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ABSTRACT: Noble crayfish Astacus astacus is threatened in Europe due to invasive crayfish carrying
the crayfish plague agent Aphanomyces astaci. Norway is among the last countries in which the
introduction of non-indigenous crayfish has been limited through strict legislation practices. How-
ever, North American signal crayfish Pacifastacus leniusculus were recently discovered in a water-
course that has been repeatedly hit by the plague. We mapped the distribution and relative density
(catch per unit effort) of signal crayfish within this lake, and performed agent-specific real-time PCR
to estimate the prevalence of A. astaci in the population. The resulting length frequencies and rela-
tive density estimates clearly demonstrate a well-established signal crayfish population, in which
86.4 % of the analysed individuals were confirmed carriers. The success of detection was significantly
higher (84.1 %) in the crayfish tailfan (i.e. uropods) than in the soft abdominal cuticle (38.4 %), which
is commonly used in prevalence studies. We therefore propose tailfan (uropods and telson) as the pre-
ferred tissue for studying A. astaci prevalence in signal crayfish populations. The likelihood of detect-
ing an A. astaci-positive signal crayfish increased significantly with increasing crayfish length. Fur-
ther, large female crayfish expressed significantly higher PCR-forming units values than large males.
In surveys primarily exploring the presence of A. astaci-positive individuals in a population, large
females should be selected for molecular analyses. Our study demonstrates that a potent crayfish
plague infection reservoir, evidently originating from the illegal human introduction of signal cray-
fish, has permanently been established in Norway.
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INTRODUCTION

The noble crayfish Astacus astacus is indigenous to
Europe, and represents the only indigenous species of
freshwater crayfish in Scandinavia (Souty-Grosset et al.
2006, Holdich et al. 2009). The species is regarded as
vulnerable in Europe and endangered in Norway ac-
cording to the IUCN (Edsman et al. 2010) and Norwe-
gian (Oug et al. 2010) red lists of threatened species, re-
spectively. Signal crayfish Pacifastacus leniusculus are
natural hosts for the parasitic oomycete Aphanomyces
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astaci (Unestam 1972), which is ranked among the
world's worst 100 invasive alien species according to
the global invasive species database (www.issg.org/
database). Signal crayfish are thus potential chronic
carriers of the agent that since the 1860s has caused
crayfish plague in Europe, a disease lethal to all fresh-
water crayfish not of North American origin (Unestam
1972, Alderman et al. 1990, Soderhall & Cerenius
1999). Sweden introduced this species on a large scale
at the end of the 1960s as an alternative to the noble
crayfish that was not only highly susceptible to A.
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astaci infection, but had also suffered severely from the
plague for decades in Sweden (Edsman 2004). The
legal introduction, along with subsequent illegal stock-
ings of plague-carrying signal crayfish, resulted in nu-
merous crayfish plague outbreaks in indigenous noble
crayfish populations. Today, due solely to crayfish
plague, >95% of the Swedish noble crayfish popula-
tions have disappeared, and signal crayfish has become
the dominant species of freshwater crayfish in Swedish
water bodies (Edsman 2004, Bohman et al. 2006, Souty-
Grosset et al. 2006).

In sharp contrast, Norway has never allowed the in-
troduction of non-indigenous crayfish species and was
regarded for a long time as one of the only countries in
Europe devoid of invasive crayfish. The first record of
signal crayfish in Norway was made in 2006 (Johnsen et
al. 2007), but the restricted population was eradicated
through intensive effort and the support of the Norwe-
gian Food Safety Authority and the Directorate for
Nature Management (Sandodden & Johnsen 2010). De-
spite the assumed signal-crayfish-free history, Norway
has nevertheless experienced repeated outbreaks of
crayfish plague. However, compared to Europe in gen-
eral and Sweden in particular, the crayfish-plague his-
tory of Norway is simple and has mainly involved 4
large watercourses close to the Swedish border, includ-
ing the Halden watercourse (Taugbel et al. 1993). The
underlying causes for these outbreaks remain unknown,
but proposed explanations include vectors infested with
Aphanomyces astaci spores, such as fishing gear or
boats used in Swedish waters, or undiscovered plague-
carrying signal crayfish. In the Halden watercourse,
mass mortalities of noble crayfish assumed to be caused
by crayfish plague were observed in Lake Qymarksjoen
in 1989 (Taugbel et al. 1993). In 1995, a stocking pro-
gramme was initiated to reintroduce noble crayfish to
the watercourse (Taugbel 2004). Four years later, nat-
ural recruitment was observed at most stocking sites in
the watercourse. The disappointment was therefore
pronounced when a new outbreak of crayfish plague
devastated the re-stocked noble crayfish populations of
Lake Uymarksjgen and lakes further downstream dur-
ing the 2005 season (Vrdlstad et al. 2006). However,
rapid response from Norwegian Food Safety Authority
led to immediate closure of the locks of Orje that con-
nects Lake Oymarksjoen with the upstream Lake Raode-
nessjoen (Fig. 1). These locks, built in 1860, represent
an important tourist attraction in the Halden canal, and
separate the system's lakes with a total of 3 locks and a
10 m height difference. Their original purpose was to
transfer boats from one lake to another, but since 2005
they have served as an efficient infection barrier
against upstream spread of the crayfish plague.

The source of crayfish plague infection remained
unknown until July 2008, when signal crayfish were
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Fig. 1. Map of Lake Jymarksjeen with the main distribution

of signal crayfish Pacifastacus leniusculus indicated as a

solid gray (2009) and black (2010) line. The distributions are

based on trap surveys in 2009 and 2010. (@) Record of a single
specimen of signal crayfish

discovered in Lake Jymarksjeen (Johnsen & Vralstad
2009). In the present study, we mapped the distribution
and relative density of the signal crayfish population,
and analysed the carrier status using Aphanomyces
astaci-specific real-time (RT) polymerase chain reac-
tion (PCR) (Vralstad et al. 2009). We present evidence
for a well-established signal crayfish population with a
high prevalence of A. astaci. Implications for manage-
ment and future challenges are discussed.

MATERIALS AND METHODS

Crayfish catch. Rumors suggesting that signal cray-
fish Pacifastacus leniusculus had been introduced to
Lake Oymarksjoen led to a small-scale survey of 3 dif-
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ferent sites in the lake with a total effort of 133 trap
nights in 2008. In 2009, an extended survey was con-
ducted with a total of 700 trap nights distributed at 32
sites around the shoreline of the entire lake. Traps
baited with roach Rutilus rutilus and bream Abramis
brama were set in the evening and emptied the follow-
ing morning. Based on the survey in 2009, the main
distribution area of signal crayfish was mapped and
identified (see Fig. 1). Of the total 700 trap nights in
2009, an effort of 90 trap nights was distributed within
the main distribution area of signal crayfish. The catch
per unit effort (CPUE ) in 2009 was recorded as the
average of 5 chained traps. In an attempt to reduce the
density of the signal crayfish population, a fishing pro-
ject with a total fishing effort of 2221 trap nights was
performed in 2010. Since the aim of this project was to
drastically reduce the population, the effort was almost
exclusively concentrated within the main distribution
area of signal crayfish. Here, the CPUE,,,; was re-
corded as an average of the daily catches. In addition
to the trap catches, we sampled (handpicking) crayfish
when SCUBA diving in 2009 and 2010. From each indi-
vidual caught in the trap surveys in 2008 and 2009, and
from the SCUBA diving surveys in 2009 and 2010, the
total body length was measured to the nearest millime-
tre from the tip of the rostrum to the end of the tail fan.
Individuals from the catch were identified to species
in accordance with the identification leaflet by Pockl et
al. (2006).

Molecular diagnostics. In order to test if recorded
signal crayfish were carriers of Aphanomyces astaci,
44 individuals from the 2009 sample were subjected to
molecular analyses. From each ethanol-preserved
crayfish, 3 standardised tissue sub-samples were dis-
sected each time including the proximal joint of 2 ante-
rior walking legs (referred to as L samples), 1 longitu-
dinal half of the soft abdominal cuticle (C), and a
three-fifths fraction of the outer part of the crayfish tail
fan that, in our case, only included uropod tissue (U;
see Fig. 2). Each crayfish individual was carefully
examined for melanised spots that may represent a
clinical sign of A. astaci infection. If black spots were
observed, a maximum of 2 spots per crayfish (referred
to as S1 and S2) were subjected to further analyses.
The crayfish tissue samples were homogenised in
CTAB lysis buffer in disposable 2 ml tubes with steel
beads (Precellys MK28) on Precellys®24 lysis and
homogenisation automated equipment (Bertin Tech-
nologies) using the following programme: 6500 rpm for
1 min for 3 sessions with 2 min rest time between the
sessions. The samples were frozen at —80°C for mini-
mum 10 min before DNA was extracted according to
the CTAB protocol described by Vralstad et al. (2009).
In order to control for potential carry-over contamina-
tion, an environmental control and an extraction blank

Fig. 2. Pacifastacus leniusculus. Signal crayfish tissue samples
that were included in molecular tests (in black). L: inner joint
of the 2 posterior proximal walking legs; C: longitudinal half
of the soft abdominal cuticle; U: three-fifths of the tail fan
(only including uropod tissue; the middle segment, i.e. telson
(T), was not analysed in the present study, but is comparable
to the uropods); S: melanised spot (S) of the exoskeleton, if
present, where a maximum of 2 spots (S1 and S2) were sub-
jected to further analyses

control as described by Vralstad et al. (2009) were
included in the DNA-isolation step and subsequent
PCR analyses.

The RT-PCR for specific and quantitative detection of
Aphanomyces astaci was performed according to the
method described by Vrélstad et al. (2009) using
the A. astaci-specific primer-pair AphAstITS39F-
AphAStITS97R combined with the MGB-TagMan
probe AphAstITS60P. For each PCR run, 4 calibrants
consisting of A. astaci genomic DNA with known con-
centrations and PFUs (PCR-forming units) were
included to generate a standard curve for quantifica-
tion of A. astaci in terms of PFU in the unknown cray-
fish tissue samples. These 4 calibrants corresponded to
Standards 2, 4, 6 and 8 described by Vralstad et al.
(2009) and contained an estimated number of PFUs
corresponding to 3 x 4% 3 x 47, 3 x 4° and 3 x 43 (cf.
Vrélstad et al. 2009, their Table 3). Each of the
unknown samples was included as concentrated (1x)
and 10x diluted template in the PCR setup. In the
absence of inhibition (corresponding to ACt = 3.32 for
the 1x and 10x concentrations) absolute quantification
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is possible. However, in the present study, PCR
inhibition was commonly observed as a
delayed signal or lacking signal in the 1x con-
centration. We therefore assigned our results to
semi-quantitative agent levels as suggested by
Vralstad et al. (2009), and this semi-quantifica-
tion relied in all cases on the 10x diluted tem-
plate concentration. Any detection below LOD
(limit of detection), i.e. Agent Level 1 (A1), was
regarded as negative.

Statistical methods. Of the individuals that
tested negative for Aphanomyces astaciin ana-
lysed tissues, all were males. Male signal cray-
fish (n = 23) were therefore used in a binary
logistic regression model to test the relation-
ship between the probability of observing an
A. astaci-positive signal crayfish and the coeffi-
cient of the quantitative predictor, length. Indi-
viduals were regarded as infected if one of the
tested tissues was positive.
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Fig. 3. Pacifastacus leniusculus. Length distribution (total length) of
signal crayfish in Lake @ymarksjeen caught with baited traps in 2008
(black bars, n = 23) and 2009 (light grey bars, n = 188), and from
SCUBA diving in 2009 and 2010 (dark grey bars, n = 10 and 15,

We performed a Mann-Whitney U-test on
mature signal crayfish (290 mm in total length)
to test if the PFU levels differed between genders.
From the survey in 2009, the majority of female signal
crayfish matured at lengths 290 mm. No differences in
median length were found between males and females
290 mm (U= 102.5, p = 0.948).

Chi-squared statistics and odds ratios were used to
test the success of different tissues (C, L and U) in
detecting Aphanomyces astaci—positive individuals. To
test if positive tissues of C, L and U differed in PFU lev-
els, we used ANOVA on ranks with an all pairwise
comparison procedure (Dunn's method). Due to the
relatively small and skewed sample (12 crayfish with
spots compared to 32 without), spots were excluded
from statistical analyses. Statistical calculations were
done in SigmaStat 11.0.

RESULTS

Distribution and relative abundance of signal
crayfish

A total of 25 signal crayfish Pacifastacus leniusculus
were caught in Lake Jymarksjeen in 2008. All speci-
mens were caught within the main distribution that
was identified in 2009 (Fig. 1). In 2009 and 2010, the
total numbers of signal crayfish caught in baited traps
were 188 and 3845, respectively. In 2009, CPUE,.p;
within the main distribution area varied between 0.2
and 5.6, with an average of 2.1 signal crayfish per
trap night. In 2010, comparable CPUE.,s data (from
August) varied from 1.5 to 4.3, with an average of 3.2.
The length distribution of signal crayfish caught by

respectively)

baited traps (2008 and 2009) and SCUBA diving (2009
and 2010) ranged from 20 to 168 mm (Fig. 3). Com-
pared to 2009, signal crayfish increased their distribu-
tion area by about 300 m on the western side and about
100 m downstream in the Stremselva River (Fig. 1).

Molecular detection and prevalence of
Aphanomyces astaci

Overall, 86.4% of the crayfish were Aphanomyces
astaci-positive in one of the tested tissues, while 31.8%
tested positive for all tissues (Table 1). The 6 individuals
(13.6 %) in which A. astaci was not detected were all
smaller males with a length <9 cm, but there were also
some small males that were positive. In male signal
crayfish, the estimated effect of length as a predictor in
the logistic regression model was significant (Z = 4.27,
p = 0.039). It was 2.33 (95 % CI: 1.04 to 5.18) times more
likely to observe infected male signal crayfish when the
length increased by 1 unit (10 mm). All females, re-
gardless of size, were positive (Table 1), and, among
crayfish 290 mm, the PFU values were significantly
larger in females than in males (U= 57, p = 0,043).

The prevalence of Aphanomyces astaci in signal
crayfish tissues based on species-specific RT-PCR
results is summarised in Fig. 4. The success of detec-
tion was high for uropod samples (84.1%), moderate
for walking-leg samples (59.1 %), and relatively low for
soft abdominal cuticle samples (38.6 %; Fig. 4). Com-
pared to walking legs and cuticle, it was respectively
3.66 (95% CI: 1.34 to 10.02; x*= 5.6, p = 0.018) and 8.40
(95% CI: 3.06 to 23.06; 3% = 17.3, p = 0.031) times more
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Table 1. Pacifastacus leniusculus. Signal crayfish material and Aphanomyces astaci prevalence in the selected tissues. All 44
individuals originate from ethanol-preserved crayfish collections from the main distribution of signal crayfish in Lake @ymark-
sjeen. Prevalence of A. astaciis given as a percentage of positive tissue samples per individual. Signal crayfish tissue samples
include soft cuticle (C), walking legs (L), uropods (U) and melanised spots (S1 and S2). Agent levels A0 to A6 (see specifica-
tions in Fig. 5) refer to semi-quantitative categories based on the numbers of observed PCR-forming units (PFU,,s) from the A.
astaci-specific real-time PCR. The estimated number of PFUs based on results from 10-fold dilution templates are given in
parentheses. M: male; F: female; NA: test not applicable on symptom-free individuals; —: S2 sample missing; only one spot (S1)
observed. Shading visualises agent levels, where darker greys reflect higher agent levels (see Fig. 5)

Case Gender Length Percent Agent level in crayfish tissues (estimated PFU in PCR)

no. (cm) positives C L U S1 S2
1 F 9.7 100 A2 (7) N A6 (502100)

2 F 10.1 100 A3 (166)

3 M 11.6 75 Al (2) A6 (250100)

4 M 10.6 75 A0 (0) A3 (529) A6 (199900)

5 F 10.8 33 A0 (0) A0 (0) NA
6 M 10.9 100 A2 (13) NA
7 F 10.8 50 A0 (0) -
8 F 9.5 100 A3 625) NA
9 M 10.4 67 A0 (0) A3 (461) NA
10 F 10 33 A0 (0) A0 (0) A3 (92) NA
11 M 7.1 50 A0 (0) A0 (0) A3 (99) -
12 F 9.6 100 A3 (166) A3 (166) -
13 M 10.7 100 A3 (141) A2 (35) A3 (264)

14 M 10.6 60 A0 (0) A0 (0) (103) __
15 F 10.7 100 A3 (110) A3 (230) _

16 M 10.6 33 A0 (0) A0 (0) A3 (269) NA NA
17 F 11 33 A0 (0) A0 (0) A3 (586) NA NA
18 F 9 67 A0 (0) A3 (146) | A4 (1886) | NA NA
19 M 10 33 A0 (0) A0 (0) A3 (894) NA NA
20 F 12.2 100 A3 (120) A3 (578) | A4 (5956) | NA NA
21 F 11.7 67 A0 (0) A3 (72) A3 (377) NA NA
22 M 11 67 A0 (0) A3 (483) A3 (620) NA NA
23 M 7.7 100 A3 (73) A3 (779) A3 (299) NA NA
24 M 7.5 0 AO (0) A0 (0) A0 (0) NA NA
25 F 10 50 A0 (0) A3 (249) [WARF297) A0 (0) -
26 F 115 33 A0 (0) A0 (0) A3 (338 NA NA
27 F 11.2 67 A0 (0) A3 (51) NA NA
28 M 11.7 100 A2 (28) A2 (23) A3 (393) NA NA
29 F 13.4 100 A3 (291) A2 (41) NA NA
30 M 13 67 A0 (0) A3 (873) NA NA
31 M 9.3 67 A0 (0) A2 (20) A2 (28) NA NA
32 M 8.9 0 A0 (0) A0 (0) A0 (0) NA NA
33 M 7.3 100 A2 (14) A2 (36) A3 (222) NA NA
34 M 8.8 0 A0 (0) A0 (0) A0 (0) NA NA
35 M 6.8 67 A0 (0) A3 (97) A2 (39) NA NA
36 M 8.1 40 A3 (173) Al (1) A0 (0) A0 (0)
37 M 7.8 0 A0 (0) A0 (0) A0 (0) A0 (0) A0 (0)
38 F 13.7 75 A3 (128) A0 (0) A3 (223) -
39 M 6.7 0 A0 (0) A0 (0) A0 (0) NA NA
40 M 7.1 0 A0 (0) A0 (0) A0 (0) A0 (0) A0 (0)
41 F 14.5 100 A3 (128) A3 (61) NA NA
42 F 14.2 100 A3 (641) NA NA
43 F 4.2 67 A3 (236) A0 (0) A2 (10) NA NA
44 M 6.6 33 A0 (0) A0 (0) A3 (756) NA NA

likely to detect an A. astaci positive crayfish when uro-
pod tissue was used. Of the 38 crayfish that tested pos-
itive, uropod samples were positive in 37 out of a total
of 38 positive individuals.

Only 12 (27.3 %) of the analysed individuals had vis-
ible melanised spots that could represent clinical signs

of Aphanomyces astaci infection. In 3 individuals, the
spot tissue samples were negative. For the 9 remaining
individuals, the analysed spots contained moderate
to very high levels of agent DNA (cf. Agent Levels A4
to A6; Table 1). Median agent levels were significantly
different between positive tissues of C, L and U (H =
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Fig. 4. Pacifastacus leniusculus. Prevalence of Aphanomyces
astaci in signal crayfish tissues based on species-specific real-
time PCR results. The left bar (total) refers to the overall
positive/negative ratio whereby a crayfish individual is
regarded as A. astaci-positive if one of the tested tissues is
positive. The remaining bars show the positive/negative
ratios for individual tested crayfish tissues (uropods, walking
legs and cuticle). The number of tested crayfish (and indi-
vidual tissue samples) = 44

14.5, df = 2, p < 0,001). The pairwise comparison
showed that the median PFU values in uropod tissues
(PFUpeqian = 756) were significantly higher compared
to those in the tissues from both cuticle (PFUcgian =
128) and limbs (PFUcqian = 239) (Dunn's method, p <
0.05 in both cases; Fig. 5). The middle 50 % of the PFU
values cover Agent Levels A3 to A4 for positive uropod
samples, and Agent Level A3 for positive cuticle and
walking-leg samples (Fig. 5).

DISCUSSION

In the present study, we demonstrated that the
recently discovered signal crayfish Pacifastacus lenius-
culus population in Norway is well established. The
prevalence of Aphanomyces astaci in the populations
is high compared to other recent studies (e.g. Kozu-
bikova et al. 2009). Since there are no connecting
waterways from Sweden to the lake studied here, the
unexpected signal crayfish population evidently
results from an illegal, human-assisted transfer. Due to
the size and complexity of the watercourse, eradication
is unfortunately impossible. Hence this is not only the
first established signal crayfish population in Norway,
but also represents a potent and permanent reservoir
of crayfish plague infection.

The number of Aphanomyces astaci-positive signal
crayfish individuals in our study was significantly
higher based on analyses of uropod tissue compared to
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Fig. 5. Pacifastacus leniusculus. Box and whisker plot show-
ing PCR-forming unit (PFU)-values from real-time PCR analy-
ses of positive crayfish tissue samples; soft abdominal cuticle
(n=17), walking legs (n = 26) and uropods (n = 37). The boxes
include the middle 50 % of the PFU-values, and the vertical
lines show the 10th and 90th percentiles. Filled circles repre-
sent PFU-values outside this range. The median is shown by
the unbroken horizontal line within the boxes. Agent levels
are indicated and refer to semi-quantitative categories based
on the numbers of observed PFUs (PFU,) in the PCR. Agent
Level 1 (A1): below detection limit (PFU,,s < 5); A2: 5 < PFU ¢
< 50; A3: 50 < PFU,,, < 10% A4: 10° < PFU,,, < 10% A5: 10 <
PFU,ps < 10% A6: 10° < PFU,,s < 10° (according to Vrélstad et
al. 2009). Darker shading reflects higher agent levels

analyses of soft abdominal cuticle and walking legs.
This contradicts previously reported results (Oidtmann
et al. 2006) in which cuticle and tail fan tissue gave
approximately equal detection probabilities. Oidt-
mann et al. (2006) referred only to the term ‘telson’, but
their analyses included both uropod and telson tissue
from the tail fan. We undoubtedly failed to detect some
A. astaci in the cuticle, since we used only one-half.
However, detection in >84 % of the crayfish individuals
using three-fifths of the outer tail fan, and the signifi-
cantly higher PFU levels in tail fan tissue compared to
cuticle and walking-leg tissues, support this tissue
(including uropods and telson) as being a more reliable
choice for both routine analyses and large-scale preva-
lence studies. We did not consider tissue weight, but
analysed instead standardised tissue samples in which
a standard uropod sample has higher weight than a
corresponding cuticle sample (up to a factor of 1.6;
authors' unpubl. data). The higher PFU levels in the
uropods are therefore partly a result of the greater
amount of tissue analysed, but even doubling the tis-
sue weight cannot explain the observed difference.
Further, the significant difference in PFU levels
between cuticle, legs and uropods resulted from a test
of solely positive samples. If negative samples had
been taken into account, the difference in median PFU
levels would have been considerably larger in favour
of the uropod samples. While PFU levels compared to
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sample weight may be of limited interest, due to the
expected uneven infection sites of the tissues, the total
surface area may be of more significance. The soft cuti-
cle is only exposed to infective zoospores from one
side. In contrast, the tail fan, including uropods and tel-
son, is not only exposed to infections from above and
below, but offers also a considerably larger total expo-
sure area, due to additional micro-surfaces arising
from the rough and almost hairy character of the tissue.
The area exposed to infection is therefore assumedly
much larger in tail fan tissue compared to soft cuticle
tissue of a corresponding weight.

In a recent study from Denmark, no Aphanomyces
astaci at all were detected using the same tissue sam-
ples and molecular analyses on a total of 44 signal
crayfish (Skov et al. 2010). The carrier status of signal
crayfish therefore seems to vary considerably between
populations, and the traditional view that all signal
crayfish are chronic carriers has been challenged in
several recent studies (Oidtmann et al. 2006, Kozu-
bikova et al. 2009, 2010, Skov et al. 2010). It is impor-
tant to bear in mind, though, that some of the recent
prevalence reports solely rely on semi-nested PCR
analysis (Oidtmann et al. 2006) of the soft abdominal
cuticle tissues (Kozubikova et al. 2009), i.e. both the
molecular approach used and choice of tissue may
increase the risk of false negatives.

Studies on the prevalence of Aphanomyces astaci
within a crayfish population should, in general, aim at
sampling crayfish randomly. However, routine analy-
ses or studies between populations (e.g. Kozubikova
et al. 2009) often seek primarily to clarify whether or
not a population is likely to be infected before extra
effort is invested in a general evaluation of the A.
astaci prevalence in the population. Concluding that
a population is free of infection is practically impossi-
ble. However, the results from our study suggest that
large female signal crayfish should be selected in sur-
veys if the prime goal is detection of A. astaci-positive
individuals. They may also be taken into considera-
tion when modelling how many analysed individuals
are needed to assume a population is free of infection,
e.g. with 95% confidence. The observed increased
probability of detecting A. astaci in larger crayfish in
general, and large females in particular, probably
reflects the decreased moult frequency of larger
mature individuals compared to smaller immature
crayfish (Reynolds 2002), whereby mature females
tend to moult even less frequently than mature males
(Skurdal & Qvenild 1986). Decreased moulting fre-
quency results in longer exposure times of the
exoskeleton to repeated A. astaci infections, and fur-
ther spread of the parasite from each infection point.
This is in concordance with the recent study by
Adquiloni et al. (2010), in which a positive relationship

was observed between crayfish size and number of
micro-melanised spots (confirmed A. astaci) in the
soft abdominal cuticle of the invasive crayfish species
Procambarus clarkii.

In apparently healthy signal crayfish individuals, the
infection with Aphanomyces astaci is usually invisible
or may be seen in the microscope as minute, melanised
spots on the crayfish exoskeleton (Soderhall & Cerenius
1999). In some cases, the parasite may cause larger,
easily recognised melanised areas. In our study, only
27 % of the examined individuals exhibited at least one
melanised spot that could represent a clinical sign of A.
astaci infection. In all but 3 small male individuals, in
which the spots presumably resulted from other factors
or agents, the RT-PCR analysis detected high levels of
A. astaci DNA for the spot samples. This is expected if a
spot represents an accumulation of agent tissue relative
to crayfish tissue. In the other, symptom-free tissue
samples, the amount of crayfish tissue relative to poten-
tial agent tissue is presumably much higher. Thus, visi-
ble spots may have a limited predictive value for the
evaluation of carrier status in signal crayfish. However,
we only observed melanised spots visible by eye.
Aquiloni et al. (2010) detected A. astaci on a molecular
level in all soft abdominal cuticle samples of Procam-
barus clarkii that contained micro-melanised spots, tar-
geted by the use of digital image analyses and image
processing techniques. This targeted approach for se-
lection of suitable tissues should also be considered for
signal crayfish prevalence studies.

Westman et al. (2002) demonstrated that noble cray-
fish Astacus astacus and signal crayfish Pacifastacus
leniusculus share similar habitat preferences. Before
the first outbreak of crayfish plague in 1989, Lake
Jymarksjoen hosted a large population of noble cray-
fish (Taugbel et al. 1993), suggesting that the abiotic
and biotic environments of this lake are also ideal for
signal crayfish. The length distribution, relative den-
sity, total number captured and spread of signal cray-
fish demonstrates a well-established population where
the introduction may date as far back as a decade. The
smallest captured individuals of signal crayfish in the
lake (individuals <90 mm) were most likely naturally
recruited, since signal crayfish may reach these
lengths over a period of 3 to 4 yr (Abrahamsson 1970,
1971). In retrospect, it seems evident that Aphano-
myces astaci-carrying signal crayfish caused the
severe outbreak of crayfish plague in the lake and fur-
ther downstream the Halden watercourse during sum-
mer 2005 (Vralstad et al. 2006). It cannot be excluded
that their presence is also linked to the outbreak in
1989. However, strong circumstantial evidence sug-
gests that the infection in 1989 was transmitted by
boats or gear from the neighbouring Lake Store Le,
which suffered an explosive outbreak only a few
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weeks before the Halden watercourse was struck
(Taugbel et al. 1993).

Introduction of non-indigenous crayfish has always
been prohibited according to Norwegian legislation,
and crayfish plague is a disease (List 3—national
diseases) with strict national legislation practices.
The establishment of an Aphanomyces astaci-carry-
ing signal crayfish population in Norway is therefore
a danger to the noble crayfish population in Europe
in general and in Norway in particular. Nevertheless,
compared to most other European countries, the
problem is still manageable. Although general
attempts to eliminate signal crayfish populations in
European countries have proven difficult (Kozac &
Polizar 2003, Holdich et al. 2009), the first discovered
population of signal crayfish in Norway (Johnsen et
al. 2007) was most likely eradicated after intensive
effort by the combined usage of cypermetrin and
draining (Sandodden & Johnsen 2010). Even though
such actions are ecologically, economically and prac-
tically inconceivable in the current case, due to the
size and complexity of the watercourse, the authori-
ties have the situation under relatively good control.
The probability of a further spread of the signal cray-
fish population and the accompanying crayfish
plague infection has been reduced to a minimum by
strict regulations. These include mandatory disinfec-
tion of boats and gear, a ban on any exploitation of
signal crayfish, and permanent closure of the Jrje
locks (Johnsen & Vrélstad 2009). The latter has
proven an efficient physical infection barrier between
the signal crayfish of Lake Oymarksjgen and the
noble crayfish of the upstream Lake Redenessjoen.
The main challenge is therefore to avoid further ille-
gal, human-assisted spread. It is therefore vital to
work in close collaboration with local authorities and
the general public to prevent a growing population
of signal crayfish in the lake that could act as a donor
population to nearby water localities.
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