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Abstract

The behavioural response of animals to predation risk commonly depends on the behaviour of poten-
tial predators. Here, we report an experiment investigating effects of predator model (a life-like
wooden trout model) distance and movement on the behaviour of three-spined sticklebacks
Gasterosteus aculeatus L. in a standardized experimental setting. When the predator model was
immobile, the behaviour of the sticklebacks could, in general, not be clearly distinguished from a
no-predator control treatment. When moving the predator 41 cm towards the stickleback,
clear anti-predator behaviours were observed. However, behavioural expression depended on the
distance to the predator. At the two farthest distances (approaching from 129 to 88 cm and from
170 to 129 cm), the sticklebacks approached the predator and spent little time freezing. At the two
closest distances (approaching from 88 to 47 cm and from 47 to 6 cm), the sticklebacks increased
the distance to the predator model and froze their movements. These results suggest that the clos-
est-distance groups showed avoidance behaviour, whereas the farthest-distance groups instead
appeared to start inspecting the potential predator. This provides evidence for conditional anti-preda-
tor behaviour and highlights the importance of considering distance to, and movement of predator
models when interpreting data from standardized behavioural trials.
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Introduction

Animals have evolved a diversity of responses to predators where the choice of anti-predator
behavioural strategy depends on the trade-off between the benefits of reducing risks associated with
predator encounters and costs related to loss of time and energy which instead could be spent on
fitness-increasing activities such as foraging, mate search, and courting (Ydenberg and Dill 1986;
Lima 1998; Johnsson 2008). For example, behavioural reactions depend on the level of threat, which
is determined by the distance to the predator, behaviour of the predator, predator species, group size,
and environmental factors, such as turbidity, light level, and distance to the nearest shelter (Cerri
1983; Lima and Dill 1990; Godin 1997). Just like the movements of prey increase the risk of detection
by a predator (Martel and Dill 1995), the activity of a predator can influence its detectability by the
potential prey. When detected, the behaviour of the predator may influence the prey’s interpretation
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of the predator’s intent (Cooper 2000; Stankowich and Coss 2006). Moving predators have been
shown to elicit stronger anti-predator reactions in potential prey, especially when the movement
appears directed towards the prey (Tulley and Huntingford 1988). When the predator is detected
while actively hunting, then the distance to the predator and its approach velocity will influence the
anti-predator reaction of the prey. Longer distance between the predator and prey organisms, and
the slower approach by a moving predator, is commonly associated with a lower anti-predation
response by the potential prey (Dill 1974; Ydenberg and Dill 1986; Stankowich and Blumstein
2005). When conducting laboratory experiments, it could therefore be expected that the presentation
of the predator model influences the recorded behavioural scores.

The usage of artificial predator models is a common alternative to the usage of live predators when
analysing visually mediated anti-predator responses of animals, for ethical reasons (Huntingford
1984), and due to the fact that live predators are unpredictable and may affect the subject prey differ-
ently in each trial (Tulley and Huntingford 1988; McGhee et al. 2013). A multitude of model preda-
tors has previously been used in behavioural experiments, in widely different environments. For
example, stuffed skins of predators have commonly been used to simulate predator threat in terrestrial
environments (e.g., Kruuk 1964; Shalter 1978; Hoogland 1981) and also in aquatic environments (e.g.,
Wolf 1985; Godin and Morgan 1985). However, in aquatic experiments, two- or three-dimensional
artificial models are more commonly used (e.g., Karplus and Ben Tuvia 1979; Magurran and Girling
1986; Metcalfe et al. 1987). Karplus et al. (1982) showed that simple artificial models can elicit biologi-
cally relevant responses in blue green damselfish Chromis viridis (Cuvier 1830), as reactions to models
shaped like sympatric predators were stronger than reactions to models shaped like non-predatory
species. However, it should be recognized that the appearance of the model will likely affect the behav-
iour of the subject individuals for which anti-predator behaviour is scored. For example, more natu-
ralistic predator models have been shown to elicit stronger responses in European minnows
Phoxinus phoxinus (L.) than less naturalistic models (Magurran and Girling 1986). General
knowledge about the reactions of fish to different presentations of model predators is important, as
anti-predator behaviours are used to assess effects of environmental factors on the performance of
animals (e.g., Barber et al. 2004; Naslund et al. 2015).

In this study, we tested the behavioural reactions of three-spined stickleback Gasterosteus aculeatus L.
to a naturalistic (wood) brown trout imitation. In particular, we were interested in how the distance
between the subject stickleback and the model trout affected the behaviour of the stickleback, and
how the reactions differ between an immobile and a moving trout.

We hypothesized that the anti-predator behaviour of three-spined sticklebacks is conditional on the
distance to the predator and on the behaviour of the predator (i.e., whether or not it is moving),
and broadly predicted behavioural differences among our treatment groups. More specific predictions
were avoided, as differences in behaviour may depend on different avoidance strategies as well as on
differences in the level of perceived threat. Thus, with respect to the exact behavioural patterns
expressed in each situation, the study is explorative. The experiment provides information to be incor-
porated in future experimental setups investigating anti-predator behaviour using artificial predator
models and also provides insights regarding reaction distances and potential anti-predation strategies
in three-spined sticklebacks.

Materials and methods

Subject animals

Subject sticklebacks were captured between 14 and 16 April 2014, in the stream Stora An in
Gothenburg, Sweden (WGS84: 57°38'22.8"N 11°55'12.6"E), using minnow traps made from 1.5-1
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PET bottles. The capture site in Stora An is situated 800 m upstream the outlet into the sea. The
stickleback population consists of individuals being fully or semi-plated with respect to the bone-plate
armour and typically retains all dorsal and pelvic spines (a few individuals have been found with only
one dorsal spine; J. Néslund, personal observation, 2011). All subject fish except one were female or
non-reproductive males. The mean body length (nose tip to the end of the caudal fin) was 58.6 mm
(standard deviation: 7.4 mm; range: 42-74 mm). All captured fish were kept in a single communal
tank (90 L) for 14-17 d in the laboratory for acclimation before being subjected to behavioural trials.
The communal tank contained sand and gravel substrate, plastic plants, and cobble, and the sides
were covered by black plastic to reduce disturbance from outside. The sticklebacks were fed frozen
bloodworms (midge larvae, Chironomidae; Akvarieteknik, Sweden) once every day. Water tempera-
ture was kept relatively constant at 10-12 °C during the whole time the fish were housed in the
laboratory.

Experimental setup and treatments

The experimental tank setup consisted of two aquaria placed close together: one smaller (L X W X H:
30 X 50 X 30 cm) for the subject stickleback and one larger (L X W X H: 170 X 50 X 30 cm) for the
predator model. Separate tanks were used to restrict the stickleback within the view of a video camera
(Sony Handycam HDR-XR155, Sony Corp., Japan) placed by the side of the subject aquarium. In
between the tanks, an opaque grey PVC plate was inserted, which could be removed at the start of a
trial. The bottom of the subject tank was covered with fine sand, and the two walls not facing the
camera or the predator aquarium were covered by white paper. Water in the subject aquarium
(depth: 20 cm) was flowing through the tank to keep temperature (10-12 °C) and oxygen levels con-
sistent through trials, and to flush out any chemical compounds released by fish between trials. The
bottom of the predator tank was covered with small cobblestone (diameter: 2-5 cm) and filled with
water to 20 cm depth. A screen hid the experimenter from the subject fish to reduce human-related
disturbance.

The predator model used consisted of a 22.5-cm-long wooden fishing lure (Bertus L.T.T. Multi Trout
BT, Innovative Technology Team, The Netherlands), shaped and coloured as a brown trout, and
jointed to give the model a movement pattern similar to a live trout (Fig. 1). The model was attached
frontally by monofilament nylon line to a thin metal rod outside of the tank, which could be operated
by the experimenter to make the predator model move. A lead weight was attached to the underside of
the model to make it stay at the bottom at a natural brown trout position (i.e., hovering ca. 2 cm above
the bottom). Anadromous brown trout are known to inhabit the stream where the subject sticklebacks
were caught (J. Néslund, personal observation, 2013), and trout are known to eat three-spined stickle-
backs in other water systems (Wootton 1984; Huntingford et al. 1994). Thus, the brown trout model
is mimicking a natural predator for the stickleback as a species, but the predator—prey relationship in
our population is assumed (albeit judged to be very likely).

Fig. 1. The predator model (angling lure; Bertus I.T.T. Multi Trout BT, Innovative Technology
Team, The Netherlands), mimicking a brown trout Salmo trutta.
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Fig. 2. Trial tank setup. The outline of a trout model is illustrated being positioned as in the 129 cm — 88 cm treatment, i.e., starting in posi-
tion a. at 129 cm distance from the stickleback tank during the first 5 min, thereafter being moved forward following arrow 1 to position b. at
88 cm distance and lifted up and down following arrow 2 for another 3 min.

The experimental setup is schematically illustrated in Fig. 2. In the trials, the predator model was placed
at one of four distances from the stickleback tank (47, 88, 129, and 170 cm) with the side of the lure fac-
ing the stickleback tank, so that the whole model was visible. For each distance, 10 sticklebacks were
tested. In addition, we had one control treatment (denoted as CTRL) where no predator model was
present. A trial started within 10 min of acclimation for the stickleback in the subject aquarium.
Thereafter, the dividing screen was removed and video recording began. During the first 5 min (denoted
as T1-T5), we recorded the behaviour of the stickleback without moving the trout model. After 5 min,
we terminated trials for CTRL fish. For the model-exposed fish, we started a second phase of the trial
where we lifted the stick to which the model was attached and moved the predator forward 41 cm.
For approximately 3 min (denoted as T6-T8; duration of T8 varied slightly among individuals depend-
ing on the length of the recorded video, from 79 to 95 s), we slowly kept lifting the front of the trout
model approximately 5 cm, every 10 s. Thus, we recorded behaviour to both a still trout model and a
moving trout model. Treatments in the experiment are consequently denoted as: D47—6, D88—47,
D129-88, and D170—129; the first number indicates the original position (distance in cm) of the
predator model (i.e., during the immobile-model period), and the second number indicates the distance
to which the predator was moved (mobile-model period). After trials, we measured total body length (to
the nearest mm) and wet mass (to the nearest 0.1 g; Kern EW 3000-2M, Kern & Sohn GmbH,
Germany) after anaesthetizing the fish with 2-phenoxyethanol (0.5 ml17").

Behavioural scoring

Behavioural variables were scored from the recorded videos. For each minute, we scored time spent
freezing (i.e., keeping the body still, only moving pectoral fins), time spent within a body length’s dis-
tance from the wall closest to the predator aquarium (frontal zone), time spent in the bottom half of
the water column, that is, within 10 cm distance from the bottom (bottom zone), the number of
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dashes (defined as all types of distinct escape responses where the fish rapidly moves away from its
current position, i.e., long, staggered, or erratic dashes; see e.g., Barber et al. 2004), and the number
of pitches towards the substrate (“nose-down” food-searching behaviour).

Analyses

Behavioural data were analysed using generalized linear mixed models (GLMMs) in IBM SPSS
Statistics 22 (IBM Corp., USA). We chose to analyse different behavioural scores separately, to give
a clear picture of specific effects on the different scores. To analyse the proportions of time freezing,
time in the frontal zone, and time in the bottom zone for each minute of the trials, we used binomial
GLMMs with probit-link functions. The choice of probit over logit was based on the corrected Akaike
Information Criterion (AICc), with all AAIC: > 100. Satterthwaite’s approximation was applied to
estimate degrees of freedom, and model-based covariance estimates were used for tests of fixed effects
and coefficients (i.e., assuming that model assumptions were correct). The model covariance structure
was selected by comparing the AIC. for different covariance structures (diagonal, compound sym-
metry, and scaled identity). In all cases, scaled identity was found to be the best structure (all
AAICc > 100). The models for each analysis were constructed by the 1-min periods as a within-sub-
ject factor (TIME), the treatment group (distance to predator) as a fixed factor (DIST), the interaction
between these factors (TIME Xx DIST), fish identity (ID) as a random factor, and body length as a
covariate (LENGTH). LENGTH was removed from the model if its parameter estimate had a P-value
higher than 0.1, which was the case in all models (all P > 0.38). Post hoc pairwise contrasts (Fisher’s
least significant difference) were applied to investigate differences among treatment groups for each
time period and differences among time periods for each treatment.

A number of dashes and pitches were found to be generally very low and are therefore only described
and not analysed using statistical models.

Ethics statement

The experiment was conducted in accordance with Swedish law and regulations and was approved by
the Ethical Committee on Animal Experiments in Gothenburg, Sweden (ethical licence number
15-2014).

Results and discussion

General notes

Model statistics are presented in Table 1, and visualisations of results are shown in Fig. 3. In the fol-
lowing sections, P-values refer to pairwise contrasts. We present and discuss the major patterns in the
data, with P < 0.05 being considered a significant difference; complete tables of the P-values of all
pairwise contrasts are found in the supplement to the article (Tables S1-S3).

Freezing behaviour

The proportion of time spent freezing generally decreased over the first 5 min (immobile-model
period) following the removal of the dividing screen (all P < 003 for T1 vs. T4 and all P < 0.002 for
T1 vs. T5). It seems likely that the removal of the divider, in general, elicited freezing responses in
the subject fish, which then gradually became less prone to freezing over the following minutes
whereas the predator model was immobile. During parts of this time, D88—47 froze less than
CTRL and D170—129 (T2-T3 for D88—47 vs. CTRL, all P < 0.029; T1-T4 for D88—47 vs.
D170—129, all P < 0.045). However, the relevance of these differences can be questioned, as the
D88—47 treatment group starts the trial with a lower freezing response and seems to have a faster
acclimation. Why this should be expressed only in the D88—47 group is not clear to us. We note
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Table 1. Summary of statistics from binomial GLMMs. Pairwise contrasts are presented in the supplement to the article.

Proportion of time freezing Proportion of time in frontal zone Proportion of time in bottom zone
Fixed effects F df1, df2 P F df1, df2 P F df1, df2 P
DIST 0.887 4,43 0.480 1.326 4, 49 0.274 0.642 4,41 0.636
TIME 15.202 7,287 <0.001 1.128 7,281 0.346 10.522 7,284 <0.001
TIME x DIST 3.619 25, 287 <0.001 3.025 25, 281 <0.001 1.908 25, 284 0.007
Residual effect Estimate (SE) Z P Estimate (SE) Z P Estimate (SE) VA P
Variance 22.696 (1.901) 11.941 <0.001 30.084 (2.544) 11.826 <0.001 21.696 (1.824) 11.896 <0.001
Random effect Estimate (SE) VA P Estimate (SE) VA P Estimate (SE) VA p

covariance
Var(Intercept) 0.529 (0.140) 3.783 <0.001 0.759 (0.214) 3.551 <0.001 1.200 (0.304) 3.950 <0.001
(a) 10 . Fig. 3. Estimated marginal

means from the GLMMs of (a)
proportion of time spent freezing,
(b) proportion of time spent in
the frontal zone, and (c) propor-

Proportion of time freezing

°? tion of time spent in the bottom
zone, with 95% confidence inter-
vals (see Materials and methods
for model descriptions, Table 1
0.0

for overall statistical results, and
(b) 1.0 . Supplemental Tables S1-S3 for
pairwise contrasts). Times 1 to 5
represent the immobile-model
period and times 6 to 8 represent
the mobile-model period.
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not only this result as potentially interesting but also issue an alert for the possibility of a spurious
significance.

During the minute following the predator model approach (T6), the two treatments being closest to
the model (D47—6 and D88 —47) increased the time spent freezing. For D47—6, T6 differed from
T4 to T5 (all P < 0.002); for D88—47, T6 differed from T2 to T5 (all P < 0.020). For D47—6, these
differences were maintained through T7 to T8 (all P < 0.004); for D88—47, the differences were
maintained at least through T7 (P < 0.001). This suggests that the continuous movements of the
model (i.e., lifting the head of the model a few centimetres every 10th second) kept the sticklebacks
vigilant. In the two treatments with the predator model being located farther away, the T6-T8
did not appear to differ markedly from the period just prior to the predator approach (i.e., T5, all
P > 0.158). While it is hard to decide which part of the immobile-model period is the appropriate con-
trol to which the response to a mobile predator should be compared, it is clear that there is a response
to the predator model in D47—6 and D88—47. Thus, when the predator is nearby and approaches,
the response by the stickleback is increased time spent in a freezing position.

During T7, both D47—6 and D88—47 froze more than D129—88 and D170—129 (all P < 0.001), and
this was also the general pattern for the mobile-predator period (T6-T8) with respect to estimated
means (Fig. 3a). This result divides the two farthest-distance treatments from the two closest-distance
treatments. Such a division was not seen during the immobile-model period.

The function of the freezing behaviour at close distances to the predator model is unclear. Theoretical
models and empirical studies generally show that escape should be elicited when the predator comes
within a certain threshold distance (Dill 1974; Magurran et al. 1985; Ydenberg and Dill 1986; Pitcher
et al. 1986; Nishiumi and Mori 2015). Freezing behaviours are typically interpreted as a behaviour
reducing the probability of detection. However, it could be that the increased freezing of D47—6
and D88—47 sticklebacks is part of a predator-inspection behaviour (Dugatkin and Godin 1992;
Godin 1997). At shorter distances, the stickleback does not necessarily have to approach the predator
to assess its intentions.

Frontal zone usage

There was no clear time effect on the proportion of time spent in the frontal zone during the
immobile-predator period (T1-T5) (P > 0.100 for all treatments). Some treatments differed during
this period, most notably with D170—129 spending less time in the frontal zone than D129—88
(T1-T4; all P £ 0.016) and D88—47 (T1-T3; all P < 0.014). The CTRL treatment only differed from
D170—129 at T3 (D170—129 spending less time in frontal zone; P = 0.012) and from D129—88 at
T2 (D129—88 spending more time in frontal zone; P = 0.037) during this time (all other compari-
sons with CTRL had P > 0.100). These detected differences could potentially be spurious, as the vast
majority of the pairwise comparisons with the CTRL group were non-significant. At the end on
the immobile-model period (T5), all treatments had largely overlapping confidence intervals (all
P > 0.283). This indicates that any differences in frontal zone usage, depending on the distance to
the predator, may be short lived.

During the minute following the predator approach (T6), no treatment showed a distinct change in
front zone usage, as compared with T5 (all P > 0.100). However, the frontal zone usage of the
D170—129 treatment during T6 was higher than during T1-T4 (all P < 0.011). This effect appears
to be a consequence of increased frontal zone due to the predator model approach. This is because
the D170—129 treatment also maintained a generally higher frontal zone usage during T7-T8 (all
P <0.036). For D129—88, time spent in the frontal zone was relatively constant (all P > 0.100).
However, as the time spent in the frontal zone was relatively high in the immobile-model period for
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this group, it is hard to distinguish a response to the predator model approach; likely, the response is
similar to the response by D170—129. During T7-T8, both of the two treatments closest to the preda-
tor model reduced the time spent in the frontal zone, as compared with the immobile-model period in
general (P < 0.045 for T5 and T2; all other P < 0.113). The avoidance of the frontal zone in D47—6
and D88—47 during T7-T8 suggests that the fish try to avoid the predator, and the dashing reactions
of a subset of the D47—6 group, which were not seen in any other group when the model approached,
suggest that escape is part of the anti-predator repertoire in sticklebacks. The relatively small size of
the stickleback tank, which is a common feature of laboratory experiments (e.g., Ferno and Jéarvi
1998; Lehtiniemi 2005; Jones and Godin 2010), limited the possible escape distance of the stickle-
backs, and therefore they may be forced to freeze as the only viable option left after having put as
much distance as possible between themselves and the predator.

During T7 and T8, both D47—6 and D88—47 spent less time in the frontal zone than D129—88 and
D170—129 (all P < 0.001), and this was also the general pattern for the mobile-predator period
(T6-T8) with respect to estimated means (Fig. 3b). Increase in the usage of the frontal zone in
the two treatments farthest away from the predator model is here interpreted as a sign of predator-
inspection behaviour, as we commonly saw an immediate and lasting approach response as soon
the predator had moved towards the subject fish. Typically, when a three-spined stickleback detects
a piscine predator, it stops, raises its spines and fixates the predator, whereafter it commonly starts
to approach the predator to inspect it (see e.g., Pitcher 1991; Huntingford et al. 1994; Godin and
Valdron Clark 1997). This behaviour is thought to signal to the predator that it has been detected,
or to investigate the intent of the potential predator (or a combination of both functions) (Dugatkin
and Godin 1992). From the data, it appears that inspection motivation is strong when the predator
is at a relatively far distance. The threshold distance for the initiation of inspection appears to lie
somewhere between 44 and 88 cm, but this could possibly differ depending on factors such as the type
or size of predator, and environmental characteristics (Ydenberg and Dill 1986; Godin 1997). It may
also be that sticklebacks close to the predator model can inspect without approaching the model.

Bottom zone usage

All treatments, except from D170—129, decreased their time in the bottom zone over the 5 min of the
immobile-model period, as evidenced by differences between T1 and T5 (all P < 0.030; also see
Fig. 3¢). D170—129 appeared to use more time in the bottom zone than D47—6 and D88—47 during
T3 and T4 (all P < 0.041). No distinct differences from CTRL were found in any treatment group (all
P > 0.075).

During the mobile-predator period, all treatments spent relatively little time in the bottom zone, and
there were no apparent differences among treatments (all P > 0.100).

Dashes and pitches

At the start of the trials, dashes were observed in approximately half of the fish (40-70%) in all groups
during the first minute after the divider was removed. The group without predator model had the
highest number of fish responding, indicating that the response may not have been a consequence
of exposure to the predator model but rather a response to the removal of the divider. During the fol-
lowing 4 min (immobile-model period) only one fish, from the no-predator treatment, dashed.
During the first minute following predator approach, four fish dashed, all from the D47—6 group.
Thereafter three more fish from the D47—6 group and one fish from the D88—47 group dashed over
the following 2 min.

Twenty-six fish in total displayed pitches over the experiment, generally at a very low frequency. In
the no-predator group, 50% of the fish pitched the first 5 min. In the groups with predator models,
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the percentages were 30%, 40%, 50%, and 50%, in order of increasing distance to the predator. During
the 3 min following predator approach, the percentages were 10%, 30%, 60%, and 20%, in order of
increasing distance to the predator.

Summary discussion and implications

The sticklebacks’ response to an immobile-predator model was not particularly distinct (as compared
with the CTRL treatment; Fig. 3a-3c). The moving model, however, caused clear anti-predator reac-
tions in freezing (Fig. 3a) and time spent in the frontal zone (Fig. 3b). Interestingly, the anti-predator
behaviour differed among treatment groups. At the two shortest distances between the stickleback
tank and the model, the sticklebacks were freezing to a higher extent. They also moved away from
the model, particularly in D47—6 where dash behaviours were observed, and spent more time in
the upper back section of the tank. We observed some sticklebacks in the two closest-distance treat-
ments (D47—6 and D88—47) made a few inspection approaches soon after the predator moved but
then retreated to the back of the tank. At the two farthest-distance treatments (D129—88 and
D170—129), the sticklebacks were more active in the frontal zone instead, likely reflecting predator-
inspection behaviour. The results show that the anti-predator strategies differ depending on the loca-
tion and movement of a potential predator.

The findings presented here can be utilized when designing laboratory experiments. We suggest that
moving models could be used to obtain reliable behavioural scores from small prey fishes, based on
the apparent stronger anti-predator reactions to this type of model presentation. Notably, most
researchers appear to use moving predator models (e.g., Magurran et al. 1985; Pitcher et al. 1986;
Metcalfe et al. 1987; Ferno and Jarvi 1998; Jones and Godin 2010, to name a few studies), but a few stud-
ies have utilized immobile models to be able to use movement tracking software (van der Bijl et al.
2015). Small fish like sticklebacks are commonly used in behavioural ecology experiments, e.g., within
the currently prominent field of animal personality. A trait like boldness should preferably be scored
in a potentially risky situation, and predator models may be incorporated into such trials as highly
standardized risk factors (as opposed to live predators, which vary in behaviour). However, if an exper-
imental situation is not perceived as risky by the subject fish, the results could be misinterpreted by the
researcher. Our study suggests that an immobile predator may not be perceived as an immediate threat
by sticklebacks, and consequently, the behaviours scored in a trial involving an immobile predator may
not represent an anti-predator response. However, it is possible that different populations of stickle-
backs (and different species) will react in different ways to a still predator model. For example, Tulley
and Huntingford (1988) showed that sticklebacks from a low-predation environment were bolder than
conspecifics from a high-predation environment in the presence of a still pike model (distance between
model and subject not stated in the paper). No difference in anti-predator behaviour was, however, seen
between the populations when the pike was moved towards the sticklebacks, which further suggests that
a moving predator model is a better for scoring of anti-predator behaviour.

To obtain scores of predator inspection, which could be a good behavioural indicator of boldness,
moving predator models at distances >88 cm away seem appropriate based on the present study. If
escape responses are to be scored, a close distance between the model and the subject fish is probably
to prefer, as dashing behaviours were only seen in the D47—6 group in this study.

We note that the behavioural responses in the experimental situation vary substantially among indi-
viduals (Table 1 and Fig. 3). This is not at all unexpected, as sticklebacks are widely recognised to
have individual differences in their response to predators, depending on both heredity and previous
experience (Huntingford et al. 1994). The patterns observed in this study suggest that effects of exper-
imental design on behavioural expression are strong, as the effects are detected with relatively small
sample sizes, despite substantial among-individual variation.
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In conclusion, laboratory anti-predator behaviour of three-spined sticklebacks is shown to be chal-
lenging to discern from “normal” novel-environment behaviours when using an immobile-predator
model. An approaching, and thereafter continuously moving, predator model induced stronger
anti-predator behaviours. The specific anti-predator behaviours that were expressed, however,
depended on the distance between the subject stickleback and the predator model.
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