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Telemetry of co-occurring noble crayfish (Astacus
astacus) and stone crayfish (Austropotamobius
torrentium): diel changes in movement and local
activity
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Abstract: Knowledge of movement patterns is essential for the effective conservation of noble crayfish (4stacus
astacus) and stone crayfish (Austropotamobius torrentium), two endangered species indigenous to Central Europe.
Radiotelemetry was used to evaluate diel changes in ranging behaviour and local activity of both species at a local-
ity where they occur sympatrically. Both species exhibited similar behaviour, migrating mostly in the upstream
direction. Movement probability differed significantly within both species between phases of the diel cycle. Move-
ment probability within 3-h tracking intervals was highest at dawn (18.18 %) and night (15.32 %) in A4. astacus, and
at dawn (37.25 %) in A. torrentium. Astacus astacus moved the longest distances during the dawn interval (3.70 m)
and the shortest during the day (1.41 m) and night (1.61 m) interval. The distances moved by 4. torrentium did not
differ significantly in different phases of the diel cycle. Local activity was highest at dusk in A. astacus (40.6 %
likelihood of activity) and during dusk and night hours in 4. torrentium (30.8 % and 24.2 % likelihood of activity).
Body size and environmental parameters (light intensity, weather, atmospheric pressure, water temperature and
turbidity) also influenced crayfish behaviour. Both species exhibited a post-handling fright response, which (e.g.
in mark-recapture studies) can lead to the overestimation of movement rates and the extent of natural migrations.
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Introduction by burrowing and disturbing the substrate (Statzner et

al. 2000). Being popular animals with the public, cray-

Crayfish are known to play an important role in fresh-
water ecosystems. They are among the largest and
most mobile invertebrate animals in streams (Sint &
Fiireder 2004). Crayfish strongly affect trophic interac-
tions in many types of freshwater environments, where
they are able to significantly alter habitat conditions

fish are also frequently used as ‘flagship species’ in
conservation and freshwater protection projects, and
some species are considered suitable bioindicators of
environmental quality (Fiireder & Reynolds 2003).
Despite their key role in ecosystems, indigenous
crayfish (IC) species in Europe are heavily affected
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by alterations of habitats, pollution, stream fragmenta-
tion and also by the spread of non-indigenous crayfish
(NIC) species (Schulz & Schulz 2004; Holdich et al.
2009; Patoka et al. 2014), which threaten IC species
not only through interspecific competition (Bubb et
al. 2006), but also by transmitting the crayfish plague
pathogen (Kozubikova et al. 2009; Filipova et al.
2013). All these circumstances have led to a decrease
of populations of IC species, both in number and in
size (Taugbel & Skurdal 1999; Holdich et al. 2009).

The spatial and temporal heterogeneity of the
environment determines the movement patterns of
animals, affecting their dispersal rates and foraging
behaviours (Forman & Gordon 1986; Johnson et al.
1992; Bowler & Benton 2005). Animal movements
are motivated by internal as well as external cues, and
are related mainly to finding food, escaping predators,
fighting, reproduction (Colgan 1993) or avoiding en-
vironmental extremes (Davenport 1985; see also pa-
per by Dangk et al. 2014). As all these aspects directly
influence the survival of individuals and populations,
knowledge of animal movement patterns is essential
for their management and conservation.

Ranging behaviour affects the ability of species
to colonize new areas and to recolonize depopulated
places. The range and directions of crayfish movement
also influence the extent and probability of crayfish
plague transfer. Activity patterns of individuals in the
24h cycle can indicate intra- and interspecific interac-
tions (Sutherland 1996), which play an important role
in the protection of native populations and may signif-
icantly influence the success of restocking activities.

Approaches to monitoring the movement of cray-
fish individuals in nature include direct (visual) ob-
servation (e.g. Sint & Fiireder 2004), mark-recapture
methods (e.g. Gherardi et al. 2000; Kadlecova et al.
2012) and tracking of animals equipped with electronic
tags (e.g. Bohl 1999; Bubb et al. 2002; Loughman et
al. 2013; Anastacio et al. 2015). Direct observation is
usually limited only to a specific set of circumstances
(e.g. narrow shallow waters with low turbidity, ob-
serving only individuals wandering out of shelter).
Mark-recapture methods may sufficiently cover ques-
tions about meso- and microhabitat preferences, but
ranging behaviour assessed by this method can be
strongly influenced by ‘fright responses’ associated
with capture and tagging (Robinson et al. 2000; Bar-
baresi et al. 2004). The inclusion of fright responses in
data resulting from mark-recapture studies is expected
to overestimate rates of movement and the extent of
natural migration (Robinson et al. 2000).

Radiotelemetry is a widely used method enabling
detailed monitoring of the behaviour of marked indi-
viduals in a natural environment without the need of
further recapture and disturbance after tagging. This
approach allows the monitoring of the movement of
individuals with high spatial and temporal resolution,
and even to detect levels of local activity not con-
nected with relocation by measuring fluctuations of
transmitter signal strength (Bubb et al. 2002; Thiem
et al. 2010).

Whereas numerous radiotelemetric studies have
examined the movement patterns of NIC species in
nature (e.g. Bubb et al. 2002; Bubb et al. 2004; Gh-
erardi et al. 2002; Barbaresi et al. 2004; Aquiloni et
al. 2005; Bufic et al. 2009a; Bufi¢ et al. 2009b; Hirsch
et al. 2016), only a few have dealt with noble crayfish
(Astacus astacus) and, to the best of our knowledge,
not a single one has been carried out on stone crayfish
(Austropotamobius torrentium).

Moreover, two previously published radiotelemet-
ric studies on A. astacus behaviour in nature were fo-
cused only on the largest individuals exceeding 90 mm
in total length and about 20 g in weight (Bohl 1999),
and with a total length of 120—135 mm (Schiitze et al.
1999). The use of these particularly large individu-
als was necessary in these studies due to the size and
weight of previous-generation radio tags not allowing
their attachment to smaller individuals. In fact, the re-
sults obtained from these two studies may be influ-
enced by the size of the tracked animals. Smaller indi-
viduals are usually much more frequent in populations
and may behave substantially differently, for example,
because they are at a greater risk of predation (Paine
1976; Nilsson & Bronmark 2000). Moreover, Schiitze
et al. (1999) deliberately studied the movement of
stocked crayfish, so their results are difficult to apply
to wild individuals.

In our study, we dealt with wild crayfish only, and
used particularly small radiotelemetric transmitters,
which enabled us to track much smaller individu-
als than previous studies (down to the total length of
48 mm and weight of 3.5 g), while retaining a similar
or better tag to body weight ratio (e.g. Robinson et
al. 2000; Bubb et al. 2006; Gherardi et al. 2002). Our
main goal was to evaluate (1) diel changes in rang-
ing behaviour and local activity of A. forrentium and
A. astacus captured and tracked in a stream where the
two species occur in sympatry and syntopy. We also
tested (2) if and how the sex and size of crayfish in-
fluence their behaviour, and (3) how environmental
variables influence the movement patterns and local
activity of both species.
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Material and methods

Study site

The study was undertaken along the Stroupinsky stream, which
is a 20.9km long fourth-order watercourse located roughly
50 km west of Prague (Elbe river basin, Central Europe). The
section of the stream under study (downstream from the vil-
lage of Hiedle, 49°53' 54" N, 13°56'17"E) flows through ag-
ricultural land. It has an average width of around 3.5 m and is
composed mostly of shallow riffles interspersed with pools that
rarely exceed 1 m in depth. The substrate varies considerably
from boulders to mud in deeper sections of the stream. The
banks are covered by dense vegetation composed of grasses,
nettles (Urtica dioica), shrubs (Rosa canina, Prunus spinosa,
Salix sp.) and trees (Alnus glutinosa, Populus sp.). The section
studied is part of the ‘Stroupinsky potok’ Special Area of Con-
servation (Svobodova et al. 2017) inhabited by two indigenous
crayfish species, A.astacus and A. torrentium, which occur
there in sympatry and syntopy (Vlach et al. 2009b; Kadlecova
et al. 2012). The fish stock consists of Salmo trutta m. fario,
Squalius cephalus, Barbatula barbatula, Phoxinus phoxinus,
Gobio gobio and Anguilla anguilla (Musil et al., unpublished
data).

Capture and radiotagging

Astacus astacus and A. torrentium for our radiotelemetry study
were caught by hand. Special care was taken to put stones back
into their original position to minimize habitat disruption. Six-
teen individuals (8 4. forrentium and 8 A. astacus) were caught
and tagged on 2 August 2016. The mean total lengths of A4. tor-
rentium and A. astacus were 56 mm (range 48—64 mm) and
64 mm (56-75), respectively, and their mean weights were 6.7 g
(3.5-10.6) and 8.3 g (5.2—-12.0), respectively. Crayfish of both
sexes were tagged (4 females and 4 males of 4. forrentium, and
5 females and 3 males of 4. astacus). The tag to body weight
ratio ranged from 2.2 to 7.4 %, which was lower (better) than
in previous studies (up to 10 % in Robinson et al. 2000, 13.4 %
in Bubb et al. 2006, 10 % in Gherardi et al. 2002). We assume
that transmitters with this tag to body weight ratio do not sig-
nificantly hinder the movement or alter the survival of tagged
crayfish (Bohl 1999; Robinson et al. 2000).

Coded radio transmitters NTQ 1 (Lotek Engineering Inc.,
New Market, Ontario, Canada; 0.26g in air, 10x5x3 mm
with a ¢. 15 cm long external whip antenna) were glued using
cyanoacrylate adhesive on to the carapace of individual cray-
fish. The expected life span of each radio transmitter was 21
days (according to the manufacturer). Individual crayfish were
identified by unique numeric codes displayed by a SRX 800
receiver (Lotek Engineering Inc.). All transmitters operated at
the same frequency of 138.3 MHz. Tagged individuals were
released exactly at the places where they were captured. The
tagging procedure did not exceed 10 min.

Our research on A. astacus and A. torrentium, both of which
are critically endangered according to Czech legislature, was
authorized by the Regional Office of the Central Bohemian
Region, Department of Environment and Agriculture (permit
No.102856/2016/KUSK-3).

Collection of radiotelemetric data

Tagged crayfish were not tracked for the first four days after
tagging due to possible artificial behaviour (fright response)

associated with the capture and tagging procedure (Robinson
et al. 2000; Barbaresi et al. 2004; Loughman et al. 2013). We,
however, measured the total position shift between the position
of the release of each individual and its first position detected
by radiotracking. Telemetric data were collected from 6 August
to 14 August 2016, in eight 3-h tracking intervals per day: one
at dawn (light intensity, measured in exposure values (EV),
ranged between 2 and 6), four during the day (>6 EV), one at
dusk (2-6 EV) and two at night (<2 EV).

The positions of all crayfish and the distances they moved
during each time interval were recorded. Individuals that
changed position up, down or across the stream by at least 0.5 m
were considered moving crayfish within a particular time inter-
val. Metal markers (iron pegs), each with the number of an indi-
vidual crayfish, placed on the stream bank, were used to meas-
ure distances moved up- or downstream (hereafter ‘distances
moved’). Distances from each marker (previous position) to
the point representing the current position of each individual
were measured with a 30 m long measuring tape laid parallel to
the longitudinal axis of the watercourse to account for its slight
curvature. This approach enabled us to avoid the inaccuracy of
the GPS (£ 4 m).

Local activity levels of individual crayfish were determined
for each tracking interval during 1-min time periods by record-
ing the number of variations in signal strength as an index of ac-
tivity. Crayfish motion may alter the orientation of a transmit-
ter’s whip antenna in relation to the fixed Yagi antenna of the
receiver and thus generate variation in the strength of the signal
received, which can be used to assess the activity level of the
individual (Bubb et al. 2002; Thiem et al. 2010). High levels of
activity often occurred without the crayfish relocating by more
than 0.5 m. This local activity may be connected, for example,
to feeding, burrowing or fighting for shelter (Bubb et al. 2002).

Prior to the attachment of transmitters to crayfish, tests of
baseline signal strength variability were carried out with each
transmitter laid on the bottom of the stream. With the antenna
of the receiver held motionless for one minute at a distance of
approximately 3 m, the signal of each transmitter was always
stable and did not vary in strength by more than 2 %. The telem-
etric receiver used displays exact signal strength values. Dur-
ing the actual tracking of individual crayfish, the local activity
of each individual was determined after its localization in the
same manner as during the testing of individual transmitters.
Variations in signal strength exceeding the threshold value of
5% were regarded as signs of local activity. Numbers of sig-
nal strength variations were classified according to Robinson
et al. (2000) into three categories: 0 (0 changes), 1 (one or two
changes) and 2 (> two changes).

Tagged crayfish with a still operating transmitter were re-
captured after the end of the telemetry study (for confirmation
that all telemetric data on individual represented the behaviour
of'alive and healthy crayfish). If recapture was not possible, the
crayfish was considered to be alive until its last measurable po-
sition shift or until its last measurable local activity. Data after
the last movement (or last local activity) of the individual were
excluded from further analyses.

Environmental measurements

Light intensity levels were measured with a Gossen Digisix
photographic light meter (GOSSEN Foto- und Lichtmesstech-
nik GmbH) at an unshaded reference point during each 3-h
interval. The water level was determined using a water level
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pole (cm), while the turbidity was measured with a portable
turbidimeter TURB 355 IR/T (Wissenschaftlich-Technische
Werkstitten GmbH). The water temperature was measured con-
tinuously using a HOBO Pendant Temperature/Light 8K Data
Logger (Onset Computer Corporation). Weather conditions
were categorized into four categories: 1 — clear sky, 2 — cloudy,
3 — overcast and 4 — rain. The atmospheric pressure tendency
was determined using the internal barometer of a GPSmap
60CSx device (Garmin Ltd.) and categorized into three catego-
ries: ‘decreasing’ if atmospheric pressure decreased by at least
2 mbar within a 3-h interval, ‘increasing’ if atmospheric pres-
sure increased by at least 2 mbar within a 3-h interval, and ‘sta-
ble’ if the difference during a 3-h interval was less than 2 mbar.

Statistical analyses

To examine the influence of the time of day (dawn, day, dusk,
night), crayfish sex and size, and environmental variables
within and between the two study species, we used general-
ized linear mixed models (GLMM). We analysed the movement
probability (using data on whether crayfish did or did not move;
binomial distribution, logit link), the distance moved (data with
gamma distribution, log link) and the /local activity (data on
whether crayfish were active or not during measurement; bino-
mial distribution, logit link). Local activity levels 1 and 2 were
grouped together for the GLMM analysis. Because we ob-
served the behaviour of each individual crayfish repeatedly, we
included the identity of individuals as a random factor. We used
the ‘Ime4’ package in R v. 3.0.3 (R Development Core Team
2008). The resulting models were compared against matching
null models using likelihood ratio tests to assess model signifi-
cance. To compare the fright responses of the two species after
capture and tagging, we used ¢-tests (for distances moved and
the directions of their movement) and tests for the equality of
proportions (for numbers of moving crayfish). When applica-
ble, data are presented with standard errors of the mean (SE).

Results

Values of water temperature and water level over the
course of the study are presented in Fig. 1. In total, 864
valid positions of crayfish were obtained. Based on the
recapture of tracked individuals at the end of the study
period, the moulting of one individual of A. torren-
tium (ATOR 7) was proven (a moulted carapace with
a transmitter was found). One individual of A. asta-
cus (AAST 4) was probably predated by a muskrat
(Ondatra zibethica) — the signal of the transmitter had
moved from the stream to a terrestrial burrow in the
bank on the last day of the experiment. The signals of
two individuals of A. torrentium (ATOR 3 and ATOR
8) disappeared half a day and six days before the end
of the study, respectively, possibly due to a transmit-
ter failure or predation. One individual of 4. astacus
(AAST 2) was found stuck after the antenna of its
transmitter got entangled in grass. Because this indi-
vidual showed very limited movement and local activ-
ity after 6 August, all data obtained by the radiotel-
emetric tracking of this individual were omitted from
further analyses.

Fright response after capture and tagging

In the first four days after tagging, individuals of both
crayfish species often left their previous locations and
in many cases covered longer distances than during
the entire subsequent telemetry study (3 individuals
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Fig. 2. Emigration response of individual crayfish after capture and tagging: A) Astacus astacus, B) Austropotamobius torrentium
expressed as the distance moved from the original location in the first four days after tagging. Positive values refer to locations
upstream and negative values to locations downstream from the release point. ‘AAST’ with number = individuals of 4. astacus,

‘ATOR’ with number = individuals of 4. torrentium.

of A. astacus, 4 individuals of A. torrentium). There
was no obvious tendency to migrate up- or down-
stream among the A. astacus group (Fig. 2A). Austro-
potamobius torrentium migrated predominantly in the
upstream direction (Fig.2B). However, interspecific
differences (movement probability: x> =0.4103, d.f. =
1, p=0.5218; distance moved: t = —0.6154, d.f. = 14,
p=0.5482; direction of movement: t =—1.7583, d.f. =
14, p=0.1005) were non-significant.

Ranging behaviour and local activity during the
telemetric survey

The relocation of individual A.astacus and A. tor-
rentium in the stream during our telemetric study is
presented in Fig. 3. The two species exhibited similar
displacement patterns, with a predominantly upstream
direction of position shifts. The movement was usu-
ally limited to relatively short time periods followed
by longer periods of staying at a particular shelter. Af-



344 T.Danék et al.

20
15 \
£ V ~AAST 1
‘é’ 10 =AAST 3
3 / ~AAST 4
E s s L \_/ ~AAST 5
o [/ \ \—— ~—
2 R_, A4 - ~AAST 6
8 0 y 4 p. -
k) ~AAST 7
)
~AAST 8
-5 vV
-10 e e e e e e e e e i
6 > & 9 Z 7 Z z Z 2.
%, %, %, ) 2 0. 0. ) )
5 ) ) ) Zs s % Zs Zs s
50
40 [~ =ATOR 1
T !_' ~ATOR 2
'-§ 30 ~ATOR 3
2 / ~ATOR 4
€ 20
@ I—"' ~ATOR 5
[*] r—“
8 10 . 4 ~1 ~ATOR 6
3 ~ATOR 7
0 ~ATOR 8
S10 e A B
% “® G P \ % Q S Yz %
<0 A7) 0. o L8 L5 L5 LD L5 L8
Z. 2. 2. Z. ) r2) 7) 2) 2) )
2 ) s ) s s Zs s Zs Zs

Fig. 3. Relocation of individuals A) Astacus astacus and B) Austropotamobius torrentium during our telemetric survey (6 Aug
—14 Aug 2016). Positive values refer to locations upstream and negative values to locations downstream from the initial location
detected by radiotelemetry. ‘AAST’ with number = individuals of 4. astacus, ‘ATOR’ with number = individuals of 4. torrentium.

ter migration, the individuals usually did not return to
their previously occupied shelter.

The average values representing spatial behaviour
within 3-h intervals and the average numbers of active
A. astacus and A. torrentium are presented in Fig. 4.
The overall movement probability of 4. astacus and
A. torrentium were 11.1% (£ 3.1) and 15.3% (£ 1.8),
respectively, and the distances moved by relocating
individuals were 2.02 m (£ 0.34) and 2.40 m (£ 0.33),

respectively. The overall likelihood of local activity
of A.astacus and A. torrentium was 16.4 % (Activ-
ity 1: 6.4%; Activity 2: 10.0 %) and 17.8 % (10.0 %;
7.8 %), respectively. There were no significant differ-
ences between the two species in movement probabil-
ity (z=1.319, d.f. = 3, 845, p=0.187), distance moved
(t=0.378, d.f. = 4, 107, p=0.7057) or local activity (z=
0.473, d.f. = 3, 858, p=0.636).
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Local activity levels were determined during 1-min time periods by measuring the number of variations in signal strength as an
index of activity. Numbers of signal strength variations were classified into three categories: 0 (0 changes), 1 (one or two changes)
and 2 (> two changes). Dark parts of bars indicate the activity level 2 and their light parts indicate the activity level 1. No significant
differences were found between the species for the same times of day.



Telemetry of noble and stone crayfish 347

Diel changes in ranging behaviour and local
activity

The differences in movement probability between
dawn, day, dusk and night intervals in both species are
shown in Fig. 5. Movement probability differed during
different phases of the diel cycle significantly within
A. astacus (y-=8.3804, d.f. = 3, p=0.03877) as well
as in A. torrentium (y*=22.280, d.f. = 3, p<0.001).
Astacus astacus exhibited the highest values at dawn
(18.18% = 5.25) and at night (15.32% =+ 3.43) and
A. torrentium moved most frequently at dawn (37.25 %
+ 6.84). The lowest values occurred during the day in
A. astacus (724 % + 1.75) as well as in A. torrentium
(9.00 % + 2.03). The movement probability of 4. asta-
cus during dawn was significantly lower than that of
A. torrentium at the same times of day phase (z=2.165,
d.f.=3,103, p=0.0304). All other interspecific differ-
ences were non-significant.

The distances moved by relocating crayfish within
dawn, day, dusk and night during 3-h tracking intervals
between the two species are summarized in Fig. 6. The
distance covered differed during different phases of
the diel cycle significantly in 4. astacus (x*=13.608,
d.f. = 3, p=0.00349), whose individuals moved the
longest distances at dawn (3.70 m+ 1.51) and the short-
est distances during the day (1.41 m+ 0.21) and at night
(1.61 m=£0.21). The distances covered by 4. torrentium
did not differ significantly between different phases of
the diel cycle (x> =2.744, d.f. = 3, p=0.4328). All in-
terspecific differences were non-significant.

A comparison of local activity of A. astacus and
A. torrentium at dawn, during the day, at dusk and at
night is shown in Fig.7. Local activity differed during
different phases of the diel cycle significantly within

A. astacus (y~=18.112, d.f. = 3, p<0.001) as well as in
A. torrentium (x>=9.9578, d.f. = 3, p=0.01893). The
local activity differed significantly within both species
during different phases of the diel cycle, reaching the
highest values during dusk in A4. astacus (40.6 % like-
lihood of activity) and during dusk and night hours in
A. torrentium (30.8 % and 24.2 % likelihood of activ-
ity), respectively. All interspecific differences in local
activity were non-significant.

Impact of sex, size and environmental
parameters

Over the course of the study period, no sex-related
differences were observed in either species regarding
movement probability, distances moved or in local ac-
tivity. The effects of body size and selected environ-
mental variables are summarized in Table 1. We found
that movement probability correlated negatively with
the length of individuals. On the other hand, larger
A. torrentium exhibited higher local activity.

Light intensity, when significant, had the same
impact in all cases. Higher light intensity resulted in
lower movement probability and in lower local activ-
ity. Stable, sunny weather with a clear sky had a posi-
tive effect on distances moved (by both crayfish spe-
cies) and on their local activity (4. forrentium). Lower
turbidity was connected to a higher movement prob-
ability in A. torrentium.

Stable atmospheric pressure was found to have
a positive effect on distances moved by A. astacus.
Higher water temperature had a positive effect on
movement probability as well as on distances moved
by A. astacus. Water level did not have any effect on
crayfish behaviour observed during the study period.

Table 1. Impact of sex, size and environmental variables on the behaviour of Astacus astacus (AAST) and Austropotamobious tor-
rentium (ATOR). Significance: *** = p <0.001; ** = p<0.01; * = p<0.05; . = p<0.1; ns = no significant difference.

Movement probability Distance moved Local activity

AAST ATOR AAST ATOR AAST ATOR
Sex ns ns ns ns ns ns
Carapace length oK ns ns ns ns *
Light intensity ok o ns *
Weather ns ns ok * ns *
Turbidity ns wx ns ns ns ns
Atmospheric pressure ns ns ok ns ns ns
Water level ns ns ns ns ns ns
Water temperature ok * ns ns ns
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Discussion

The main goal of our study was to assess diel changes
in ranging behaviour and the local activity of A. tor-
rentium and A. astacus in a stream where the two spe-
cies co-occur in sympatry. Moreover, we examined the
effects of sex, size and selected environmental param-
eters on crayfish movement and activity, and the ex-
tent of the fright response of the two species to being
captured and tagged. The use of some of the smallest
active radio transmitters currently on the market al-
lowed us to track very small individuals.

In our study, we used radio tags with the same or
lower tag to body weight ratio as previous authors
(Gherardi et al. 2002; Bubb et al. 2006), and assume
that the transmitters generally did not hinder the move-
ment of individuals which we tracked (Robinson et al.
2000). The only exception was individual AAST 2,
which moved to a patch of the stream with otherwise
rare underwater grass, where it got trapped. We found
and freed this individual after the end of the telemetric
study; the flexible antenna of its transmitter became
entangled among stems and roots, creating a knot. The
antenna became noticeably deformed into a spiral as a
result of the animal’s struggle to free itself. After the
study, we re-captured most of the other tracked indi-
viduals, and none of their antennas showed any signs
of getting tangled or trapped. We therefore assume that
the movement of all other individuals was not affected
by the transmitters’ antennas.

It must be noted that the data on which we base
our conclusions were gathered from a limited number
of individuals over a comparatively short period. Our
results should, therefore, be interpreted with caution
and further studies are needed to devise more general
conclusions. Nevertheless, our study brings many new
insights into the behaviour of both species in their nat-
ural environment.

Our results indicate that the two species behave
very similarly, and statistically significant differences
between the two species were rare. Over the course of
the study, individuals of both species moved mostly
in the upstream direction, usually in a sudden manner,
followed by a longer period remaining at a particular
shelter. Prevailing migrations in the upstream direction
in the stream under study have also been recorded by
Kadlecova et al. (2012). Many previous studies deal-
ing with the ranging behaviour of crayfish, however,
report predominantly downstream migrations.

For example, in a study focused on spiny-cheek
crayfish, Bufi¢ et al. (2009b) tentatively interpreted
the downstream migrations of this species by its sea-

sonal relocation to winter refuge. Bohl (1999) remarks
that, while natural behavioural patterns of 4. astacus
include downstream as well as upstream migrations,
long-distance downstream migrations are associated
with disturbance events. Schiitze et al. (1999) also
describe predominantly downstream migrations in
A. astacus; however, as in the previous case, a com-
bination of stress factors (i.e., the release of crayfish
raised at a hatchery into a new environment, large
variations of the water level caused by a hydropower
station and the presence of crayfish plague) may have
influenced the results of that study. The migrations in
the upstream direction observed by us could, therefore,
imply that the conditions in the stream were favour-
able at the time of our study. The objective of these
upstream migrations might, therefore, be the species’
expansion higher up the stream, compensation of a
previous downstream migration of individuals caused
by a stressful event, or the compensation of passive
downstream drift of individuals caused by a high wa-
ter discharge event (Momot 1966; Bohl 1999).

In our study, we did not observe any homing be-
haviour of individuals. After the crayfish migrated,
they usually did not return to their previously occupied
shelter. Loughman et al. (2013) also mentioned that in-
dividuals of Cambarus chasmodactylus did not return
to previously used daily retreats. By contrast, Webb &
Richardson (2004) observed frequent returns of indi-
viduals of Astacopsis gouldi to areas they had previ-
ously occupied, and a similar behaviour was described
by Barbaresi et al. (2004) for Procambarus clarkii. For
crayfish, it is usual that individuals use a patch sur-
rounding their shelter for a few days, and then move
to another (Bubb et al. 2004; Loughman et al. 2013;
Anastacio et al. 2015). As a result of this behaviour,
many crayfish species do not have true home ranges,
but only ‘ephemeral home ranges’ between which they
migrate (Robinson et al. 2000). We hold the opinion
that the absence of homing in our study is connected
to the high number of shelters available at the study
site, which did not force individuals to use the same
retreats repeatedly after migrations.

In our study, a comparison of average values over
the entire 24-h cycle did not reveal any statistically
significant differences between the study species in
movement probability, distances moved or in local
activity. Notably, however, the values recorded for
A. torrentium were slightly greater than those recorded
for A. astacus. This is surprising, as Kadlecova et al.
(2012) found A. torrentium to be more sedentary com-
pared with A. astacus.
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Crayfish are generally regarded as predominantly
nocturnal animals (Abrahamsson 1981; Lozan 2000;
Musil et al. 2010). In our stream, the lowest movement
probability of crayfish was also recorded within day-
time intervals when the levels of light intensity were
high. In both species, however, we found the highest
movement probability not at night, but around dawn.
In A. astacus, moreover, we recorded greater distances
moved at dawn compared with the day and night. The
possible explanations for this are twofold: the first is
that individuals left the safety of their shelter gradually
at different times during dusk and at night, and that the
impending dawn forced them to find a suitable shelter.
Bufic¢ et al. (2009b) also report the greatest numbers
of moving spiny-cheek crayfish within a time interval
that included dawn.

The shift of the peak of migrations to morning
hours at our locality may also be influenced by the
increased predation pressure during the night hours.
Up to 400 mm long individuals of brown trout (Salmo
trutta) are common in the stream under study, and
these trout are mostly active at night (Musil et al., un-
published radiotelemetric data), which increases the
probability of encounters with crayfish at night. Many
authors have reported that a temporarily higher preda-
tion pressure may alter the behaviour of prey, includ-
ing temporal shifts in movement (e.g. Stein & Mag-
nuson 1976; Fraser et al. 1993; Heggenes et al. 1993;
Valdimarsson et al. 1997, Bonnot et al. 2013).

Local activity is another measure for evaluating
animal behaviour. Whereas movement by definition
entails relocation, local activity also covers motion
that is confined to a single place (Lucas & Batley
1996; Bubb et al. 2002; Thiem et al. 2010). This mo-
tion could be associated with feeding, shelter upkeep
or, for example, defence against invaders (Bubb et al.
2002; Robinson et al. 2000)

The temporal distribution of local activity during
the diel cycle differs from that of movement in our
study. Local activity reached its maximum values at
dusk in 4. astacus and at dusk and at night in 4. torren-
tium. This distribution of activity supports the assump-
tion that both crayfish species under study are noctur-
nal and also lends support for our suggestion that the
highest rates of relocation of individuals in morning
hours may be boosted by predation pressure. As local
activity may be realized within the confines of a shel-
ter, it can be assumed to be less risky than movement,
which requires venturing from safety.

Over the course of our study, we found no sex-re-
lated differences in behaviour. We assume, however,
that this is connected to the period in which we con-

ducted our monitoring, during which crayfish behav-
iour was not affected by migrations connected to mat-
ing or by the non-activity of females carrying eggs.
Bohl (1999) points out that females move extensively
after the release of juveniles in summer and very little
during the egg-bearing period (particularly in Novem-
ber), as well as during hatching, which takes place in
May and June. Males may move over long distances in
the mating period, which is in October.

We found that smaller 4. astacus moved more fre-
quently, perhaps because larger individuals are usu-
ally stronger in intraspecific competition, for exam-
ple, when fighting over a shelter (Nakata & Goshima
2003). Larger individuals are, therefore, more likely
to displace smaller ones from their shelters (Webb &
Richardson 2004; Loughman et al. 2013). Smaller in-
dividuals are also usually forced to occupy suboptimal
microhabitats with inferior foraging conditions, which
may result in more extensive spatial exploration in
search of food (Nakano 1995). By contrast, larger indi-
viduals of A. torrentium in our study exhibited greater
local activity. Austropotamobius torrentium prefer to
shelter under stones and boulders (Vlach et al. 2009a).
Presumably, smaller individuals are able to make use
of existing gaps between stones, whereas larger indi-
viduals have to create and maintain a sufficiently large
cavity under stones. In addition, while smaller indi-
viduals may be forced to search for food further away
from their shelters, larger individuals may reside in
more suitable places with better availability of food,
which may be the reason behind their lower movement
rates and higher local foraging-related activity.

Of the environmental variables analysed in our
study, we are not surprised by the statistically signifi-
cant relation between light intensity, movement prob-
ability and local activity. This variable, of course, is
directly linked to the time of day. Over the duration
of our study, we found a positive effect of tempera-
ture on movement probability and distances moved
by A.astacus, which is a common phenomenon in
poikilothermic organisms, in which higher tempera-
tures (unless they are excessive) increase the rate of
metabolism and energy requirements (Ultsch 1989). In
crayfish, a positive correlation between the extent of
movements and temperature has been found, for ex-
ample, in Pacifastacus leniusculus (Bubb et al. 2004).

The behaviour of crayfish was also influenced by
the weather. Under a clear sky, the individuals of both
species moved over longer distances. Astacus astacus
moved significantly over longer distances during peri-
ods of stable atmospheric pressure, and A. torrentium
moved more frequently under low turbidity conditions.
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These three environmental variables are correlated
with each other because the higher variability of at-
mospheric pressure usually indicates less stable, rainy
weather, higher flow rates and higher turbidity. These
results suggest that crayfish movement during unsta-
ble and rainy weather is low. It is reasonable to assume
that in rainy weather, crayfish are more likely to stay
hidden in their shelters to avoid the risk of a sudden
increase in discharge (e.g. during a flash flood), which
can cause involuntary downstream drift (Momot 1966)
accompanied by high mortality of individuals being
swept away (Royo et al. 2002). Low movement of
A. astacus during high water levels is also described
by Bohl (1999).

The effect of the water level by itself did not turn
out to be significant in our study. We assume, how-
ever, that this was caused by the absence of high dis-
charge events in the monitored period, and by a more
or less constantly decreasing water-level trend over its
entire duration.

Our results also highlight the extent of migrations
taking place in the first days after capture and tagging.
Although our results point to possible differences in
the behaviour of the two species, the interspecific
differences detected are statistically non-significant,
probably as a result of high intraspecific variation and
the relatively low number of tracked individuals.

Robinson et al. (2000) point to the fact that the
capture and tagging of individuals can elicit a fright
response manifested by an elevated tendency to move
and migrate away from the original place of occur-
rence in the first few days after tagging. Despite the
limited extent of our dataset, our results indicate that
a fright response does occur, and that the extent of
fright-induced migrations can be considerable. We
took great care not to disturb individual crayfish shel-
ters beyond the minimum extent necessary, tagged the
crayfish carefully, and tried not to cause unnecessary
stress before releasing them back into the place of cap-
ture. However, they still often relocated far away after
their release back into their original position, and the
extent of migrations in the first four days following
capture frequently exceeded that recorded over the
entire telemetric study. This confirms how difficult it
is to interpret data on the ranging behaviour of cray-
fish in traditional mark-recapture studies, in which
recorded values can be overestimated compared with
natural behaviour. In telemetric studies, it is advisable
not to include the first few days after tagging in analy-
ses of regular behaviour.

Acknowledgements

We thank Shiferaw Demeke, Eva Svobodova, Zuzana Hoficka,
Vojtéch Mrazek, Pavel Vlach and David Fischer for their field
assistance and Klara Matasova, Jiii Patoka and Eva Kozubik-
ova-Balcarova for their valuable suggestions concerning the
methodology of crayfish tagging. This study was supported by
the EEA grant EHP-CZ02-OV-1-019-01- 2014 (‘Monitoring of
NATURA 2000 sites as a tool for effective management and
conservation of autochthonous crayfish’) funded by Iceland,
Liechtenstein and Norway, along with the Czech Ministry of
the Environment fund for long-term conceptual institutional
development.

Author contributions

Conceived and designed the experiments: J]M TD JS. Performed
the experiments: TD JM JS TB DS MB EB. Analyzed the data:
PV TD JM. Wrote the paper: TD PV JM JS SIJ OA.

References

Abrahamsson, S., 1981: Trappability, locomotion, and diel pat-
tern of activity of the crayfish Astacus astacus and Pacifasta-
cus leniusculus Dana. — Freshw. Crayfish 5: 239-253.

Anastécio, P. M., Banha, E, Capinha, C., Bernardo, J. M., Costa,
A.M., Teixeira, A. & Bruxelas, S., 2015: Indicators of move-
ment and space use for two co-occurring invasive crayfish
species. — Ecol. Indicators 53: 171-181.

Aquiloni, L., [Théu, M. & Gherardi, E, 2005: Habitat use and
dispersal of the invasive crayfish Procambarus clarkii in
ephemeral water bodies of Portugal. — Mar. Freshw. Behav.
Phys. 38: 225-236.

Barbaresi, S., Santini, G., Tricarico, E. & Gherardi, E, 2004:
Ranging behaviour of the invasive crayfish, Procambarus
clarkii (Girard). — J. Nat. Hist. 38: 2821-2832.

Bohl, E., 1999: Motion of individual noble crayfish Astacus
astacus in different biological situations: in-situ studies us-
ing radio telemetry. — Freshw. Crayfish 12: 677-687.

Bonnot, N., Morellet, N., Verheyden, H., Cargnelutti, B., Lour-
tet, B., Klein, F. & Hewison, A. J. M., 2013: Habitat use under
predation risk: hunting, roads and human dwellings influ-
ence the spatial behaviour of roe deer. — Eur. J. Wildl. Res.
59: 185-193.

Bowler, D. E. & Benton, T. G., 2005: Causes and consequences
of animal dispersal strategies: relating individual behaviour
to spatial dynamics. — Biol. Rev. 80 (2): 205-225.

Bubb, D.H., Lucas, M.C. & Thom, T.J., 2002: Winter move-
ments and activity of signal crayfish Pacifastacus leniuscu-
lus in an upland river, determined by radio telemetry. — Hyd-
robiologia 483: 111-119.

Bubb, D. H., Thom, T.J. & Lucas, M. C., 2004: Movement and
dispersal of the invasive signal crayfish Pacifastacus lenius-
culus in upland rivers. — Freshw. Biol. 49: 357-368.

Bubb, D.H., Thom, T.J. & Lucas, M. C., 2006: Movement, dis-
persal and refuge use of co-occurring introduced and native
crayfish. — Freshw. Biol. 51 (7): 1359-1368.

Bufi¢, M., Kouba, A. & Kozak, P, 2009a: Spring mating period
in Orconectes limosus: the reason for movement. — Aquat.
Sci. 71: 473-4717.

Bufi¢, M., Kozak, P. & Kouba, A., 2009b: Movement patterns
and ranging behavior of the invasive spiny-cheek crayfish
in a small reservoir tributary. — Fundam. Appl. Limnol. 174:
329-337.



Telemetry of noble and stone crayfish 351

Colgan, P, 1993: The motivational basis of fish behaviour. — In:
Pitcher, T.J. (ed.): Behaviour of Teleost fishes (Second edi-
tion). — Chapman and Hall, London, pp. 31-56.

Danék, T., Kalous, L., Petrtyl, M. & Horky, P, 2014: Move or
die: change in European catfish (Silurus glanis L.) behaviour
caused by oxygen deficiency. — Knowl. Manage. Aquat. Eco-
syst. 414: 08.

Davenport, J., 1985: Environmental Stress and Behavioural Ad-
aptation. — Springer, Dordrecht, pp. 1-122.

Filipova, L., Petrusek, A., Matasova, K., Delaunay, C. & Grand-
jean, E, 2013: Prevalence of the crayfish plague pathogen
Aphanomyces astaci in populations of the signal crayfish
Pacifastacus leniusculus in France: evaluating the threat to
native crayfish. — PLoS ONE 8: ¢70157.

Forman, R.T.T. & Gordon, M., 1986: Landscape ecology. —
Wiley, New York, pp. 1-619.

Fraser, N. H. C., Metcalfe, N.B. & Thorpe, J.E., 1993: Tem-
perature-dependent switch between diurnal and nocturnal
foraging in salmon. — Proc. R. Soc. Lond. B Biol. Sci. 252:
135-139.

Fiireder, L. & Reynolds, J. D., 2003: Is Austropotamobius pal-
lipes a good bioindicator? — Bull. Fr. Peche Piscic. 370-371:
157-163.

Gherardi, F, Barbaresi, S. & Salvi, G., 2000: Spatial and tem-
poral patterns in the movement of Procambarus clarkii, an
invasive crayfish. — Aquat. Sci. 62 (2): 179-193.

Gherardi, E, Tricarico, E. & Ilhéu, M., 2002: Movement pat-
terns of an invasive crayfish, Procambarus clarkii, in a tem-
porary stream of southern Portugal. — Ethol. Ecol. Evol. 14:
183-197.

Heggenes, J., Krog, O.M.W.,, Lindas, O.R., Dokk, J.G. &
Bremnes, T., 1993: Homeostatic behavioural responses in a
changing environment: Brown trout (Sa/mo trutta) become
nocturnal during winter. — J. Anim. Ecol. 62: 295-308.

Hirsch, P, Burkhardt-Holm, P, Topfer, 1. & Fischer, P, 2016:
Movement patterns and shelter choice of spiny-cheek cray-
fish (Orconectes limosus) in a large lake’s littoral zone. —
Aquat. Invasions 11: 55-65.

Holdich, D. M., Reynolds, J. D., Souty-Grosset, C. & Sibley,
P.J., 2009: A review of the ever increasing threat to European
crayfish from non-indigenous crayfish species. — Knowl.
Manage. Aquat. Ecosyst. 394-395: 11.

Johnson, A.R., Wiens, J.A., Milne, B.T. & Crist, T. O., 1992:
Animal movements and population dynamics in heterogene-
ous landscapes. — Landscape Ecol. 7 (1): 63-75.

Kadlecova, K., Bily, M. & Maciak, M., 2012: Movement pat-
terns of the co-occurring species Astacus astacus (noble
crayfish) and Austropotamobius torrentium (stone crayfish).
— Fundam. Appl. Limnol. 180: 351-360.

Kozubikova, E., Filipova, L., Kozdk, P, Duri§, Z., Martin,
M. P, Diéguez-Uribeondo, J., Oidtmann, B. & Petrusek, A.,
2009: Prevalence of the crayfish plague pathogen Aphano-
myces astaci in invasive American crayfishes in the Czech
Republic. — Conserv. Biol. 23: 1204-1213.

Loughman, Z.J., Skalican, K. T. & Taylor, N. D., 2013: Habitat
selection and movement of Cambarus chasmodactylus (De-
capoda: Cambaridae) assessed via radio telemetry. — Freshw.
Sci. 32 (4): 1288-1297.

Lozan, J. L., 2000: On the threat to the European crayfish: a
contribution with the study of the activity behaviour of four
crayfish species (Decopoda: Astacidae). — Limnologica 30:
156-161.

Lucas, M. C. & Batley, E., 1996: Seasonal movements and be-
haviour of adult barbel Barbus barbus, a riverine cyprinid
fish: implications for river management. — J. Appl. Ecol. 33:
1345-1358.

Momot, M. T., 1966: Upstream movement of crayfish in an in-
termittent Oklahoma stream. — Am. Midl. Nat. 75: 150-159.

Musil, M., Buti¢, M., Policar, T., Kouba, A. & Kozak, P, 2010:
Comparison of diurnal and nocturnal activity between no-
ble crayfish (Astacus astacus) and spinycheek crayfish (Or-
conectes limosus). — Freshw. Crayfish 17: 189-193.

Nakano, S., 1995: Individual differences in resource use, growth
and emigration under the influence of a dominance hierarchy
in fluvial red-spotted masu salmon in a natural habitat. —
J. Anim. Ecol. 64: 75—84.

Nakata, K. & Goshima, S., 2003: Competition for shelter of
preferred sizes between the native crayfish species Cambar-
oides japonicus and the alien crayfish species Pacifastacus
leniusculus in Japan in relation to prior residence, sex differ-
ence, and body size. — J. Crustacean Biol. 23: 897-907.

Nilsson, P.A. & Bronmark, C., 2000: Prey vulnerability to a
gape-size limited predator: Behavioural and morphological
impacts on northern pike piscivory. — Oikos 88: 539—-546.

Paine, R. T, 1976: Size-limited predation: An observational and
experimental approach with the Mytilus-Pisaster interaction.
— Ecology 57: 858—873.

Patoka, J., Kalous, L. & Kopecky, O., 2014: Risk assessment of
the crayfish pet trade based on data from the Czech Republic.
— Biol. Invasions 16: 2489—2494.

Robinson, C.A., Thom, T. J. & Lucas, M. C., 2000: Ranging be-
haviour of a large freshwater invertebrate, the white-clawed
crayfish Austropotamobius pallipes. — Freshw. Biol. 44:
509-521.

Royo, E, Gonzalez-Cienfuegos, G. & Muzquiz, J. L., 2002: Pre-
liminary observation of occasional mortality in the popula-
tion of freshwater crayfish in the Picos de Europa (Asturias,
Spain). — Bull. Fr. Peche Piscic. 367: 935-942.

Schulz, R. & Schulz, H. K., 2004: Rountable Session 1-Threats
to indigenous crayfish populations: studies on a landscape
level. — Bull. Fr. Peche Piscic. 372—373: 449-456.

Schiitze, S., Stein, H. & Born, O., 1999: Radio telemetry obser-
vations on migration and activity patterns of restocked noble
crayfish Astacus astacus (L.) in the small river Sempt, north-
east of Munich, Germany. — Freshw. Crayfish 12: 688—695.

Sint, D. & Fiireder, L., 2004: Reintroduction of Astacus astacus
L.in East Tyrol, Austria. — Bull. Fr. Peche Piscic. 372—-373:
301-314.

Statzner, B., Fievet, E., Champagne, J. Y., Morel, R. & Herouin,
E., 2000: Crayfish as geomorphic agents and ecosystem engi-
neers: biological behavior affects sand and gravel erosion in
experimental streams. — Limnol. Oceanogr. 45: 1030—-1040.

Stein, R.A. & Magnuson, J.J., 1976: Behavioral response of
crayfish to a fish predator. — Ecology 57: 751-761.

Sutherland, W.J., 1996: From individual behaviour to popula-
tion ecology. — Oxford University Press, Oxford, pp. 1-213.

Svobodova, J., Douda, K., Fischer, D., Lap$anska, N. & Vlach,
P, 2017: Toxic and heavy metals as a cause of crayfish mass
mortality from acidified headwater streams. — Ecotoxicology
26: 261-270.

Taugbel, T. & Skurdal, J., 1999: The future of crayfish in Eu-
rope: How to make the best of a bad situation? — In: Gherardi,
E & Holdich, D. M. (eds): Crayfish in Europe as alien species
— how to make the best of a bad situation? — A. A. Balkema,
Rotterdam, pp. 271-279.



352 T.Danék et al.

Thiem, J. D., Ebner, B. C. & Clear, R. C., 2010: Validating vari-
ation in radio-signal strength as an index of aquatic fauna
activity. — Aust. J. Zool. 58: 50-55.

Ultsch, G. R., 1989: Ecology and physiology of hibernation and
overwintering among freshwater fishes, turtles and snakes. —
Biol. Rev. 64: 435-516.

Valdimarsson, S. K., Metcalfe, N. B. & Huntingford, E A., 1997:
Seasonal changes in sheltering effect of light and tempera-
ture on diel activity in juvenile salmon. — Anim. Behav. 54:
1405-1412.

Manuscript received: 10 March 2018
Revisions required: 12 April 2018
Revised version received: 29 June 2018
Manuscript accepted: 30 June 2018

Vlach, P, Fischer, D. & Hulec, L., 2009a: Microhabitat pref-
erence of the stone crayfish Austropotamobius torren-
tium (Schrank, 1803). — Knowl. Manage. Aquat. Ecosyst.
394-395: 15.

Vlach, P, Hulec, L. & Fischer, D., 2009b: Recent distribution,
population densities and ecological requirements of the stone
crayfish (Austropotamobius torrentium) in the Czech Repub-
lic. — Knowl. Manage. Aquat. Ecosyst. 394—395: 13.

Webb, M. & Richardson, A., 2004: A radio telemetry study of
movement in the giant Tasmanian freshwater crayfish, Asta-
copsis gouldi. — Freshw. Crayfish 14: 197-204.





