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Introduction

Abstract

The sensory systems of animals have evolved to meet the demands of
functionally critical events. Animals that rely on visual motion cues
must ignore irrelevant movement and only attend to certain characteris-
tics that warrant further consideration. For the Australian jacky lizard
(Amphibolurus muricatug, movement is essential for detecting potential
prey. Here we examine whether differences in the actual motion charac-
teristics of a simulated prey item influence predatory behaviour.
We begin with direct observations of responses to live prey items to
define an ordinal scale for subsequent video playback experiments
involving a synthetic prey item (an animated cricket). In expt 1, we
show that the responses of lizards to the synthetic prey were matched to
those given in response to video of an actual cricket. In expt 2 we
manipulated the movement patterns of the synthetic cricket based on
motion analysis of actual prey movement. Manipulating motion charac-
teristics did not influence the level of predatory behaviour observed,
however, lizards showed sustained predatory behaviour to stimuli with
speed characteristics that were matched to those of real crickets. We dis-
cuss the possibility that recent experience of prey movement in captivity
has influenced the foraging behaviour of these lizards.

the direction of their long axis elicit striking response
in salamanders; however, when a rectangle moves

Selection to solve ecologically relevant problems pro-
duces efficient sensory and perceptual mechanisms.
Visual motion cues alone provide many animals
with the means to identify predators, prey and con-
specifics, but responding to all visual stimuli would
be inefficient, so animals filter irrelevant movement,
attending to specific movement characteristics (e.g.
Ewert 1974; Roth & Himstedt 1978; Fleishman 1986;
Schulert & Dicke 2002). For example, movement
characterized by abrupt changes in velocity is more
effective in eliciting an orienting response from Anolis
lizards than smooth sinusoidal motion (Fleishman
1988). Similarly, Luthardt & Roth (1979b) demon-
strated that the velocity of a moving stimulus
interacts with stimulus orientation in eliciting prey-
catching behaviour in salamanders (Salamandra
salamandra. Rectangular objects moving slowly in
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orthogonal to the long axis, salamanders were more
likely to strike when movement was fast.

Lizards are useful models for examining how
motion mediates behavioural responses. Physiologi-
cal studies of the anoline visual system suggests high
potential acuity; all of the species examined to date
have a relatively low ratio of photoreceptors to gan-
glion cells (Makaretz & Levine 1980) and possess all
cone retinas (Fleishman 1992). Such physiological
characteristics are likely to reflect the type of prob-
lems the system has evolved to address, such as sen-
sitivity to the characteristics of preferred prey items
(Fite & Lister 1981). Movement is a key factor in the
initiation of predatory behaviour in many sit-and-
wait predators. Unlike toads, lizards do not appear to
have an automated response to stimuli, with move-
ment and morphological characteristics similar to
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prey items (Fleishman 1986). Rather, it appears that
lizards will attend to a variety of movement patterns,
and that their responses are mediated by further
analysis of stimulus characteristics (Fleishman 1986).
Lizards also tend to have a variety of predatory
responses, expressed at different intensities. They are
hence ideal for analysing how stimulus characteris-
tics affect behavioural responses.

Previous studies have demonstrated the effective-
ness of video playback techniques in studying visual
communication in the jacky lizard, Amphibolurus
muricatus (Ord et al. 2002; Peters & Evans 2003).
Here we extend this approach to examine the way
in which prey movement affects predatory behav-
iour. We begin with observations of the lizards’
responses to a representative prey species (crickets,
Acheta domesticys constructing an ordinal scale to
measure variation in behaviour. We then validate
the use of a synthetic prey item (an animated
cricket) by comparing responses to this stimulus with
responses to video of a live cricket. Finally, we use
synthetic stimuli with precisely controlled speed and
acceleration to identify the movement characteristics
necessary to evoke a predatory response.

Methods

Subjects

Subjects were sexually mature male jacky lizards,
wild-caught in bushland south of Sydney, Australia.
Animals were held in individual pens of aluminium
frames, sides of rigid opaque white plastic sheeting,
and a clear perspex front (64 x 75 cm and 120 cm
high). Pens had sand substrates, contained branches
and foliage for refuge and basking, and were
arranged so as to maintain visual isolation from
other lizards. Rooms were maintained on a light
regime of 14:10 h light:dark cycle (lights on at
06:00 hours), corresponding to midsummer, with a
temperature of approx. 26°C. In addition, heat lamps
(125 W, 240 V Philips Spotone; Philips Electronic
Australia Ltd., North Ryde, NSW, Australia) and UV
lamps (300 W Osram Ultra-Vitalux; OSRAM Austra-
lia Pty Ltd, Pennant Hills, NSW, Australia) were
suspended above the aquaria to facilitate basking
and prevent vitamin deficiency. Lizards were fed
twice weekly with live crickets dusted with vitamin
supplements (RepCal, Los Gatos, CA, USA). Water
was provided in a small bowl within each pen and
the foliage was lightly sprayed each day to provide
additional moisture. All lizards were eventually
released at the point of capture.
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Ethogram of Predatory Behaviour

We systematically observed feeding sessions to define
the predatory behaviour of jacky lizards and to
develop a scoring system for subsequent playback
experiments. Twenty lizards were each presented
with a single large brown cricket (Achetadomesticys
that was released into their home enclosure through
a pipe in a corner. We videotaped the behaviour from
1 min prior to receiving prey, until the cricket was
consumed. Four feeding sessions were recorded for
each lizard, with an interval of 3-4 d between ses-
sions. Behaviour was then scored from video footage.

Results for all feeding sessions and lizards were
pooled, and Markov analysis was used to calculate
transition probabilities between all possible pairs of
behaviours (UNCERT software; Hailman & Hailman
1993). An ethogram summarizing response to the
cricket is presented in Fig. 1. Feeding sessions typi-
cally began with the lizard perched and scanning the
enclosure (Scanning). Delivery of the cricket evoked
movement of either the head or an eye to fixate on
the prey item (Head and Eye orientation, respec-
tively). The lizard then moved towards the cricket
(Approach), striking with mouth open (Strike) and
finally consuming it (Feeding). This general pattern
was not obligatory; occasionally lizards would move
towards the cricket, only to lose sight of it in the
foliage (Approach-Scanning transition), or they
would strike at the cricket and miss (Strike—
Approach transition). The general pattern of jacky
lizard behaviour is similar to that of other ambush
predators such as the salamander (Plethodonjordani),
which also responds to prey with a head orientation,
followed by approach and strike (Schulert & Dicke
2002). We used the foraging ethogram to derive a
behavioural index (Fig. 1). This allowed us to assign
each component of predatory behaviour to one level
of a monotonically increasing scale (0-3).

Expt 1: Video of Live Cricket vs. Animation

In this experiment, we tested the effectiveness of a
computer-generated representative prey item. We
compared predatory behaviour in response to mov-
ing and stationary sequences depicting a live cricket
and a matched animation.

Stimuli

We created the live cricket stimulus sequences first,
and then used these to model computer-generated
stimuli. A fixed Canon XL1 3-CCD digital video
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Head
Orientation

Feeding

camcorder (Canon, Inc., Tokyo, Japan), mounted on
a Manfrotto tripod at a slightly elevated position to
the side, was used to film several crickets moving
across a uniformly lit sandpaper substrate. Six
sequences (three left-to-right and three right-to-left)
were selected and edited together using FINAL cur
PRO 2 software on a Macintosh G4/500 computer
(Apple Computer Inc., Cupertino, CA, USA). The
completed sequence (LIVE-MOVING) consisted of
7 min of blank background, followed by three cycles
of the cricket moving back and forth across the
screen, lasting 12 s. Two minutes of blank back-
ground completed the sequence. To create a
stationary cricket sequence (LIVE-STATIONARY),
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Eye
Orientation

Fig. 1: Ethogram of jacky lizard prey-capture
used to determine an ordinal scale of behavio-
ural responses.Feedingsessionsbegan with
the lizard scanningtheir enclosure (Scanning;
score of 0). Upon delivery of the cricket,
either the head or the eye orients in a direc-
tion towards the prey item (Headand Eyeori-
entation respectively; 1). Lizardsthen moved
toward the cricket (Approach;2), striking with
mouth open (Strike;3), and Pnallyconsump-
tion (Feeding;not scored). Occasionallylizards
would move toward the cricket, only to appar-

frequenc .1 . - .

q y 0 ently lose sight of it in foliage (Approachto
Transition — Scanning),or they would strike at the cricket
probability 1.0 and miss (Striketo Approach).

we exported a single frame from the moving
sequence. This was imported into FINAL cuT PRO and
repeated to create a stimulus in which the static
cricket appeared in the centre of the screen for the
same duration as in the moving sequence, with 0.5-s
fades in and out.

The animated cricket was constructed using LIGHT-
wAVE 3D (NewTek, Inc., San Antonio, TX, USA) soft-
ware on a Macintosh G4/500 computer. We created
a simple prolate spheroid and matched surface col-
our by sampling RGB values from three separate
points on the live cricket. Substrate and background
colours were defined in the same way. Movement
was modelled from the final sequence of the live
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cricket by defining coordinates at three key frames
along its path (ANIMATED-MOVING). The ANI-
MATED-STATIONARY sequence was then created
using a single frame, in the same way as the LIVE—
STATIONARY stimulus. Real and computer-gener-
ated crickets were hence matched for average shape
(size of long axis: 1.85 cm/52 pixels), colour, time
visible and movement characteristics.

Procedurend data analysis

Stimuli were presented on a Sony PVM-14M2A col-
our monitor (Sony Electronics, San Diego, CA, USA)
located in front of the pens of 20 lizards. The moni-
tor was approx. 0.5m from the basking site under-
neath the heat lamp in each pen, making stimulus
size approximately 1.95°. Sequences were played
from digital videotape (Sony DVMG60EX2) using a
Sony GV-D300E mini-DV deck. The S-video output
from the deck was then connected to the Sony
monitor. Lizard responses were recorded using a
Panasonic WV-CP240 CCTV camera (Matsushita
Electronic Industrial Co., Ltd, Osaka, Japan) with a
WV-LZ62/2 lens, connected to a VHS video deck. All
stimuli were presented with the soundtrack muted,
but a marker tone (inaudible to the subject lizard)
was dubbed directly to the VHS deck to facilitate
measurement of response latency.

We conducted all playback tests between 08:00 and
12:00 hours, which corresponds to the period of peak
activity in our captive population (Ord 2001). Presen-
tation time was standardized within each lizard, so
that the inter-playback interval was always approxi-
mately 48 h. Lizard responses were scored in real time
with JWATCHER event recorder software (Blumstein
et al. 2000), and using the response index derived
above (Fig. 1). We also measured the latency to first
response. Friedman’s ANovas were used to compare
the response index scores observed and latency to
respond across the four sequences. Pair-wise compari-
sons (LIVE v ANIMATED; MOVING v STATIONARY)
were performed using Wilcoxon'’s signed-ranks tests.
Statistical analyses were conducted using SPSS vl1
for Mac (SPSS Inc., Chicago, IL, USA).

Expt 2: Manipulation of Motion Variables

In this experiment, we used computer-generated
cricket animations to examine the relative influence
of prey speed and acceleration on lizard predatory
behaviour. Stimulus characteristics were based
upon population-level estimates of natural cricket
movement.
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Quantifying cricketmovement

We video-recorded 20 large brown crickets moving
across a sandpaper substrate, using the procedure
described above. A total of 95 sequences were
recorded, with movement both left-to-right and
right-to-left. We used a custom-written motion anal-
ysis program based on a gradient detector model that
calculates the velocity field in image sequences based
on temporal and spatial derivatives of filtered ver-
sions of image intensity (see Peters et al. 2002 and
references therein for full details). Calculated mea-
surements of speed over time were converted from
pixels per second to metres per second based on the
filming geometry. These data produced a distribution
of cricket movement speeds (Fig. 2).

Stimuli and procedure

Our goal was to construct a set of prey animations
that would allow us to measure the effects of varia-
tion in speed and acceleration (Fig. 3). The first
three stimuli had constant speeds, which were
defined by the quantitative analysis of cricket move-
ment described above (Fig. 3a top): AVERAGE (aver-
age speed of movement; 0.05m/s), SLOW
(0.025 m/s) and FAST (0.085 m/s). These sequences
necessarily had zero acceleration values (Fig. 3b
top). To sample the effects of periodic acceleration
and deceleration, a characteristic of many moving
prey, we created two further stimuli. The first of
these (BURST; Fig. 3a middle) had a stop-start pro-
file, with instantaneous speed changes which pro-
duced acceleration/deceleration spikes (Fig. 3b
middle). The duty cycle of these periodic movements
was 50%, so that the average speed value equalled

Frequency
S

[] ool

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13
Speed (ms®Y)

Fig. 2: Histogram of average movement speeds for twenty crickets
(Acheta domesticug on a sandpaper substrate. Ninety-six sequences
were analysedusing procedures describedin Peterset al. (2002).
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that of the constant-speed AVERAGE stimulus. For
comparison, we created a second animation
(ACCELERATE) with a sawtooth speed/time profile
(Fig. 3a bottom) which oscillated symmetrically,
such that the average speed of movement over time
again equalled the population estimate. This pattern
produced contrasting constant acceleration/decelera-
tion values (Fig. 3b bottom).

All stimuli had identical track lengths (and hence
traversed the same visual angle) and each crossed
the screen four times. To achieve control over these
parameters, we permitted variation in overall dura-
tion, as follows: 5.36 s for FAST, 57.08 s for SLOW
and 22.52 s for AVERAGE, BURST and ACCELER-
ATE. This design recognizes that, for a sit-and-wait
predator, duration will co-vary with speed under
natural conditions (i.e. lizards will have less time to
respond to fast-moving prey items as they traverse
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the field of view). We tested 20 lizards using the
experimental set up as described for Expt 1.

Data analysis

We calculated the response index score, as well as
the proportion of time engaged in predatory behav-
iour for each stimulus type. We considered variation
across the data set for both measures using Fried-
man’s ANOVAs. We then used Wilcoxon signed-ranks
tests and regression analysis to explore further signif-
icant models as a function of acceleration (three lev-
els), mean speed (three levels) and maximum speed
(four levels); responses to stimuli that shared the
same value on each parameter were averaged (see
Table 1). We did not analyse latency data as the
removal of non-responses created an unbalanced
data set that could not be meaningfully interpreted.
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Table 1: Grouping of expt 2 stimuli for statistical comparisons

Slow Average Fast Burst Accelerate
Full model 1 2 3 4 5
Acceleration 1 1 1 2 3
Mean speed 1 2 3 2 2
Maximumspeed 1 2 3 4 4

Results

Expt 1: Video of Live Cricket vs. Animation

Figure 4 summarizes the pattern of lizard responses
as index scores and latencies. Moving stimuli clearly
evoked higher levels of predatory behaviour
(Fig. 4a), and faster responses (Fig. 4b) than station-
ary stimuli. Friedman’s aNovas indicated a significant
effect for both measures (response index:
¥ =26.184, df = 3, p < 0.0001; latency: y = 16.843,
df = 3, p < 0.001).

We then pooled responses to evaluate the relative
importance of movement and stimulus type (live vs.
animated) in producing significant overall main
effects. Comparisons between stationary and moving
stimuli yielded significant differences (response
index: z =) 3.834, p < 0.0001; latency: z =) 3.542,
p < 0.0001), while those between live and animated
stimuli did not (response index: z =) 1.607,
p > 0.100; latency: z =) 0.327; p > 0.740). Lizards
were hence highly sensitive to movement, but there
is no evidence that the simple animations were less
effective stimuli than the digital video sequences
from which they had been derived.

Expt 2: Manipulation of Motion Variables

The synthetic stimuli evoked behaviours at each
level of our response index score including approach
(15% of responses) and striking at the screen (8%).
Nevertheless, as the most frequent maximum
response involved eye/head orientation towards the

(@)

® 15, stationary

8 1.2

%]

)

< 0.9

£

3 0.6
Fig. 4: Results of expt 1 comparing video of s ' %
a live cricket and an animated replica. (a) Z 031
Averageresponseindex score, and (b) aver- % i
age latency to respond, to stationary and 0
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stimulus (64%), our manipulation of speed and
acceleration profiles had no significant overall effect
on the response index score (Fig. 5a; %> = 5.106,
df =4, p=0.277). We then isolated the treatments
that varied only in acceleration (Fig. 5b) or only in
speed (Fig. 5c¢), and examined these dimensions
independently. There was also no significant differ-
ence in response magnitude in either case (accelera-
tion: y*>=4.588 df =2, p=0.101; mean speed:
y* =4.588, df = 2, p = 0.101). Finally, we tested for
an effect of maximum speed (Fig. 5d) and found
none (> = 2.345, df = 2, p = 0.504).

We then calculated how long each lizard engaged
in predatory behaviour (Fig. 1, behaviour 1, 2 or 3).
As we permitted stimulus duration to vary (see
Methods), we converted each time measure to the
proportion of the time for which the stimulus was
visible on screen. This analysis revealed significant
variation across the full stimulus set (Fig. 6a;
> =13.716, df =4, p = 0.008). Pair-wise compari-
sons revealed no difference across levels of accelera-
tion (Fig. 6b; Wilcoxon tests: z = 0.299-1.232 which
are less than the critical value for z of 2.576 at the
0.01 level). Grouping by mean speed (Fig. 6¢), how-
ever, showed that interest in the animated prey item
was greater when speed was equal to the average
speed than when it was faster (z=2.978,
p = 0.003); responses to the animations moving at
slow and average speeds were equivalent (z = 0.336,
p = 0.737), as were responses to the slower and fas-
ter prey items (z = 1.961, p = 0.050). Rather than
using multiple pair-wise comparisons across the four
levels of maximum speed (Fig. 6d), we explored
responses using linear and nonlinear regression to
better characterize the effect of maximum speed on
predatory  behaviour. A  quadratic function
(y =) 82.563x> + 8.284x + 0.569) was found to be
the best fit to the data (R* = 0.934; Fig. 6d), peaking
at approximately 0.05 m/s, which was the average
speed determined for our live prey population
(Fig. 2).
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Fig. 5: Average response index score to stimuli in expt 2. Separate
plots depict response to (a) the Pve sequences, and grouped (see
Table1) according to (b) acceleration, (c) mean speed and (d) maxi-
mum speed of stimuli.

Discussion

Computer animations were used to assess whether
prey movement characteristics influenced predatory
behaviour in the jacky lizard, using an ordinal scale
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derived from observations of feeding behaviour
(Fig. 1). We first showed that an animated stimulus
with motion characteristics similar to those of a live
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cricket was sufficient to evoke predatory responses
in these lizards (Fig. 4). Such synthetic stimuli afford
greater control of movement parameters. Using
speed estimates from analyses of prey movement
(Fig. 2), we were able to precisely define the move-
ment patterns of simulated prey (Fig. 3). Our manip-
ulations did not cause variation in the level of
response (Fig. 5); however, there were significant
differences in the proportion of time engaged in
predatory behaviours (Fig. 6), particularly when
stimuli were combined (see Table 1) in terms of the
mean and maximum speed of the synthetic prey
item. The lizards showed more interest when the
average speed of the stimulus was equal to the cal-
culated population average speed of captive crickets,
than when it was unusually faster (Fig. 6c; see
Methods). Similarly, the lizards showed sustained
interest in the stimulus, with a maximum speed
equal to the population average speed of crickets
(Fig. 6d).

Studies of visual prey detection in other species
have manipulated static visual features such as size
and shape (e.g. Schulert & Dicke 2002). However,
our goal was to understand the relative role of
motion and we therefore held these parameters con-
stant. Motion is known to play an important role in
orienting animals to salient events in the environ-
ment (Nakayama & Loomis 1974) and is an early
step in prey detection for many species (Regan &
Beverley 1984). Lizards did approach and strike at
the synthetic stimulus on the screen; however, we
found that movement characteristics did not differ-
entially affect the level of response. Given that all
stimuli were within the natural range of the move-
ment speed of crickets, this non-significant finding
suggests that visual processing is broadly tuned to
prey movement characteristics. However, the range
of speeds tested did not include speeds that are bio-
logically unlikely. Testing speeds faster than the
measured range may reveal an upper threshold for
responding to prey movement, which might evolve
in response to the low probability of capturing prey
that is moving too quickly. We also found that dis-
continuous or intermittent movement did not reduce
the level of response. Prey species are often seen
moving intermittently, which may reduce the likeli-
hood of detection under certain conditions for some
animals (Herzog & Burghadt 1974). Detection by
lizards in this context, however, was not reduced.
An alternative reason to pause during locomotion is
to gather information about the environment, which
can be particularly difficult to do when the percep-
tual system does not adequately stabilize the visual
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field (Kramer & McLaughlin 2001). However, inter-
mittent motion might actually be to the benefit of
the predator because onset of motion generates large
transients in neural responses and thus may be par-
ticularly effective at attracting the attention of these
lizards (see ‘Discussion” in Peters etal. 2007).
Indeed, intermittent tail flicking by these lizards
serves an alerting function during communication in
windy conditions (Peters et al. 2007), and is equally
effective at attracting attention as continuous motion
(Peters & Evans 2003). A relationship between prey
movement and the properties of motion vision sys-
tems may indeed help to explain the signalling strat-
egies of these lizards, pointing to a pre-existing bias
towards certain motion characteristics (e.g. Endler &
Basolo 1998).

When responses were considered as a proportion
of time engaged in predatory behaviour, the stimuli
evoked varying levels of response (Fig. 6). Used as a
proxy for interest level, variation in the time spent
engaged in predatory behaviour differed across the
stimulus set. Lizards showed greater interest in the
animation when its movement matched the move-
ment speeds of the food they were receiving in cap-
tivity (Fig. 6d). It is well established that predatory
behaviour is influenced by experience or learning
(Krebs & Inman 1994), and indeed, the predatory
responses of some lizard species are known to be
influenced by prior exposure to specific chemical
cues (e.g. Podarcishispanica Desfilis et al. 2003; Tupi-
nambis teguixin Cruz-Neto & Andrade 1993). There
are, however, very few analogous findings of preda-
tory behaviour being influenced by prior exposure
to prey movement patterns. The focus for many of
these studies has been to describe ontogenetic
changes. For example, Luthardt & Roth (1979a)
showed that experience with certain prey items as
juveniles influenced preferences of adult salaman-
ders. The present study suggests effects of exposure
on a shorter time-scale and warrants further consid-
eration. Although the diet of our sample population
prior to capture is unknown, our findings suggest
that, even in the short period of time that they were
in captivity, adult lizards might be influenced by
recent experiences with prey. For clarification, we
would need to compare responses to different prey,
while maintaining an exclusive cricket diet. Alterna-
tively, we could change the lizard’s diet to see
whether response to cricket movement continues to
show the same response levels reported here. Both
of these approaches would allow us to examine fur-
ther the effect of recent experience in movement
characteristics on levels of interest in prey.
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Experiments such as those proposed above might
provide insight into the adaptability of one aspect of
predatory behaviour in these lizards, but may not
reflect predatory behaviour in wild populations.
Access to a reliable source of invertebrate prey is
likely to be one resource that male jacky lizards
defend during territorial disputes with rival males.
A survey of prey items in the preferred habitat of
these lizards would reveal multiple species exhibiting
varying movement characteristics. We suspect that
there has been evolutionary pressure to develop a
system capable of responding to novel but potentially
palatable prey in an advantageous way, but suggest
that it may make functional sense to be particularly
attentive to the movement of certain prey items over
others if the energy rewards for such species are
high. This would be difficult to test using the present
protocol and controlled experiments would require
alternative strategies such as field playbacks with
video stimuli (e.g. Macedonia et al. 1994) or robotic
models (e.g. Patricelli et al. 2002; Go6th & Evans
2004).

For some visually oriented predators, including
jacky lizards, prior exposure to particular prey move-
ment characteristics may influence foraging behav-
iour. Despite the large and varied number of species
that rely on movement for prey detection, few stud-
ies have reported an effect of previous experience on
foraging behaviour (but see Luthardt & Roth 1979a).
If recent experience does indeed influence foraging
strategies, then tracking the time course of behavio-
ural and neural adjustments following a shift in prey
distribution after an environmental event will be
particularly informative that may also have implica-
tions for conservation. Furthermore, while important
insights into motion perception mechanisms have
been achieved using simple stimuli like the anima-
tions used in the present study, it will also be impor-
tant to explore neural function under natural
conditions that are relevant in evolution (e.g. Eckert
& Zeil 2001). If we are fully to understand the capa-
bilities of animals, or identify biases in the way they
process visual motion, we must complement experi-
ments like those we report here with investigations
that capture more closely the ecological context.
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