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Abstract

Most studies of predator avoidance behaviours have focussed on single-
predator systems, despite the fact that prey often are confronted with predator rich
environments. In the presence of more than one predator, prey may have to choose
between avoiding one predator over another. How prey cope with exposure to
several enemies simultaneously remains largely untested. In this study I set out to
investigate if skinks showed preferential avoidance of snake odours based on the
relative predation risk posed by different snake species. This relative predation risk
was estimated using information on density, diet specificity and foraging habit of
each snake species. I tested retreat-site selection in two-choice tests, where lizards
chose between different combinations of control and snake treated retreat-sites as
well as two retreat-sites treated with different snake species odours. Lizards
preferred control–treated retreat-sites to those treated with snake odours and
showed a differential avoidance response to refuges treated with odours from
different snake species. There was strong evidence to suggest that lizards
preferentially avoided refuges with the odours of the snake that posed the greatest
predation risk, the white-lipped snake (Drysdalia coronoides). Naı̈ve juvenile
lizards were also tested and their response was similar to the adults demonstrating
that the behaviour is innate and not the result of higher encounter rates of more
common snake odours. To my knowledge this is one of the first studies to
demonstrate that prey can prioritize avoidance to a single most dangerous
predator in the face of several predators and conflicting avoidance responses.
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Introduction

The threat of predation and subsequent predator avoidance can have marked
effects on a variety of prey behaviours. Most studies of predation risk have been
restricted to presenting prey with a single predator or predatory cue, but in
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nature, prey may be faced with multiple predators simultaneously (Sih et al.
1998). Avoiding one predator may conflict with the avoidance of another and can
result in an increase in prey’s exposure to both predators. For example, water
striders that avoid fish by hiding under rocks may increase their susceptibility to
stoneflies, which forage under these rocks (Krupa & Sih 1993). However, if the
probability of being eaten differed between predator species, then prey could
preferentially avoid the most dangerous predator. Although avoidance of one
predator may increase vulnerability to a second, if there is a sufficient difference in
the probability of being eaten between the two predators, then this may result in a
net reduction in the risk of predation. No previous studies have tested if prey can
make decisions based on risk in the face of multiple predators and preferentially
avoid the most dangerous predator.

The fact that prey can make decisions based on risk has been demonstrated
previously. When geckos faced conflicting decisions between predator avoidance,
thermoregulation and social interactions, avoidance of predators was given the
highest priority (Downes & Shine 1998). Furthermore, other studies have shown
that when prey animals are presented with predatory cues sequentially, their
response varies according to the perceived level of predatory threat associated
with that cue (Helfman 1989; Licht 1989; McCarthy & Fisher 2000; Smith & Belk
2001). These examples demonstrate prey can differentially respond to different
measures of risk, which could facilitate preferential avoidance of a dangerous
predator in the face of multiple predators.

The likelihood of predation may vary depending on the physiological state of
the predator [such as hunger levels, (Licht 1989) or time of day (Lima & Dill
1990)] and with geographical location if prey populations experience different
predatory regimes (Storfer et al. 1999; Downes & Adams 2001; Hopper 2001).
Importantly, predation risk may vary simply with the species of predator, if the
likelihood of an attack differs between predators. Prey species often respond more
strongly to abundant, active or efficient predators than to less dangerous ones
(Phillips 1978; Peckarsky 1980; Dickman 1992). Therefore the relative risk
associated with each species is closely linked to ecological and behavioural traits
of the predators, including relative density, diet specificity and activity pattern.
Accurate discrimination, on the part of the prey, is central to this hypothesis.

Discrimination among predators has been demonstrated in many animal
groups and in a variety of sensory modes, the most common of which is,
chemoreception (Kats & Dill 1998). Studies have shown that prey can chemically
discriminate between a predator and a non-predator and only predators of
significant threat elicit avoidance behaviours (Thoen et al. 1986; Cooper 1994).
Therefore chemoreception provides an ideal mechanism that would enable prey to
detect and discriminate between different predators. Squamate reptiles possess a
highly developed chemosensory system (Schwenk 1995) and lizards have an acute
ability to use chemical cues to discriminate between predatory and non-predatory
snake species (Thoen et al. 1986; Cooper & Burghardt 1990). In this respect
lizards and their snake predators provide an ideal system to investigate the
behavioural responses of prey in the face of simultaneous multiple predator cues.
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Here I test how the mountain log skink (Pseudemoia entrecasteauxii) copes
with multiple predators. The design utilizes a two-choice test between retreat-
sites that have been treated with different odours. Retreat-site selection has been
used successfully in previous studies to assess the avoidance behaviours of
lizards and provides a robust measure of predator avoidance (Cooper &
Burghardt 1990; Downes & Adams 2001). In this study, I test if skinks
differentiate between odours of three predatory snakes and avoid retreat-sites
treated with odours of the most dangerous predator compared with those
treated with odours from a less dangerous predator. The prediction is that when
faced with retreat-sites containing control and snake odours lizards choose
control retreat-sites, and when faced with retreat-sites treated with the odours of
two snakes they choose refuges treated with odours of a less dangerous snake.
I also test if this ability to prioritize reflects prior experience with snake odours
by testing juvenile lizards that have no prior experience with snake odours.
The prediction is that no difference in predator avoidance is expected if the
behaviour is innate.

Methods

Study System

The mountain log skink, P. entrecasteauxii, is a small (up to 50 mm) diurnal
lizard that inhabits cool temperate areas of south-eastern Australia and Tasmania
(Cogger 1996). Snakes represent a significant predation threat to this species and
for this study I chose three snake species that prey on P. entrecasteauxii. During
the selection of a retreat-site lizards are likely to encounter snake chemicals,
however, because of differences in the ecology and behaviour of the snakes the
likelihood of an attack may vary and therefore the perceived risk of each predator
will vary also. If a lizard encounters the odour of a specialist lizard feeder then the
likelihood of attack from this snake is high, relative to a generalist feeder.
Moreover the probability of an attack from a nocturnal feeder is lower during the
day compared with at night and an attack from a common predator is more likely
than from a rare predator. Hence a lizard’s risk of predation from each snake can
vary depending on the snake’s relative density, diet specificity and foraging
patterns. Using these attributes the snake species can be ranked according to their
predation risk (Table 1). A lizard’s risk of predation from a white-lipped snake is
high as this snake is the most abundant snake in the alpine region, it specializes on
scincid lizards, and is active during the day and early evenings (Shine 1981). The
probability of an attack from a red-bellied black snake, on the other hand, is low
as these snakes are less abundant and although they are actively foraging at the
time when lizards are selecting a refuge the probability of attack is low as they
feed predominantly on frogs (Shine 1977). Finally an attack from a small-eyed
snake is also low as these snakes are nocturnal, and when a lizard is choosing a
retreat-site prior to dusk, the small-eyed snakes are not actively foraging (Shine
1984).
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Animal Care and Husbandry

Lizards were collected from Namadgi National Park and were housed in
plastic containers 42 · 32 · 22 cm (length · weight · height) in a temperature-
controlled room maintained at 18–20�C. The floor of the container was covered in
mulch and a ceramic tile was provided as a retreat site. A temperature gradient
was established by placing heating tape under one half of the container to allow
animals to thermoregulate freely. The room was under a 12:12 h light:dark cycle
and animals were provided with ad libitum water and food. Naı̈ve juvenile lizards
were offspring born in the lab approximately 12 wk before I began experimental
trials and they had no prior experience with snake odours.

As small-eyed snakes are at such low densities in Namadgi National park
and would be difficult to catch, I chose to use snakes from areas other than
where the lizards were caught. A White-lipped snake (Drysdalia coronoides)
was collected from within the Australian Capital Territory (ACT), and a
Small-eyed snake (Rhinoplocephalus nigrescens) was collected from New South
Wales (NSW). The Red-bellied black snake (Pseudechis porphyriacus) used in
this study was a captive animal that was caught in the ACT, and housed at a
nearby reptile zoo. Because of difficulties in collecting and housing poisonous
snakes, a single representative of each species was used.

Although there may be inter-individual variation in scent, behavioural
assays have shown that odours of conspecifics are more similar to each other
than odours of individuals from different species (Heth et al. 1999; Heth &
Todrank 2000; Heth et al. 2001). Thus inter-specific variation in odours is
likely to be greater than inter-individual variation. Although several studies
have demonstrated that prey can discriminate between individuals of a
predatory species based on diet and hunger state (Licht 1989; Murray &
Jenkins 1999; Belden et al. 2000; Smith & Belk 2001), no evidence for

Table 1: The likelihood of a predatory attack from each snake species during
retreat-site selection (predation risk) based on the diet, relative density and foraging

activity of the each snake species

Snake
species

Proportion of diet
comprising lizards

Relative
density

Foraging
activity

Predation
risk

White-lipped snake
Drysdalia coronoides 86%a Highd Diurnala High
Red-bellied black snake
Pseudechis porphyriacus 29%b Mediumd Diurnalb Low
Small-eyed snake
Rhinoplocephalus nigrescens 89%c Lowd Nocturnalc Low

aShine (1981).
bShine (1977).
cShine (1984).
dCSIRO Wildlife Museum records.
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discrimination based on other characters such as body size (Smith & Belk
2001) or population has been found (Downes unpubl. data). To minimize any
dietary or hunger effects on snake odours the snakes were fasted for a week
before each trial.

Experimental Design

To investigate if lizards can prioritize avoidance according to risk and to test
if this is influenced by prior experience with snake odours, separate experiments
were conducted. The first investigated the retreat-site selection of adult lizards,
and the second repeated this experiment with minor modifications using naı̈ve
juvenile lizards and adult lizards. Different adult lizards were used in the first and
second experiment.

Experiment 1: adult lizards

The retreat-site selection of P. entrecasteauxii was tested for six nights in
two-choice tests. Experiments were carried out in plastic tubs that were the same
size as the lizard’s home enclosure and had a mulch substrate. Two ceramic tiles
were placed at either end of the lizard enclosures to act as retreat-sites. The trial
enclosures were placed longitudinally along the heat tape to provide equal heat
conditions for each tile. Under each tile a piece of odour treated paper towel was
placed on top of the mulch. The paper towel was treated with one of the three
snake species odours or an odourless control. Snake odours were obtained by
placing the damp paper towel in the snake enclosure 2 d prior to the
experimental night. The paper towel was removed from the snake’s enclosure
on the day of the experiment and cut into squares (100 · 100 mm), and one
square was placed under each tile. Clean gloves were used when handling the
paper towels to control for human odours, and gloves were changed when
handling paper from other treatments to avoid cross-contamination. The
odourless control paper towel was treated in the same manner but was placed
into an empty plastic container 2 d prior to the experimental night. Lizards were
placed into experimental cages 1 h before the heating and lights were turned off.
Three hours later the retreat-site selection of the lizard was recorded and the
lizards were returned to their home enclosure. Observations during a pilot study
suggested that the lizards sampled each retreat-site through tongue-flicking
before choosing a retreat-site.

Each individual faced all six possible two-choice combinations of odours and
lizards were allocated to each two-choice test using a Latin-square design. The
design ensured each lizard was tested with each of the six two-choice combina-
tions over six experimental nights controlling for order and night effects. Within a
treatment the locations of the scented and unscented towels varied such that in
half the pairs the control was on the left and in the other half the control was on
the right side of the enclosure. In total 24 adult male lizards were tested each
night.
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Experiment 2: adult and naı̈ve juvenile lizards

The experimental procedure was the same as described in the first
experiment, but the treatments and design differed slightly. The same odour
treatments were used and a second pungency control was included to test for the
possibility that lizards respond to a novel scent on the paper towel. The pungency
control is particularly pertinent to this experiment as the naı̈ve juveniles had never
been exposed to snake odours and avoidance of snake treated tiles could simply
be avoidance of unfamiliar odours and not snake odours. The pungency control
paper towel was sprayed with dilute Eucalyptus oil (1, 8-cineole), which is a
naturally occurring substance in the field, and then the paper towel was treated in
the same manner as the odourless control paper towel in the previous experiment.
Three snake odours and two controls (odourless and pungency retreat-sites,
respectively) resulted in ten two-choice combinations. Lizards were allocated to
treatments using a Latin Square designs and all lizards were tested over 10 nights
with 10 different odour combinations. A total of 12 adult males and 12 naı̈ve
juvenile lizards (sex unknown) were tested.

Statistical Analysis

Data were analysed using the Bradley-Terry logistic regression. This model
is specifically designed for paired comparisons where the response variable is
categorical or ordinal (Bradley & Terry 1952), and has been used previously in
several studies using two-choice tests (Boyd & Silk 1983; De’ath & Moran
1998; Head et al. 2002; Molloy & Hart 2002). The advantage of using this
parametric model over other methods of analysis is that it provides a statistical
measure of preference for each treatment based on the lizard’s choice of
retreat-site (preference rating) and it provides a single overall test rather than
multiple independent tests (De’ath & Moran 1998). Most importantly, in the
case of multiple treatment comparisons this model provides a rank of the
treatments (expressed as the preference rating) and locates them along an
underlying trait, in this case predation pressure. If the Bradley–Terry Model
adequately describes the data then the preferences are uni-dimensional (De’ath
& Moran 1998).

In a pilot experiment I tested if during repeated experiments lizards became
acclimated to the test procedure and altered their choices. I gave 10 lizards a
choice between control and white-lipped snake treated refuges for five consecutive
nights and lizards consistently chose the control refuge (Stapley, J. unpubl. data).
As the lizard’s choice did not change across the five nights and the order of
treatments in these experiments were balanced across days, repeated measures
were considered independent observations to simplify the analysis.

Once the GLM was fitted, comparison of the residual deviance and degrees
of freedom were conducted between models of equal preference and unequal
preference, and equal preference between adults and naı̈ve juveniles. The change
in deviance between two models has a chi-squared distribution and is therefore
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compared using the chi-squared statistic. The model estimates the mean treatment
effects and a priori comparisons of each of these against the control were carried
out (a ¼ 0.05). Additional unplanned comparisons were also carried out and
Bonferroni corrections were made to the critical p-values.

Results

In no cases did lizards fail to select a retreat-site during the course of either of
the two experiments (Tables 2 and 3). In both experiments there was a significant
treatment effect on retreat-site selection, with the Bradley–Terry Model fitting the
data more accurately than a model of equal preferences (experiment 1:
v2 ¼ 26.13; 3; p < 0.0001, Fig. 1; experiment 2: v2 ¼ 16.18; 4; p ¼ 0.008,
Fig. 2). Looking at these figures the preference ratings estimated by the
Bradley–Terry model show a ranking of each of the treatments and the control

Table 2: Total number of times adult lizards chose one of two retreat-sites treated with
different odours in two choice tests (n ¼ 24)

Retreat-site 1 Retreat-site 2 Choose 1 Choose 2

White-lipped snake Red-bellied black snake 6 18
White-lipped snake Small-eyed snake 4 20
White-lipped snake Control 2 22
Red-bellied black snake Small-eyed snake 14 10
Red-bellied black snake Control 7 17
Small-eyed snake Control 8 16

Table 3: Total number of times adult and juvenile lizards chose one of two retreat-sites
treated with different odours in two choice tests (n ¼ 12)

Retreat-site 1 Retreat-site 2

Adults Juveniles

Choose 1 Choose 2 Choose 1 Choose 2

White-lipped snake Red-bellied black
snake

1 11 4 8

White-lipped snake Small-eyed snake 2 10 3 9
White-lipped snake Odourless control 1 11 2 10
White-lipped snake Pungency control 0 12 1 11
Red-bellied black
snake

Small-eyed snake 8 4 7 5

Red-bellied black
snake

Odourless control 3 9 3 9

Red-bellied black
snake

Pungency control 4 8 2 10

Small-eyed snake Odourless control 2 10 4 8
Small-eyed snake Pungency control 3 9 3 9
Odourless control Pungency control 5 7 4 8
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Fig. 1: Preference ratings for retreat-sites treated with snake odours (WL: white-lipped snake; RBB:
red-bellied black snake; SE: small-eyed snake) and control odours. Error bars represent

95% confidence intervals
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Fig. 2: Preference ratings for retreat-sites treated with snake odours (WL: white-lipped snake; RBB:
red-bellied black snake; SE: small-eyed snake) and control and pungency control (P. Control) odours

for adult and juvenile lizards. Error bars represent 95% confidence intervals
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according to how often the lizards chose a particular retreat-site in the two-choice
tests. In experiment one, lizards preferred the odourless retreat-site to snake
retreat-sites (white-lipped snake t22 ¼ 4.64, p < 0.0001; red-bellied snake
t22 ¼ 2.50, p ¼ 0.01; small-eyed snake t22 ¼ 1.97, p ¼ 0.03). Furthermore, lizards
preferred red-bellied black and small-eyed snake retreat-sites to white-lipped
snake retreat-sites (t22 ¼ 2.14, p ¼ 0.022, a ¼ 0.025; t22 ¼ 2.69, p < 0.007,
a ¼ 0.025 respectively).

In experiment two, the response of naı̈ve juvenile and adult lizards was not
significantly different (v2 ¼ 0.438; 1; p ¼ 0.97, 31% power to detect a medium
effect). The preference ratings show that juveniles and adults preferred control
retreat-sites to snake retreat-sites (juveniles: white-lipped snake t10 ¼ 3.35,
p ¼ 0.003; red-bellied snake t10 ¼ 2.11, p ¼ 0.03; small-eyed snake t10 ¼ 2.03,
p ¼ 0.034 and adults: white-lipped snake t10 ¼ 3.29, p ¼ 0.004; red-bellied snake
t10 ¼ 1.89, p ¼ 0.044; small-eyed snake t10 ¼ 2.06, p ¼ 0.033). There was no
difference between the selection of retreat-sites treated with the odourless control
or pungency control (juveniles t10 ¼ 0.53, p ¼ 0.30; adults t10 ¼ 0.31, p ¼ 0.38).
Juvenile lizards more often selected red-bellied black and small-eyed snake refuges
than white-lipped snake refuges, but this was not significant after a Bonferroni
correction (t10 ¼ 1.98, p ¼ 0.037, a ¼ 0.0125; t10 ¼ 2.06, p ¼ 0.033, a ¼ 0.0125
respectively). This may be due to lack of power as the same comparison also came
out as non-significant for adults (t10 ¼ 2.15, p ¼ 0.028, a ¼ 0.0125; t10 ¼ 1.96,
p ¼ 0.039, a ¼ 0.0125 respectively), although a significant preference was found
in the first experiment.

Discussion

This study shows that the presence of snake odours influences the retreat-site
selection of lizards. The preference ratings estimated by the Bradley–Terry Model
demonstrate that lizards preferred control retreat-sites to snake refuges.
Furthermore, lizards were more likely to choose red-bellied black snake and
small-eyed snake refuges over white-lipped snake. This provides evidence that
lizards can discriminate between the three snake species and preferentially avoid
the more dangerous predator. Previous studies have demonstrated that when prey
animals are presented with predator cues sequentially, they show a stronger
response to cues that represent a greater threat (Helfman 1989; Licht 1989; Smith
& Belk 2001). However, this is one of the first studies to demonstrate that in the
face of simultaneous predator cues, prey species can preferentially avoid the more
dangerous predator. These results were also replicated in naı̈ve juvenile lizards,
demonstrating that, in agreement with previous findings (Van Damme et al. 1995;
Veen et al. 2000), predator recognition and avoidance behaviours are innate in
these lizards. Similarly, the differential avoidance of predators by adult lizards is
not simply a function of higher encounter rates of those odours in the wild.

Although the pattern of avoidance is clear, in a few occasions lizards
appeared to make the �wrong� choices, for example they chose snake retreat-sites
over control retreat-sites (Tables 2 and 3). This could be because of two things,
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variation in lizard responsiveness to snake scent or variation in the concentration
of odour on the paper towel. When looking at the data for each lizard, no
individual lizard consistently made the �wrong� choice, instead theses choices
appeared to be random with respect to each individual. This would suggest then,
that this result is because of variation in the concentration of snake odours on the
paper towel. It is possible that snake odour was not uniformly distributed on
the paper towel, although by rotating the towel within the snake enclosure the
potential for this variation was minimized.

The preferential avoidance of white-lipped snake refuges to other snake
refuges suggests that lizards could discriminate between the odours of white-
lipped snakes and the other snakes. A previous study has shown that lizards can
discriminate between the odours of different snake species and only show
avoidance response to predatory snakes (Thoen et al. 1986). The lizard’s
preference ratings for red-bellied black snake refuges were similar to the
preference ratings for small-eyed snake refuges. It is unlikely that lizards could
not discriminate between their respective odours, because there is little evidence to
suggest that red-bellied black and small-eyed snake odours would be more similar
to each other than either is to white-lipped snake odours. First, the diets of small-
eyed snakes and white-lipped snakes are more similar to each other, compared
with that of red-bellied black snakes (Shine 1981; Shine 1984). Secondly, the
phylogenetic relationships between the three snakes, supported by morphological
and genetic data, has shown that each belongs to its own distinctive clade (Keogh
et al. 1998; Keogh 1999). Therefore it is more likely that the lizard’s response to
red-bellied black and small-eyed snake refuges is because of the similarity in threat
posed by these two snake species rather than an inability to discriminate between
their odours.

Our results suggest that lizards preferred small-eyed and red-bellied black
snake refuges when the alternative was white-lipped snake refuges. Why would
lizards prioritize avoidance in this way? The most likely explanation is that
lizards selected the refuges based on the perceived risk of predation associated
with that cue. For example if a lizard encounters the scent of a white-lipped
and a red-bellied black snake, the likelihood of attack from the white-lipped
snake would be greater because white-lipped snakes specialize on small skinks
(Shine 1981). Similarly if skinks encounter the odours of a small-eyed snake,
because these snakes are nocturnal (Shine 1984) the probability of attack in the
afternoon (during retreat-site selection) is less than the probability of a white-
lipped snake attack. When the choice is between an odourless control and
snake scented refuge lizards choose the odourless control, demonstrating that
all these snakes pose some risk. However the preferential avoidance of white-
lipped snake refuges, would suggest that these pose the greatest risk and lizard
avoided these accordingly.

The ability of prey to preferentially avoid a single dangerous predator in the
face of multiple enemies is an example of an adaptive anti-predator response,
enabling prey to cope with multiple predators. This strategy may be quite
widespread, as a graded avoidance response as seen in fish (Helfman 1989; Smith
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& Belk 2001) and invertebrates (McCarthy & Fisher 2000) could result in
prioritized avoidance when predator cues are presented simultaneously. The
results of this study provide evidence that may serve to improve our overall
understanding of predator prey relationships and predator population dynamics.
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