
contrast, Vrålstad et al. (2011) observed higher A.
astaci detection rates in females and large crayfish of
both sexes. However, comparisons of studies are
difficult as we analysed individuals belonging to
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different species and originating from multiple populations, while Vrålstad et al. (2011) analysed these
patterns in a single large lake population of P.
leniusculus, where crayfish are all exposed to similar
environmental conditions and infection risks. We did
indeed observe significant differences among invasive
crayfish species in A. astaci concentrations estimated
from abdominal cuticle samples. There were also
significant interactions between species and size as
well as sex and size, which we find difficult to explain
biologically. Given that spore release and infection
intensity may be influenced by the molting cycle
(Svoboda et al. 2013), it may have mattered that we
conducted sampling at only one time point, potentially
biasing results through seasonal or moult cycle
differences. Juvenile crayfish moult often, adult males
and females normally moult once, or less frequently,
twice a year, females usually after releasing their
young in late summer (Westman and Savolainen
2002). Furthermore, crayfish plague might be more
prevalent in crayfish populations during periods of
highest activity, such as during the mating season. We
collected crayfish throughout the warm season (May–
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September), which could have influenced A. astaci
detection variation.
Crayfish plague detection may also be hampered by
PCR inhibition. While eDNA samples did not indicate
any relevant levels of inhibition, inhibition was
observed in some extractions from crayfish tissues
(IPC DCq [ 3), especially from uropods. However,
the magnitude of IPC inhibition was not associated
with parasite detection success. These results suggest
that although PCR inhibition may occur in some
samples, the qPCR assay employed for A. astaci is
robust and not significantly influenced by such effects.
Nevertheless, it cannot be excluded that inhibition
could have influenced A. astaci concentration estimates from crayfish samples, further emphasizing the
importance of sampling multiple tissue samples and
individuals.
A. astaci was clearly detected in ambient water in
only four of twelve infected invasive crayfish populations (in seven populations if signals below LOD are
considered). This contrasts with previous studies
which report up to 100% success of eDNA sampling
in infected crayfish populations (Strand et al. 2014;
Wittwer et al. 2018, 2019). The difference could be
related to pathogen prevalence and/or sampling effort.
Wittwer et al. (2018, 2019) investigated streams
harbouring invasive crayfish populations with infection prevalences of C 60% and took up to 32 eDNA
samples per stream, while Strand et al. (2014)
collected ten 15 L water samples from lakes containing P. leniusculus with C 50% infection prevalence.
A. astaci prevalence in in this study was as low as 4%
(Rhein Tössegg), with less than half the populations
showing prevalences above 50% (Table 1), and we
collected three 5 L water samples per site. The volume
of 5 L per water sample was chosen to balance
maximal capture of pathogen spores with reasonable
filtration time. Indeed, our A. astaci detection success
in water increased with higher A. astaci prevalence
and the absolute number of infected crayfish and A.
astaci was detected in water from three of the four sites
harbouring crayfish populations with[ 50% infection
prevalence. Clearly, the amount of pathogen spores in
the water not only depends on prevalence but also on
host population density, and it may further be influenced by seasonal variation or by abiotic variables
such as flow rate and habitat variability. We were not
able to quantify host population density accurately due
to the different types of waterbodies surveyed (small
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streams, large rivers, lakes and ponds) and the
different methods of crayfish collection. This may
explain the lack of a quantitative association between
estimated A. astaci DNA concentrations in water and
estimated concentrations/agent levels in crayfish tissues. We did pay attention to collecting water samples
when conditions were favorable by avoiding periods
of high flow and turbid water after rainfall, but it is of
course possible that we did not always sample under
optimal conditions. Also, we did not explore any
potential effects of habitat variability, which may
affect the abundance of A. astaci spores either directly
or indirectly via effects on local crayfish population
density. The three replicate water samples per site
were always taken from the same location. Overall,
our results imply that an increased eDNA sampling
effort may improve reliability of A. astaci detection in
invasive crayfish populations with a low infection
prevalence. According to the occupancy modeling
results, seven water samples need to be taken per site
for a 95% and higher chance of detecting A. astaci
concentrations above the LOD in water. However,
only three water samples are needed if concentrations
below the LOD are considered sufficient for positive
detection. Since sampling effort should be reasonable
to keep large-scale surveys achievable and costeffective, it is worth also considering other aspects
that could improve reliability. The timing of a survey
is a crucial factor for A. astaci detection success in
water. In this study, eDNA samples were collected
from May to September, which could have contributed
to detection variation due to seasonal differences. A.
astaci concentrations in water have shown increased
levels during crayfish moulting stages in aquaria
experiments (Svoboda et al. 2013). Adult crayfish
usually moult only once or twice a year, mostly when
water temperatures are high during summer (Westin
and Gydemo 1986), which indicates our time of
sampling was appropriate for increasing A. astaci
detection rates. However, Wittwer et al. (2018) took
monthly eDNA samples from several sites throughout
a year and measured highest A. astaci concentrations
in October, coinciding with the mating season when
crayfish show increased aggressive behaviour towards
each other, which frequently leads to injuries. Due to
geographical vicinity of the study system (Germany),
we can expect similar seasonal dynamics of A. astaci
concentrations in water, which indicate A. astaci
eDNA surveys should be conducted later in the year
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than in this study, i.e. from September to October, to
maximise detection success and therefore, reliability
of the results. In addition to changes in sampling
design, the choice of the extraction method might have
an impact on detection reliability as well. The DNEasy
Power Water kit used in this study to extract DNA
from water samples has been chosen based on its
effective inhibitor removal properties but may result in
higher loss of DNA than other extraction kits (Eichmiller et al. 2016). Therefore, if the presence of
inhibitory compounds is expected to be low, extraction
kits with minimal DNA loss could be considered for
water samples. Samples that are positively tested for
inhibition afterwards could be further diluted or
treated with a post-extraction inhibitor removal kit.
All tissue samples of the eight A. astacus indiviudals and the water samples collected at an active
crayfish plague outbreak site (Fig. 1) were found
positive for A. astaci. The tissue samples had highest
parasite concentrations and, therefore, agent levels
(A5), of all the collected crayfish in this study, and
parasite eDNA concentrations were second highest of
all surveyed sites (highest in Riedbach; Table 1;
Fig. 2). The same river was sampled downstream from
the outbreak site for another survey a month before the
outbreak was noticed, and A. astaci eDNA was already
found at around a third of the concentrations measured
during the outbreak (N. Sieber pers. obs.). While this
was one site only, these results suggest that the eDNA
method works reliably when parasite loads in a
population and therefore in water, are high. The
challenges arise from the low amount of parasite
spores released by the highly resistant invasive
crayfish populations (Strand et al. 2014).

Conclusion
This survey of the crayfish plague agent in asymptomatic invasive crayfish populations showed that two
different monitoring methods convey a different
picture of A. astaci occurrence. In many cases when
crayfish plague infection intensities and prevalence
are low, concluding the absence of the plague from a
negative result of either method would be misleading.
Avenues for optimization of both detection methods
are identified. For eDNA-based detection, higher
sampling effort would increase detection reliability
of asymptomatic crayfish populations. For improved
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detection of the parasite in crayfish tissue, we suggest
analysis of larger numbers of crayfish and more parts
of the crayfish cuticle, e.g. the whole abdominal
cuticle or leg joints. Both methods would benefit from
aligning the time of sampling to seasonal dynamics of
the parasite, determined by both host and parasite
ecology. Repeated sampling of the same sites during
the appropriate season could further improve reliability of the detection result. Decisions on monitoring
methods not only depend on reliability of the method,
but also on cost and effort, and the ultimate aim of the
monitoring and surveillance activity. The effort and
cost required for the crayfish tissue sampling method
and its suggested improvements is substantially higher
than for the eDNA water sampling method. Regular
monitoring with the crayfish tissue sampling method
alone might therefore not be feasible. Thus, a combination of the two methods would deliver more
accurate knowledge of occurrence and spread of the
crayfish plague for the implementation of effective
management strategies.
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