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Many species use camouflage to dissimulate their true form
and avoid detection or recognition. In natural habitats, the
three-dimensional structure of an organism’s body can present
challenges for camouflage, as overhead illumination creates
luminance gradients (‘self-shadows’) across the body surface
and cast shadows (when light is blocked by the object itself)
on the surface behind the object. While self-shadows are
known to increase prey detectability to predators, it is unclear
whether this is also the case for cast shadows. We used
computer-generated prey and live fish as predators (western
rainbowfish; Melanotaenia australis) to investigate whether the
illumination conditions and the presence of cast shadows
increase the detectability of prey. In the first experiment,
the background contained directional illumination cues,
while in the second experiment, targets were presented
on a homogeneous grey background. In both experiments,
we found that neither the illumination conditions nor the
presence of a cast shadow (nor their interaction) increased
the probability of detection by predators, despite differences
in luminance variation among the different prey stimuli.
Our findings suggest that cast shadows do not provide
additional contrast to that produced by self-shadows and that
cast shadows do not provide depth cues that increase prey
detectability by predators.

1. Introduction
Many animals use camouflage to dissimulate their true form
and avoid being detected or recognized by predators [1]. This
adaptation is crucial for survival, as it allows prey to escape
predation and predators to ambush their prey [2,3]. In natural
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habitats, the three-dimensional (3D) structure of an organism’s body can present challenges for
camouflage, as lighting conditions create luminance gradients (‘self-shadows’) across the body surface.
These self-shadows can potentially increase the detectability of prey due to increased contrast across
the body’s surface. For example, Donohue et al. [4] used fish as predators to demonstrate that 3D prey
can easily be detected by predators, even when their luminance was matched, on average, to that of
the background. This finding is supported by theoretical models and empirical studies showing that
3D prey will never be perfectly camouflaged against a uniform background because of the increased
contrast created by changes in luminance across the surface of the prey’s body [5–8].

Animals can reduce or remove their self-shadows using countershading colouration, a colour
pattern gradient in which the side of the body receiving the strongest illumination (typically the
dorsal surface) is darker than the opposite side [9]. This type of colouration is found in many
terrestrial and aquatic animals, such as primates [10], artiodactyls [11], sharks [12], fishes [13] and
cetaceans [14]. Countershading colouration is thought to enhance camouflage via several (not mutually
exclusive) mechanisms, including reducing contrast across the body, increasing background matching
and removing 3D shape cues [7,15]. The latter mechanism may occur if luminance gradients provide
valuable information on an object’s 3D shape and predators have a search image for 3D objects and
their associated visual cues [4,7]. Indeed, animals such as macaques [16], pigeons [17] and cuttlefish
[18] are able to recognize and discriminate among 3D shapes using the information from self-shadows,
an ability known as ‘shape-from-shading’ [19].

While self-shadows are known to be critically important for camouflage, less is known about the
role of other types of shadow, such as cast shadows, which are shadows that are projected onto the
substrate behind the object [20,21]. Cast shadows are highly relevant for the perception of spatial
information in humans [22]; for example, adults use cast shadows to determine the orientation of an
object’s surface and to perceive the 3D shape of objects [23,24]. Additionally, cast shadows provide
crucial information for perceiving distances and the movement of objects within 3D space [25]. There
is some evidence that cast shadows are important for camouflage; using humans in a visual search
task, Adams et al. [26] found that camouflaged snakes were detected more rapidly when cast shad-
ows were present than when they were absent, suggesting they provide a depth cue that promotes
image segmentation and object recognition. European cuttlefish (Sepia officinalis) alter their camouflage
patterns in response to objects with strong cast shadows, suggesting that cast shadows play a role
in camouflage, but without providing depth cues [27]. With the exception of the abovementioned
examples, the role of cast shadows in camouflage has generally received little attention [28].

The production of shadows (both self-shadows and cast shadows) is dependent on the illumina-
tion conditions, the illumination angle and the orientation of the object. For example, directional
illumination, such as that produced on a sunny day, produces stronger shadows than diffuse illumina-
tion when the sky is overcast. In the case of cast shadows, overhead illumination produces smaller
shadows that are closer to the object than shadows that are produced at small angles of incidence (i.e.
dawn and dusk). The illumination conditions can therefore have an important effect on an animal’s
camouflage strategy. For example, bearded dragons, Pogona vitticeps, change colour according to the
visual background and lighting conditions, illustrating the impact of lighting on an animal’s ability to
match its visual background [29]. For animals that cannot change colour, the illumination conditions
can determine the effectiveness of camouflage. In the case of countershading colouration, ‘optimal’
camouflage only exists for very specific lighting (i.e. weather) conditions [5] and orientation angles
[6,30]. In fact, when countershading colouration is optimal for the illumination conditions (e.g. strong
countershading in sunny conditions), detection times are slower than when the prey are incorrectly
camouflaged for the conditions or are uniformly coloured [8]. An animal’s activity levels depend on
the risk of predation because animals that are poorly camouflaged for the illumination conditions
must behave in a risk-averse manner [31]. Indeed, marine isopods that are exposed to diffuse light
had higher activity levels, particularly on backgrounds that mismatched their colouration, than those
exposed to direct light [31]. Although the effectiveness of camouflage strategies is intricately linked
to the illumination conditions, the role of shadows, particularly cast shadows, in prey detectability is
generally not well understood.

The aim of this study was to determine the influence of a prey’s cast shadow on predator detection
behaviours under two different illumination conditions: diffuse illumination and direct illumination.
We used western rainbowfish (Melanotaenia australis) as predators, which were trained to detect and
approach computer-generated prey. In aquatic environments, the light is generally diffuse, but the
production of shadows in shallow, clear water habitats may make it easier for predators to detect
their prey [32]. Furthermore, this species of fish has been used in previous studies investigating the
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influence of shadows on prey detectability [4]. We conducted two experiments in which prey were
rendered under diffuse or direct illumination and presented to fish predators with or without a
cast shadow. In the first experiment, the visual background contained directional illumination cues
(i.e. the background varied in brightness and was brighter in regions closer to the source of illumina-
tion), which may provide additional depth information, while in the second experiment, prey were
presented on a homogeneous grey background (i.e. no variation in brightness across the background).
We predicted that the presence of a cast shadow would facilitate visual detection by predators and
that prey rendered under direct illumination would be detected more rapidly (because directional light
produces strong shadows with high contrast) than those rendered under diffuse illumination. We also
expected prey to be more detectable on homogeneous backgrounds than on backgrounds containing
directional illumination cues, because the latter are more visually complex (contrast varies across the
visual scene), potentially making the detection task more difficult.

2. Material and methods
2.1. Study species
We measured the detection behaviour of western rainbowfish, M. australis (Castelnau, 1875), which
had been trained to approach and ‘attack’ computer-generated prey. This species is a small freshwater
fish (total length less than 10 cm) endemic to northern Western Australia. Rainbowfish inhabit a variety
of freshwater habitats, including creeks, pools and springs; thus, the natural lighting conditions range
from bright, clear waters to turbid pools containing large amounts of algae or tannin [33]. Rainbowfish
are omnivorous, opportunistic feeders with a diet that includes aquatic and terrestrial invertebrates,
filamentous algae and fish eggs [34]. We chose to work on rainbowfish due to their adaptability
to laboratory conditions, their advanced cognitive abilities and their aptitude for learning spatial
association tasks [35]. Wild-caught adult fish were housed socially (group size: 4–10 fish) in aquaria
measuring 50 × 35 × 35 cm3 (L × W × H), maintained at a temperature of 26°C (± 1°C) and subjected
to a 12 h light : 12 h dark cycle. In this study, we used the same fish in both experiments: nine males
and thirteen females in experiment 1, and seven males and twelve females in experiment 2. This project
was approved by the University of Western Australia (UWA), Animal Ethics Committee, under ethics
protocol ET000668.

2.2. Computer-generated prey
Throughout training and testing, the size and contrast of the prey stimuli were progressively adjusted
to facilitate learning and assess generalization. In early training sessions, fish were presented with
large, high-contrast stimuli, and stimulus size was reduced either within a single day or across days,
depending on the phase. In later stages of training, prey were displayed in more complex visual
contexts, using either homogeneous or heterogeneous backgrounds and always with consistent final
dimensions of 1.2 × 2.0 cm2 during testing. A full summary of stimulus sizes, background type,
position and number of presentations for each training and testing phase of both experiments is
provided in electronic supplementary material, table S1.

The prey were modelled as an oval shape measuring 1.2 cm in width and 2.0 cm in length,
representing a potential food item for the rainbowfish. To train the fish, we used the graphics software
Inkscape (inkscape.org) to generate ovals with different shades of grey (greyscale values from 0 to
255, where 0 = black and 255 = white). We first presented black ovals (0) on a homogeneous grey
background with a mean value of 128 (i.e. 0.5 in normalized scale). We then presented ovals with
greyscale values of 0 (black), 85 (dark grey) or 185 (light grey) on a heterogeneous grey background
in experiment 1 (i.e. a structured pattern simulating a naturalistic lighting gradient, with pixel values
varying in a way that mimics directional illumination, mean grey value = 128) and on a homogene-
ous grey background in experiment 2. The heterogeneous background was designed to reproduce
more ecologically relevant visual conditions, in which prey are typically viewed against unevenly lit
surfaces, including light patches and shadows. We then presented ovals with greyscale values of 0
(black), 85 (dark grey) or 185 (light grey) on a heterogeneous/homogeneous grey background with a
mean value of 128. Finally, we presented ovals with a luminance gradient (greyscale range = 46–182)
on the same heterogeneous (experiment 1) or homogeneous (experiment 2) backgrounds. Thus, most
stimuli were darker than the background, except for one stimulus, which was on average lighter
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than the background. In experiment 2, ovals were presented on homogeneous grey backgrounds
throughout training and testing. For the test trials in both experiments, we generated stimulus prey
that were 3D oval objects (ovoids) using the open-source computer animation software Blender (http://
www.blender.org). Use of this 3D animation software allowed us to model prey under different types
of illumination (direct light or diffuse light), different illumination directions (from the left or the
right) and to model prey with and without cast shadows. We chose to use illumination from the left
or the right because this is the typical scenario in nature (light is only directly overhead for a short
duration). Modelling of cast shadows required a substrate for the shadows to be projected onto, so the
3D modelling procedure also allowed us to position the ovoid above a horizontal substrate.

In Blender, an idealized 3D ovoid (width = 1.2 cm, length = 2.0 cm) was exposed to an overhead light
source and positioned 1.3 cm above a horizontal plane (25 × 25 cm2). Diffuse lighting was modelled
by adding a 7.5 × 7.5 cm2 partially transparent plane, angled at 45o and positioned between the ovoid
and the light source. Cast shadows were removed by adding transparency and a mix shader to the
ovoid’s output material. All images were rendered from a lateral viewing angle with illumination from
the left and right for each lighting treatment for prey with and without cast shadows (cycles render
engine; n = 1000 samples). In the test trials, ovoids were presented on the left or right of the screen and
were stationary in all treatments, giving a total of 16 greyscale .TIF images (figure 1). The illumination
direction was altered to control for any potential bias that might influence object detection/recognition
(e.g. for human vision [36]). An additional set of stimuli was generated for training day 3 using the
methods described above, but with illumination angles of 20o and 70o. We determined the visual
properties of our test stimuli using ImageJ to measure the luminance range (maximum greyscale
value − minimum greyscale value) of each test ovoid and its cast shadow (if present). We chose to focus
on the luminance range rather than other measures (e.g. average luminance), as this has been shown to
represent the largest source of contrast [4].

To generate the backgrounds used during fish training and testing (for experiment 2), we used
Matlab to generate images (1920 × 1080 pixels), which were a homogeneous grey (all pixels with
a greyscale value of 128). During fish training, ovals were presented on grey or heterogeneous
backgrounds (electronic supplementary material, table S1). For training days two and three and
testing in experiment 1, the background was the output of the Blender rendering so that the
visual background included information about the direction of lighting and shadows. This resulted
in backgrounds with varying brightness, where the background was brightest in the region closest
to the source of illumination and darkest in regions further away from the light source. In
experiment 1, both the prey and the background therefore changed with each presentation. For
simplicity, visual scenes are referred to as ‘stimuli’ hereafter. In experiment 2, we followed the
same training and testing procedure, but prey ovals were presented on a homogeneous grey
background (uniform grey, luminance = 128), so there was no variation in background brightness
associated with the illumination source.

2.3. Experimental apparatus and procedure
All experiments were carried out in the Native Fish Aquarium in the School of Biological Sciences
at the UWA. We used a similar experimental set-up (figure 2) to that described in previous visual
detection experiments with this species [4]. Training and experiments were done in an 87 l aquarium
measuring 76 × 30 × 38 cm3 (L × W × H) with opaque walls. An LCD computer monitor (Samsung
S24A450BW) replaced one end panel of the aquarium, allowing us to eliminate refraction at the
glass–air interface, reducing optical distortion of the computer-generated prey. A transparent silicone
tube (diameter = 5 mm) was attached to the screen directly above the locations where prey stimuli
appeared to provide a remote food reward during training and experimental trials. Presentation of
the stimuli during training and testing was controlled using custom-written code and Psychtoolbox-3
(http://psychtoolbox.org/) for MATLAB.

We placed each focal fish in the aquarium 3 min before the first trial of each training or test session
for a period of acclimatization. A ‘companion fish’ was added in a separate compartment to the focal
fish, which provided a social stimulus for the focal fish and provided some control over the fish’s
location when a stimulus appeared. The Perspex divider separating the focal fish from the companion
fish was covered with a one-way mirror window film, preventing the companion fish from seeing the
prey. A small lamp was placed above the compartment containing the companion fish to facilitate the
one-way mirror. The rest of the experimental tank (including the main compartment containing the
focal fish) was lit by the overhead lighting in the observation room. Each stimulus was presented when
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the focal fish was located in the far section of the aquarium (near the companion fish) and oriented
approximately parallel to the dividing wall with the companion compartment. This ensured that fish
were approximately the same distance and angle from the monitor when the stimulus appeared.
When fish approached within one body length of the monitor in response to the prey stimulus, they
were rewarded with food (bloodworm) to maintain motivation during training and testing. The time
(between 30 and 120 s) and position of the stimulus (centre position for day 1 of training, presented on

Figure 1. Examples of the prey stimuli that were presented to western rainbowfish on a computer monitor. Prey stimuli were ovoids
(1.2 × 2.0 cm2) lit by a direct or diffuse source of illumination and rendered using Blender™ 3D modelling software with or without
a cast shadow. During day 1 of training, ovoids were presented in the centre of the screen. During subsequent training and testing,
ovoids were presented on the left (a) or right (b) of the computer screen, with the illumination coming from the left (a) or the right
(b), yielding a total of 16 combinations (not all possible combinations shown).
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the left or right for subsequent training and testing days) between all tests were randomized to avoid
the fish anticipating the presentations.

2.4. Training and testing of fish
We conducted separate training trials prior to each experiment to train each fish to associate the
appearance of prey on the computer screen with a food reward (bloodworm). Fish (n = 22 in experi-
ment 1 and n = 19 in experiment 2) were trained individually over three consecutive days before the
start of the test for each experiment. Training sessions were conducted in the morning or afternoon,
and this schedule was maintained during both the 3 day training periods and the experimental tests to
avoid any effect of time of day on behaviour. Fish were individually identifiable using sex (males have
more pointed dorsal and anal fins), body length and features of their colouration. For the first training
day, the fish was exposed to a large (7.1 × 14.4 cm2), high-contrast black oval stimulus positioned in the
centre of a homogeneous grey background. The size of this stimulus was progressively reduced over
the training days until the size was slightly smaller (1.8 × 0.9 cm2) than that of the test prey. Starting
training with a large stimulus at the centre of the screen increases the chances of the fish developing an
association between the prey appearing on the computer screen and a food reward. A custom-written
script in MATLAB Psychtoolbox-3 was used to manipulate stimulus size (range: 200.9 × 407.5 pixels
(7.1 × 14.4 cm2) to 34 × 56.7 pixels (1.2 × 2.0 cm2)). Fish were rewarded with bloodworm when they
approached within one body length of the screen. During the first training day, we presented each oval
stimulus four times, in order from the largest to the smallest. To succeed, fish had to approach at least
once for each stimulus size and on all trials with the smallest stimulus. Trials were stopped after a
maximum of 25 min if the fish did not succeed, and the fish was removed from the tank. Fish received
a reward each time they approached the screen while the stimulus was visible. During other training
days, fish had to remain motivated until the last stimulus was presented and maintain a response
success rate above 75% to continue. Each training session lasted a maximum of 35 min.

During the second training session, the task became more difficult by introducing a heterogeneous
background (for experiment 1) and stimuli that were presented on the right or left side of the screen.
These ovals (3.6 × 7.2 cm2, 1.8 × 3.6 cm2 and 0.9 × 1.8 cm2) were different shades of grey to reduce
contrast (electronic supplementary material, table S1). The position of each stimulus during each trial
for each fish was randomized (determined before each trial) to avoid the fish learning a sequence
of events rather than detecting the side on which the stimulus appeared. Fish were only rewarded
when they approached within one body length of the screen and entered the correct ‘zone’ (i.e. the
area where the stimulus appeared; left or right) on first approach. In the last training session on the
third day, 3D stimuli were presented, consisting of a random combination of prey illuminated from

Figure 2. Experimental set-up. (a) Front view of the experimental tank showing the companion zone (left), containing a companion
fish, separated from the experimental zone (right) by a transparent Perspex barrier (redrawn from [8]). An overhead camera records
the behaviour of the focal fish. (b) Example of the set-up used in experiment 1, where an oval stimulus (1.2 × 2.0 cm2 on screen) is
presented on a background with directional illumination. In this example, the stimulus is positioned on the right side of the screen,
with a shadow, and direct illumination coming from the right. (c) Example of the set-up used in experiment 2, where the stimulus is
presented on a homogeneous background. In (b,c), the dashed rectangle indicates the Perspex barrier separating the companion zone
from the experimental zone.
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different angles (20 and 70° illumination) and sides (illuminated from the left or right). 3D images were
introduced with or without shadows and appeared on the left or right side of the screen. This ensured
that at the end of training, fish were familiar with ovoids, shadows and different illumination angles,
without experiencing the treatment stimuli.

Testing took place on the day following the last training session. Only fish that responded quickly
and consistently to all prey stimuli took part in the experiment (n = 17/22 in experiment 1 and n =
15/19 in experiment 2). On the test day, fish were presented with all 16 stimuli varying in illumination
condition (direct or diffuse), lighting direction (left or right), screen position (left or right) and cast
shadow (present or absent). In experiment 1, the visual background was the scene in which the ovoids
were rendered and contained directional illumination cues (regions of brightness and darkness in the
background). In addition, we used four additional control stimuli corresponding to a background
without prey (but with directional illumination information as described above) to ensure that the fish
approached the screen when they detected prey, not when the background changed. Thus, each fish
was exposed to 20 stimuli, presented in a pre-determined and random order.

In the second experiment, rendered objects were presented on a homogeneous grey background;
thus, the prey appeared without a change in the background. The second experiment was conducted
four months after the first, using the same individual fish in order to investigate the null results of
experiment 1 and to specifically assess how changes in background conditions influence fish detection
behaviour. By changing the background to a homogeneous one, we aimed to determine whether the
fish adapted their responses according to the environmental cues and whether this could impact prey
detection. For experiment 1, when switching between stimuli, the background, its associated lighting
and the prey item appeared simultaneously. In experiment 2, the background remained unchanged
and only the stimulus appeared. In both experiments, each stimulus was presented for a maximum of
20 s or until the fish approached and took its reward, at which point the stimulus was removed. No
transition effects (e.g. fade-ins or fade-outs) were used between stimuli. Fish behaviour was recorded
using a camcorder (Sony HDR-CX625) placed directly above the aquarium. At the end of the trials, fish
body length was determined (standard length (SL) to the nearest mm) by removing each fish from the
aquarium and gently placing the body next to a ruler.

2.5. Measuring fish behaviour
Video images were captured at 25 frames s−1 and analysed using the software BORIS (v. 8.21.8) [37] to
measure the following five predator detection behaviours:

(1) Probability of approach. The probability of the fish approaching the screen within 20 s of the
stimulus appearing. This was treated as a binomial variable, coded as 1 if the fish was close to the
screen (i.e. came within less than one body length of the screen) and 0 if it did not.

(2) Probability of success. The probability of the fish choosing the correct side of the screen within 20
s of the stimulus appearing. This was treated as a binomial variable, coded as 1 for success and
0 for no success. Choosing the correct side was defined operationally as the fish approaching
the screen (i.e. less than one body length from the screen) on the same side where the stimulus
appeared (e.g. approaching the right side of the screen if the stimulus was presented on the
right).

(3) Delay of response. The time between the appearance of the prey and the start of the fish’s body
rotation towards the screen.

(4) Orientation time. The time required to orient the body towards the prey after the stimulus
appeared.

(5) Approach time. The time it took the fish to swim within one body length of the computer screen
after the orientation time.

We also calculated the angle of the fish’s body when the stimulus appeared (predator starting angle)
and at the end of the fish’s rotation (i.e. before the fish started to move towards the screen) using the
software ImageJ (v. 1.54 g) [38].
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2.6. Effect of stimulus presence
During our experiments, we noticed that fish were continually checking the monitor when no prey
stimulus was displayed. To confirm that fish had learned the prey detection task, we therefore
measured the approach time of fish that approached the monitor when no stimulus was present.
This was done by randomly selecting a frame in each video (using a random number generator) and
recording the approach time (no stimulus present) closest to that time point. Approach time was
measured in the same way as described above for each fish tested in experiment 1. In experiment 2, to
ensure that fish were responding to the prey stimulus rather than the screen itself, we waited for each
fish to stop checking the monitor before presenting a new stimulus. Prey stimuli were also presented
on a homogeneous background so that only the stimulus appeared, without any change in background
between trials.

Figure 3. The approach time in seconds (a,c) and the total orientation time in seconds (b,d) depending on the type of light (diffuse:
n = 80; or direct: n = 103), and the presence of cast shadow (0: shadow absent, n = 91; 1: shadow present, n = 92), for experiment
1 (a,b: background with illumination cues) and experiment 2 (c,d: homogeneous background). Boxes represent the median and
interquartile range, and whiskers represent the range of the dataset.
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2.7. Luminance of stimuli
To confirm that the prey stimuli varied in their visual characteristics, we used the oval selection tool
in ImageJ to select all pixels in the ovoid and the polygon tool to create a region of interest around
the cast shadow. We then measured the minimum, mean and maximum greyscale values of these
areas, representing luminance of stimuli with (ovoid + cast shadow) and without (ovoid selection;
self-shadow only) a cast shadow. We then calculated four possible sources of contrast for each of
the 16 stimuli presented: maximum contrast, minimum contrast, average contrast and contrast range
(brightest − darkest/background). In each case, we used Weber’s contrast (Ls − Lb/Lb), which calculates
the luminance of the stimulus (Ls) relative to the luminance of the background (Lb).

2.8. Data analyses
All statistical analyses were carried out using R software [39] v. 4.2.1. We used generalized linear
mixed models (GLMMs) for binomial data to test for the effect of cast shadow (present or absent),
illumination conditions (direct or diffuse) and their interaction on the probability of approach and
on the probability of success. We used linear mixed-effects models (LMMs) to test for the effect
of treatment on orientation time and approach time. Both GLMMs and LMMs used fish identity
as a random factor. These models were fitted using maximum likelihood in the lme4 package [40]
and were run separately for experiment 1 (background with directional illumination cues) and
experiment 2 (homogeneous background). Additional LMMs with Fisher–Pitman permutation tests
were done to analyse the effect of delay of response. To improve the distribution of the residuals,
approach time and orientation time were transformed using a log10 transformation. We tested the
fit of each model by comparing it to the null (random effect only) model using log likelihood
ratio tests.

We also tested the importance of additional variables such as stimulus order [1–20], which side
of the screen the stimulus appeared on (left or right), the body length of the predator (SL), predator
starting angle (in degrees) and the sex of the predator. These variables were retained in the final
model only if they had a significant effect (p < 0.05). We assessed the assumptions of all models by
inspecting the distribution of residual values (using Q–Q plots) and examining plots of standardized
residuals against fitted values for each model. We investigated differences in the contrast of the stimuli
by plotting different sources of contrast of the stimuli under direct and diffuse illumination for targets
with and without (self-shadow only present) cast shadows.

3. Results
3.1. Experiment 1—background with directional illumination cues
The interaction between the presence of a cast shadow and the illumination conditions had no
significant effect on any of the predator detection behaviours measured (p > 0.05; table 1a). There
was no effect of the presence of a cast shadow on the probability of predator approach, the probability
of success, total orientation time or approach time (table 1a and figure 3a,b). We also found no effect
of the illumination conditions on the probability of predator approach, the probability of success,
total orientation time and approach time (table 1a and figure 3a,b). There was a significant negative
correlation between approach time and the order of presentation of stimuli (LM with permutation
test: β = −0.015 ± 0.003, n = 18; R² = 0.04; p < 0.001; figure 4a). Additionally, the orientation angle was
positively correlated with total orientation time in this experiment (table 1a).

3.2. Experiment 2—homogeneous background
The interaction between the presence of a cast shadow and the illumination conditions had no
significant effect on any of the predator detection behaviours (p > 0.05; table 1b).

As in the first experiment, there was no effect of the presence of a cast shadow on the probability
of predator approach, the probability of success, total orientation time or approach time (table 1b
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and figure 3c,d). In addition, the illumination conditions had no significant effect on the probability of
success, total orientation time or approach time (table 1b and figure 3c,d). There was a significant effect
of body length on the probability of predator approach, whereby larger fish were less likely to
approach the screen than smaller fish (table 1b). As in the first experiment, there was a significant
negative relationship between the order of presentation of stimuli and approach time (LMM: χ2 = 5.328,
β = −0.007 ± 0.003, p < 0.05; figure 4b). Orientation angle was also positively correlated with total
orientation time and with approach time (table 1b).

3.3. Effect of prey stimulus presence on approach time
There was a significant difference in approach time as a function of stimulus presence for both
experiment 1, background with directional illumination cues (LMM with exact permutation test, F2,187

Figure 4. The relationship between approach time in seconds and the order of presentation of stimuli for experiment 1 (a: background
with illumination cues; n = 18) and experiment 2 (b: homogeneous background; n = 15). The regression line is based on parameter
estimates from a linear mixed-effects model (see text for details). The area around the curve represents the confidence interval for the
prediction of the linear regression.
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= 11.21, β = 0.117 ± 0.035, p < 0.001; figure 5a), and experiment 2, homogeneous background (LMM with
exact permutation test, F2,223 = 3.14, β = 0.11 ± 0.049, p < 0.01; figure 5b). In both cases, the approach
time was significantly faster when the stimulus was present compared with trials where it was absent.

3.4. Luminance range of stimuli
Stimuli had similar contrast values, irrespective of whether they had a cast shadow or not (figure 6a,b).
Considering the effect of illumination conditions on contrast, stimuli without cast shadows had slightly
higher contrast when rendered under diffuse illumination than under direct illumination (contrast
values; diffuse: 0.95−1.03; direct: 0.75−0.87; figure 6a). For stimuli with and without cast shadows, the
main source of contrast was the range in contrast caused by the prey’s self-shadow (contrast values:
0.75−1.03), and this was highest where the stimulus was brighter than the background (i.e. positive
contrast values).

4. Discussion
Cast shadows could potentially provide an important source of information to predators because
they can reveal crucial information about an object’s size, shape and location [23–25]. However, our
experiments using freshwater fish as predators do not support this idea; irrespective of the illumi-
nation conditions (direct or diffuse lighting) and background (directional illumination information
present or not), the presence of a cast shadow did not increase the probability or speed of detection.
This suggests that any increased contrast caused by cast shadows does not provide an additional
source of risk, on top of that produced by the prey’s self-shadows [4]. Our findings also suggest
that cast shadows do not provide any additional perceptual cues (e.g. revealing the prey’s shape and
location) that increase the probability or speed of detection by predators.

Cast shadows could increase prey detectability by increasing the apparent size of the prey,
particularly since the cast shadows were attached to the prey and would therefore increase the overall
area of the visual stimulus. Prey that are apparently larger (i.e. due to their cast shadow) are expected
to be more detectable than smaller prey, but our study found no evidence for this. In the literature
on human vision, cast shadows are known to provide important perceptual information, such as the
shape of the object as well as an object’s distance and motion [41]. For example, when asked to judge
the distance of two rods presented with and without cast shadows, participants were more likely to be
incorrect when observing rods without cast shadows than with cast shadows [42]. Cast shadows can
also provide important information about the spatial organization of the scene, such as the distance of
the object from the surface that the shadow is projected onto (objects closer to the substrate have closer
cast shadows) [41]. For example, experiments with adults and young children presented with drawings
of ellipses depicted in 3D scenes found that their size and height estimates were more accurate when
the ellipses were depicted with cast shadows present than without [43]. In our experiment, the ovoid
prey was positioned just above the horizontal substrate; thus, all cast shadows were the same size and
shape (they only differed in direction—illumination from the left or the right), but they differed in
presence (present/absent).

One explanation for our findings is that the cast shadows in the direct and diffuse illumina-
tion treatments contained similar changes in contrast across the surface and therefore did not
result in a change in predator detection behaviours. Additionally, inconsistencies between the
actual lighting conditions in the experiment (illumination from approximately overhead) and
the apparent lighting conditions (ovoids lit from the left or right) could mean that any depth
information available in the cast shadows is redundant. This idea has been investigated in
humans, showing that reaction times in visual search tasks are faster when searching for cast
shadows from upright objects rather than those of inverted images because the shadows are
inconsistent with the typical direction of illumination and may therefore be discounted [44] or
processed via different mechanisms [45]. There were also inconsistencies in the apparent location
of the horizontal plane that the cast shadows were projected onto; the ovoids were modelled in
a position just above the plane, but were presented in the water column at the typical depth the
fish swim in the tank. As these discrepancies could also affect visual detection/recognition, future
experiments could ensure that the location of the tank’s substrate is consistent with the plane used
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to model the cast shadows. Although the fish had some experience with cast shadows during
day 3 of training, additional experience with objects presented on planes under directional lighting
may allow a greater opportunity to learn the visual features of 3D scenes.

It could also be that our protocol, where the same object is presented with or without a shadow, is
primarily measuring visual detection behaviours rather than the processes associated with the task of
object recognition. Another possible explanation for our results is that the detection task may not have

Figure 5. The approach time in seconds according to the presence of the stimulus (present: n = 173; absent: n = 17) for
experiment 1 (a: background with illumination cues) and experiment 2 (b: homogeneous background). Boxes represent the median
and interquartile range, and whiskers represent the range of the dataset. ***p < 0.001 from ANOVA main effects, and **p < 0.01, as
described in the text.
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been difficult enough for the cast shadow to provide useful visual information to the predator. If prey
detection was relatively easy because of the high contrast between prey and background or the absence
of distracting elements, the additional depth cues provided by the shadow might have been redun-
dant. In more complex visual environments, where prey blend more effectively with the background
or where multiple visual elements compete for attention [46], cast shadows may play a more important
role in facilitating detection [26]. Future studies could manipulate background complexity or contrast
to determine whether the role of cast shadows in prey detection is more pronounced under more
visually challenging conditions.

When we investigated the contrast of our prey stimuli, we found that stimuli in the different
treatments (light conditions: direct or diffuse; cast shadow present or absent) had similar values. While
the different sources of contrast were highly variable (e.g. mean contrast: 0.1−0.30; contrast range:
0.75−1.03), previous work on the detection behaviour of this species has found that contrast range
(i.e. internal contrast caused by the body’s self-shadow) is the most important predictor of detection

Figure 6. Sources of contrast for the 16 test stimuli for prey rendered under diffuse or direct illumination without a cast shadow (a) or
with a cast shadow (b). The sources of contrast were minimum, maximum and mean contrast along with contrast range (maximum −
minimum/background). Contrast values above zero are brighter than the background (greyscale value = 128), and contrast values less
than zero are darker than the background.
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probability [4]. In support of this, we found that the greatest source of contrast in our stimuli was
due to the ovoid’s self-shadows rather than its cast shadows. This leads us to suggest that under our
experimental conditions, self-shadows, rather than cast shadows, are the main source of contrast that
determines prey detectability. The highest contrast values were associated with regions of the prey that
were brighter than the background, suggesting that increased luminance from light reflected off the
prey’s dorsal surface may be more important than decreased luminance from the body’s self-shadows.
This is supported by countershading theory; modelling the optimal countershading patterning for 3D
prey under naturalist illumination conditions reveals that prey should have the darkest colouration on
their uppermost surface, but this depends on prey orientation, the lighting conditions and the angle of
the sun [6–8,47].

We also found no effect of the illumination conditions (direct or diffuse illumination) on any of
the prey detection behaviours measured. This could be because our modelling processes cannot fully
replicate natural illumination conditions; indeed, to remove the cast shadow from our stimuli, we
had to change the ovoid’s output material, which is not ideal. This may explain why the illumination
conditions did not make much difference to the appearance or contrast measures of our test stimuli.
However, it is known that direct and diffuse illumination can cause very different self-shadows on
an ovoid (strong self-shadows are produced under direct or sunny, illumination) when using more
naturalistic modelling software, such as Radiance [6,7]. Use of such software is likely to have made
our stimuli more naturalistic and more distinct in terms of contrast. However, previous work, which
has investigated both the effects of illumination intensity and the angle of illumination, has found that
the latter is the most important in determining the distribution of natural illumination and hence an
object’s shadows [7]. Altering the angle of illumination causes differences in the size and location of
the cast shadow; this may have a greater effect on detectability than cast shadow presence/absence and
could be explored in future research.

Our findings were the same, irrespective of whether the background contained directional
illumination cues (experiment 1) or not (experiment 2). The presence of directional illumination
cues in the background might be expected to either reinforce the shadow information available to
increase detection or could provide a more complex visual background, increasing detection times.
Experiments with humans have examined the effects of cast shadows that are inconsistent with the
illumination direction or inconsistent with the shape of the object, finding that the reaction times of
participants were fastest when both sources of information were consistent and correct and slowest
when both sources of information were in conflict [48]. Although these findings suggest that cast
shadows and their associated information are important for object recognition, it is not clear whether
this is because shadows add additional information that enhances information processing or because
inconsistent information from shadows is distracting and slows the speed of responses [48,49]. Adams
et al. [26] investigated the role of directional illumination in the ability of human participants to
detect images of snakes with camouflage patterns (enhanced edges, which provide false depth cues).
They found that snakes were detected more easily under directional illumination than under ambient
lighting conditions, which they suggested was due to the cast shadows providing depth information
that may promote image segmentation and target recognition. However, they also note that in some
situations, cast shadows (from the target and from objects in the background) could increase the visual
complexity of the scene, which would make target detection more difficult [26].

During experiment 1, we noted that fish were constantly checking the screen when no stimulus was
present. This made it difficult for us to distinguish between when fish were responding to a stimulus
and when they were checking the screen. In experiment 1, it was possible that fish were responding to
a change in the entire visual scene (the background and the stimulus appeared simultaneously) rather
than the appearance of the visual stimulus per se. For this reason, we repeated experiment 1, being
more stringent with our training, by waiting for fish to stop checking the screen before presenting
a stimulus and by repeating the experiment by presenting prey on a homogeneous background (i.e.
only the stimulus appeared). We also analysed the behaviour of fish when they checked the screen
compared to when they responded to a stimulus. We found that in both experiments, fish approached
the screen more rapidly when a stimulus was present than when the stimulus was absent. This
suggests that the fish have learned to respond to the presence of the stimulus, which confirms their
ability to detect the visual cues presented during these experiments.

Collectively, the two experiments and our additional analysis of fish behaviour give us confidence
in our null results. In experiment 1, we found that the approach time of fish decreased over successive
trials, indicating that fish tended to approach the screen faster as the experiment progressed. Similarly,
in experiment 2, the approach time also decreased over successive trials. Although the correlation
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between trial number and approach time was significant, a simple correlation does not take account
of the random effects, which mask the effect of variability among individuals. However, in our LMMs,
the effect of stimulus order is estimated while taking account of this inter-individual variability. This
suggests that, rather than becoming satiated and losing motivation, fish may have become more
familiar with the task or more engaged as testing proceeded.

In summary, this study did not find evidence to support the hypothesis that cast shadows facilitate
the detection and recognition of prey by fish predators. The results indicate that neither direct nor diffuse
light, nor the presence of a shadow cast by the prey, increases the probability of detection by predators. We
suggest that in our experimental set-up, cast shadows do not provide any additional information beyond
that provided by self-shadows, which are known to be an important determinant of prey detectability.

Ethics. This work was approved by the University of Western Australia Animal Ethics Committee (approval number:
ET000668).
Data accessibility. All the data and code needed to reproduce the analyses, along with an example video of fish
detection behaviours, are provided on a public online repository [50].

Electronic supplementary material is available online [51].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. L.C.: data curation, formal analysis, investigation, visualization, writing—original draft; K.R.:
data curation, formal analysis, investigation; S.M.: conceptualization, methodology, writing—review and editing;
J.K.: conceptualization, funding acquisition, investigation, supervision, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.
Conflict of interests. We declare we have no competing interests.
Funding. This work was supported by an Australian Research Council Future Fellowship awarded to J.K.
(FT180100491).
Acknowledgements. We would like to thank Laurent Valentin Jospin for help with 3D modelling in Blender, Jan
Hemmi for assistance with Matlab and Callum Donohue and members of the Centre of Evolutionary Biology group
for helpful discussions. We are very grateful to David Wilson and two anonymous referees who provided excellent
feedback and suggestions that improved our work.

References
1. Thayer GH. 1909 Concealing-coloration in the animal kingdom: an exposition of the laws of disguise through color and pattern: being a summary of

Abbott H. Thayer’s discoveries. New York, NY: Macmillan.
2. Turner ERA. 1961 Survival values of different methods of camouflage as shown in a model population. Proc. Zool. Soc. Lond. 136, 273–284.
3. Edmunds M. 1974 Defense in animals: a survey of anti-predator defenses. London, UK: Longmans.
4. Donohue CG, Hemmi JM, Kelley JL. 2020 Countershading enhances camouflage by reducing prey contrast. Proc. R. Soc. B 287, 20200477. (doi:

10.1098/rspb.2020.0477)
5. Cuthill IC, Sanghera NS, Penacchio O, Lovell PG, Ruxton GD, Harris JM. 2016 Optimizing countershading camouflage. Proc. Natl Acad. Sci. USA

113, 13093–13097. (doi:10.1073/pnas.1611589113)
6. Penacchio O, Cuthill IC, Lovell PG, Ruxton GD, Harris JM. 2015 Orientation to the sun by animals and its interaction with crypsis. Funct. Ecol. 29,

1165–1177. (doi:10.1111/1365-2435.12481)
7. Penacchio O, Lovell PG, Cuthill IC, Ruxton GD, Harris JM. 2015 Three-dimensional camouflage: exploiting photons to conceal form. Am. Nat. 186,

553–563. (doi:10.1086/682570)
8. Penacchio O, Lovell PG, Harris JM. 2018 Is countershading camouflage robust to lighting change due to weather? R. Soc. Open Sci. 5, 170801.

(doi:10.1098/rsos.170801)
9. Rowland HM. 2009 From Abbott Thayer to the present day: what have we learned about the function of countershading? Phil. Trans. R. Soc. B

364, 519–527. (doi:10.1098/rstb.2008.0261)
10. Kamilar JM. 2009 Interspecific variation in primate countershading: effects of activity pattern, body mass, and phylogeny. Int. J. Primatol. 30,

877–891. (doi:10.1007/s10764-009-9359-9)
11. Stoner CJ, Caro TM, Graham CM. 2003 Ecological and behavioral correlates of coloration in artiodactyls: systematic analyses of conventional

hypotheses. Behav. Ecol. 14, 823–840. (doi:10.1093/beheco/arg072)
12. Wilson SG, Martin R. 2003 Body markings of the whale shark: vestigial or functional? West. Aust. Nat. 24, 115–117.
13. Kelley JL, Taylor I, Hart NS, Partridge JC. 2017 Aquatic prey use countershading camouflage to match the visual background. Behav. Ecol. 28,

1314–1322. (doi:10.1093/beheco/arx093)
14. Caro T, Beeman K, Stankowich T, Whitehead H. 2011 The functional significance of colouration in cetaceans. Evol. Ecol. 25, 1231–1245. (doi:10.

1007/s10682-011-9479-5)
15. Poulton EB. 1890 The colours of animals, their meaning and use, especially considered in the case of insects. New York, NY: D. Appleton.

17
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 12: 250719

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 O

ct
ob

er
 2

02
5 

http://dx.doi.org/10.1098/rspb.2020.0477
http://dx.doi.org/10.1073/pnas.1611589113
http://dx.doi.org/10.1111/1365-2435.12481
http://dx.doi.org/10.1086/682570
http://dx.doi.org/10.1098/rsos.170801
http://dx.doi.org/10.1098/rstb.2008.0261
http://dx.doi.org/10.1007/s10764-009-9359-9
http://dx.doi.org/10.1093/beheco/arg072
http://dx.doi.org/10.1093/beheco/arx093
http://dx.doi.org/10.1007/s10682-011-9479-5
http://dx.doi.org/10.1007/s10682-011-9479-5


16. Arcizet F, Jouffrais C, Girard P. 2009 Coding of shape from shading in area V4 of the macaque monkey. BMC Neurosci. 10, 140. (doi:10.1186/
1471-2202-10-140)

17. Cook RG, Qadri MAJ, Kieres A, Commons-Miller N. 2012 Shape from shading in pigeons. Cognition 124, 284–303. (doi:10.1016/j.cognition.2012.
05.007)

18. Zylinski S, Osorio D, Johnsen S. 2016 Cuttlefish see shape from shading, fine-tuning coloration in response to pictorial depth cues and directional
illumination. Proc. R. Soc. B 283, 20160062. (doi:10.1098/rspb.2016.0062)

19. Ramachandran VS. 1988 Perception of shape from shading. Nature 331, 163–166. (doi:10.1038/331163a0)
20. Da Vinci L. 2012 The notebooks of Leonardo da Vinci. Courier Corporation.
21. Jiang C, Ward MO. 1992 Shadow identification. In Proc. 1992 IEEE Computer Society Conf. on Computer Vision and Pattern Recognition, Champaign,

IL, USA, 15–18 June 1992, pp. 606–612. (doi:10.1109/CVPR.1992.223128)
22. Bonfiglioli C, Pavani F, Castiello U. 2004 Differential effects of cast shadows on perception and action. Perception 33, 1291–1304. (doi:10.1068/

p5325)
23. Koenderink JJ, Van Doorn AJ, Kappers AML. 1992 Surface perception in pictures. Percept. Psychophys. 52, 487–496. (doi:10.3758/bf03206710)
24. Koenderink JJ, Van Doorn AJ, Kappers AML. 1996 Pictorial surface attitude and local depth comparisons. Percept. Psychophys. 58, 163–173. (doi:

10.3758/bf03211873)
25. Kersten D, Knill DC, Mamassian P, Bülthoff I. 1996 Illusory motion from shadows. Nature 379, 31. (doi:10.1038/379031a0)
26. Adams WJ, Graf EW, Anderson M. 2019 Disruptive coloration and binocular disparity: breaking camouflage. Proc. R. Soc. B 286, 20182045. (doi:

10.1098/rspb.2018.2045)
27. El Nagar A, Osorio D, Zylinski S, Sait SM. 2021 Visual perception and camouflage response to 3D backgrounds and cast shadows in the European

cuttlefish, Sepia officinalis. J. Exp. Biol. 224, jeb238717. (doi:10.1242/jeb.238717)
28. Galloway JAM, Green SD, Stevens M, Kelley LA. 2020 Finding a signal hidden among noise: how can predators overcome camouflage strategies?

Phil. Trans. R. Soc. B 375, 20190478. (doi:10.1098/rstb.2019.0478)
29. Cadena V, Smith KR, Endler JA, Stuart-Fox D. 2017 Geographic divergence and colour change in response to visual backgrounds and illumination

intensity in bearded dragons. J. Exp. Biol. 220, 1048–1055. (doi:10.1242/jeb.148544)
30. Mavrovouna V, Penacchio O, Allen WL. 2021 Orienting to the sun improves camouflage for bilaterally symmetrical prey. Biol. J. Linn. Soc. 134,

803–808. (doi:10.1093/biolinnean/blab130)
31. Bullough K, Gaston KJ, Troscianko J. 2023 Artificial light at night causes conflicting behavioural and morphological defence responses in a

marine isopod. Proc. R Soc. B 290, 20230725. (doi:10.1098/rspb.2023.0725)
32. Aksnes DL, Giske J. 1993 A theoretical model of aquatic visual feeding. Ecol. Model. 67, 233–250. (doi:10.1016/0304-3800(93)90007-f)
33. Kelley JL, Merilaita S. 2015 Testing the role of background matching and self-shadow concealment in explaining countershading coloration in

wild-caught rainbowfish. Biol. J. Linn. Soc. 114, 915–928. (doi:10.1111/bij.12451)
34. Thorburn DC, Gill H, Morgan DL. 2014 Predator and prey interactions of fishes of a tropical Western Australia river revealed by dietary and stable

isotope analyses. J. R. Soc. West. Aust. 97, 363–387.
35. Brown C. 2003 Habitat–predator association and avoidance in rainbowfish (Melanotaenia spp.). Ecol. Freshw. Fish 12, 118–126. (doi:10.1034/j.

1600-0633.2003.00007.x)
36. Hong Liu C, Collin CA, Burton AM, Chaudhuri A. 1999 Lighting direction affects recognition of untextured faces in photographic positive and

negative. Vis. Res. 39, 4003–4009. (doi:10.1016/s0042-6989(99)00109-1)
37. Friard O, Gamba M. 2016 BORIS: a free, versatile open‐source event‐logging software for video/audio coding and live observations. Methods

Ecol. Evol. 7, 1325–1330. (doi:10.1111/2041-210x.12584)
38. Schneider CA, Rasband WS, Eliceiri KW. 2012 NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. (doi:10.1038/nmeth.

2089)
39. R Core Team. 2024 R: a language and environment for statistical computing. 4.4.2. Vienna, Austria. R Foundation for Statistical Computing.
40. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting linear mixed-effects models using lme4. J. Stat. Softw 67, 01–48. (doi:10.18637/jss.v067.

i01)
41. Mamassian P, Knill DC, Kersten D. 1998 The perception of cast shadows. Trends Cogn. Sci. 2, 288–295. (doi:10.1016/s1364-6613(98)01204-2)
42. Allen BP. 1999 Shadows as sources of cues for distance of shadow-casting objects. Percept. Mot. Ski. 89, 571–584. (doi:10.2466/pms.1999.89.2.

571)
43. Yonas A, Goldsmith LT, Hallstrom JL. 1978 Development of sensitivity to information provided by cast shadows in pictures. Perception 7, 333–

341. (doi:10.1068/p070333)
44. Rensink RA, Cavanagh P. 2004 The influence of cast shadows on visual search. Perception 33, 1339–1358. (doi:10.1068/p5322)
45. Lovell PG, Gilchrist ID, Tolhurst DJ, Troscianko T. 2009 Search for gross illumination discrepancies in images of natural objects. J. Vis. 9, 37–37.

(doi:10.1167/9.1.37)
46. Rowe ZW, Austin DJD, Chippington N, Flynn W, Starkey F, Wightman EJ, Scott-Samuel NE, Cuthill IC. 2021 Background complexity can mitigate

poor camouflage. Proc. R. Soc. B 288, 20212029. (doi:10.1098/rspb.2021.2029)
47. Penacchio O, Harris JM, Lovell PG. 2017 Establishing the behavioural limits for countershaded camouflage. Sci. Rep. 7, 13672. (doi:10.1038/

s41598-017-13914-y)
48. Castiello U. 2001 Implicit processing of shadows. Vis. Res. 41, 2305–2309. (doi:10.1016/s0042-6989(01)00141-9)

18
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 12: 250719

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 O

ct
ob

er
 2

02
5 

http://dx.doi.org/10.1186/1471-2202-10-140
http://dx.doi.org/10.1186/1471-2202-10-140
http://dx.doi.org/10.1016/j.cognition.2012.05.007
http://dx.doi.org/10.1016/j.cognition.2012.05.007
http://dx.doi.org/10.1098/rspb.2016.0062
http://dx.doi.org/10.1038/331163a0
http://dx.doi.org/10.1109/CVPR.1992.223128
http://dx.doi.org/10.1068/p5325
http://dx.doi.org/10.1068/p5325
http://dx.doi.org/10.3758/bf03206710
http://dx.doi.org/10.3758/bf03211873
http://dx.doi.org/10.1038/379031a0
http://dx.doi.org/10.1098/rspb.2018.2045
http://dx.doi.org/10.1242/jeb.238717
http://dx.doi.org/10.1098/rstb.2019.0478
http://dx.doi.org/10.1242/jeb.148544
http://dx.doi.org/10.1093/biolinnean/blab130
http://dx.doi.org/10.1098/rspb.2023.0725
http://dx.doi.org/10.1016/0304-3800(93)90007-f
http://dx.doi.org/10.1111/bij.12451
http://dx.doi.org/10.1034/j.1600-0633.2003.00007.x
http://dx.doi.org/10.1034/j.1600-0633.2003.00007.x
http://dx.doi.org/10.1016/s0042-6989(99)00109-1
http://dx.doi.org/10.1111/2041-210x.12584
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1016/s1364-6613(98)01204-2
http://dx.doi.org/10.2466/pms.1999.89.2.571
http://dx.doi.org/10.2466/pms.1999.89.2.571
http://dx.doi.org/10.1068/p070333
http://dx.doi.org/10.1068/p5322
http://dx.doi.org/10.1167/9.1.37
http://dx.doi.org/10.1098/rspb.2021.2029
http://dx.doi.org/10.1038/s41598-017-13914-y
http://dx.doi.org/10.1038/s41598-017-13914-y
http://dx.doi.org/10.1016/s0042-6989(01)00141-9


49. Dee HM, Santos PE. 2011 The perception and content of cast shadows: an interdisciplinary review. Spat. Cogn. Comput. 11, 226–253. (doi:10.
1080/13875868.2011.565396)

50. Cauchi L, Reynolds K, Merilaita S, Kelley J. 2025 Supporting data for Cauchi et al: The influence of illumination and cast shadows on prey
detectability by predators. Mendeley Data, V1. (doi:10.17632/knc7tds7kn.1)

51. Cauchi L, Reynolds K, Merilaita S, Kelley J. 2025 Supplementary material from: The influence of illumination and cast shadows on prey
detectability by predators. Figshare. (doi:10.6084/m9.figshare.c.8000627)

19
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 12: 250719

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 O

ct
ob

er
 2

02
5 

http://dx.doi.org/10.1080/13875868.2011.565396
http://dx.doi.org/10.1080/13875868.2011.565396
http://dx.doi.org/10.17632/knc7tds7kn.1
http://dx.doi.org/10.6084/m9.figshare.c.8000627

	The influence of illumination and cast shadows on prey detectability by predators
	1. Introduction
	2. Material and methods
	2.1. Study species
	2.2. Computer-generated prey
	2.3. Experimental apparatus and procedure
	2.4. Training and testing of fish
	2.5. Measuring fish behaviour
	2.6. Effect of stimulus presence
	2.7. Luminance of stimuli
	2.8. Data analyses

	3. Results
	3.1. Experiment 1—background with directional illumination cues
	3.2. Experiment 2—homogeneous background
	3.3. Effect of prey stimulus presence on approach time
	3.4. Luminance range of stimuli

	4. Discussion


