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ABSTRACT

Motion detection is an elementary aspect of most animal visual systems. However, many environments are prone to background
motion, which might disrupt the ability of visual systems to detect relevant motion cues. While in humans, background motion
can disrupt the detection of visual cues even after the moving background component has ceased, it remains unknown whether
natural forms of background motion might also affect other animal visual systems. Here, we test whether prior exposure to
naturally occurring ‘caustics’, a form of dynamically moving light patterns commonly found in shallow aquatic environments,
can have a persisting effect on an animal's motion detection abilities even after the caustic exposure has stopped. To do this, we
established the response probability of the shore crab Carcinus maenas to computer-generated expanding disc stimuli mimicking
an approaching predator after exposure to either static or moving caustic scenes. Prior exposure to moving caustics had a short-
term persisting effect on visual perception in C. maenas, reducing crabs' likelihood to respond to an approaching predator for
at least 2s after the moving caustics had ceased. Our study shows that even after an exposure period to background motion has
ended, the visual response rates in C. maenas can still be reduced for a short period owing to the prior exposure. While this so-
called ‘historical effect’ may derive from an adaptation of the crab's visual system to the caustic background motion, we discuss
whether it may have survival consequences for this crustacean species.

1 | Introduction motion, for example through wind-blown vegetation or the

movements of clouds or aquatic surfaces, such as rivers or water-

Many animals rely on their visual systems to detect information
about their predators, prey or conspecifics. Although animal
eyes can vary in both anatomy and complexity, some functions
are common across visual systems, highlighting their ecological
importance for an animal's survival and reproductive success
(Land and Nilsson 2012). One of these functions is the ability
to detect motion, which is used for a wide range of behavioural
processes such as navigation, postural stability, prey capture or
predator detection (Eckert and Zeil 2001; Srinivasan et al. 1999).
Many natural environments, however, are prone to background

falls, creating dynamic visual elements across sometimes large
parts of the visual scene. Such background motion can act as a
source of visual noise, impairing the ability of animals to de-
tect and respond to motion cues (Attwell et al. 2021; Matchette
et al. 2020; Venables et al. 2022). In particular, background
motion can interfere with animal perception through two pro-
cesses, either by masking other moving stimuli within the scene
(Matchette et al. 2018, 2019) or by distracting an animal, thereby
limiting its ability to detect, respond, or process visual informa-
tion (Dominoni et al. 2020).
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Although background motion can interfere with many be-
havioural and perceptual processes in animals, previous studies
have not unravelled whether these impacts derive exclusively
from the interference that background motion can create at the
moment of cue detection (irrespective of any prior exposure to
the moving background scene) or whether prior exposure to
background motion also affects animal visual processing. For
example, visual systems can perform neural adaptations to con-
tinuous background motion, thereby increasing an animal's
likelihood of detecting other moving stimuli (Webster 2015). In
particular, owing to adaptation, individuals that experience pro-
longed exposure to a moving background might be more likely
to detect and respond to a moving cue (e.g., a moving predator)
against a moving background than individuals that have had
less time to adapt to that background. However, prior exposure
to background motion can also affect animal visual systems
after the background motion has stopped. In humans, for ex-
ample, shifting the gaze from a scene with continuous exposure
to a moving stimulus (e.g., a waterfall) to a stationary back-
ground can create the illusion of stationary objects moving in
the direction opposite to the previous moving stimulus (Anstis
et al. 1998), a phenomenon known as the ‘waterfall illusion’
(Addams 1834). These ‘historical effects’ of background motion
can impair the detection of information, thereby potentially
interfering with perceptual and decision-making processes
(Gallagher et al. 2021). Looking beyond human perception,
such historical effects of background motion have also been
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established in primates; however, these studies exposed animals
to non-natural moving stimuli, such as drifting sine wave grat-
ings (Glasser et al. 2011; Kohn and Movshon 2003). Whether
naturally occurring and ecologically relevant background mo-
tion, such as the moving light patterns deriving from dynamic
lighting, can induce a historical effect on animal visual systems
remains unknown.

One common form of background motion in shallow aquatic
habitats is ‘caustics’ (also termed caustic flicker; Figure 1a,b).
Consisting of mesh-like patterns of high-intensity light bands
moving across the substrate, caustics result from the fluctua-
tion of focal points of light beams when refracted by surface
waves (Lock and Andrews 1992). In environments prone to
caustic lighting, animals might use the apparent motion cues
provided by this form of dynamic illumination to mask their
own movements, which in turn can increase the difficulty
for a predator or prey to detect them (Matchette et al. 2018).
Indeed, exposure to caustics can disrupt the prey or preda-
tor detection of Picasso triggerfish (Rhinecanthus aculeatus;
Matchette et al. 2020), three-spined sticklebacks (Gasterosteus
aculeatus; Attwell et al. 2021), shore crabs (Carcinus maenas;
Venables et al. 2022) and European cuttlefish (Sepia officinalis;
Venables et al. 2022). Although dynamically moving caustic
light patterns can impair the visual systems of aquatic ani-
mals (Attwell et al. 2021; Matchette et al. 2020, but see Drerup
et al. 2023; Drerup, How, et al. 2024; Venables et al. 2022),

Rear-projection Camera
screen

(

............................ Tethered

.............................. shore crab

Projector for caustic background on treadmill

i i i
1005 mm 235 mm
(d)
exposure gy stimulus 1 prep.
} period |I period Il_ period —I

-0.5 . . 2.5
Time (s) ——»

FIGURE1 | Example of caustic exposure and experimental set-up. (a, b) Dynamic lighting in the form of caustics, with (a) shallow marine habitat
exposed to caustic lighting and (b) the same habitat after caustics have ceased (approximately 4s later). (c) Schematic drawing of the experimental
set-up, with tethered shore crabs walking on a treadmill while facing a rear-projection screen, which shows expanding disc presentations on a caustic
background. (d) Visualisation for expanding disc presentation during the stimulus period in Experiment 1. During the exposure period, crabs were
only shown a moving or static caustic background, whereas immediately with the beginning of the stimulus period, crabs were exposed to a caustic
background as well as an approaching predator-like expanding disc stimulus. Here, the disc size expanded over a 2-s-long period following a geomet-
ric expansion profile (see Section 2.2, Experimental Set-Up, for detailed description) and remained visible at full expansion for another 3s, resulting
in a 5-s-long stimulus period. After the stimulus period, the preparation period (prep. period) began, which included exposure to the caustic condition
of the stimulus period for approximately 20s to allow preparation of the following treatment (see Section 2.6, Experimental Protocol).
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it remains unknown whether solely the background motion
at the moment of cue presentation (irrespective of any prior
exposure to caustics) reduces the ability to respond to these
objects in these species, or whether additional prior exposure
to caustics might either improve or further impair the visual
perception of these animals. Indeed, caustics can appear and
disappear in rapid succession due to cloud coverage or fluctu-
ating wind conditions, exposing animals in shallow marine
environments to unpredictable phases of background motion.
Caustics, therefore, represent a naturally occurring form of
background motion that has the potential to elicit a historical
effect on the visual systems of marine animals.

In this study, we investigated the temporal effects of background
motion on the ability of shore crabs (C. maenas) to detect preda-
tors. This brachyuran crab species is commonly found in coastal
environments such as intertidal and shallow subtidal zones
(Crothers 1968) where it relies on its visual system, consisting
of a pair of compound eyes, for a multitude of behavioural tasks,
including detecting predators, catching prey and finding con-
specifics (Cronin and Feller 2014). As such, their eyes are tuned
to detect different forms of motion in the visual field (Horseman
et al. 2011). Considering that their natural habitats are prone
to rapidly appearing and disappearing caustic lighting pat-
terns that can impair this species’ visual perception (Venables
et al. 2022), C. maenas offers a suitable model to establish the
temporal effects of background motion induced by dynamic
lighting on the ability to detect moving stimuli. By exposing in-
dividuals of C. maenas to changing visual scenes consisting of
computer-generated simulations of either moving or static caus-
tic patterns while simultaneously presenting them with loom-
ing stimuli mimicking an approaching predator, we assessed
whether exposure to moving caustics could elicit an ecologically
relevant historic effect on motion detection in crabs.

2 | Material and Methods
2.1 | Study Organism

Shore crabs C. maenas were collected from Clevedon Beach (UK;
51°26'18.0” N 2°51'56.7” W) and kept in individual compart-
ments (180x130x60mm) in a circulating shallow aquarium
filled with artificial sea water (Tropic Marin AG, Wartenberg,
Germany) at a salinity of 35 ppt. All holding compartments were
exposed to light cycles matching the natural photoperiod of the
experimental period (May-June). Shore crabs were fed twice a
week with defrosted mussels or prawns. All individuals were re-
turned to the collection site within a week of collection.

As we used wild-caught individuals of C. maenas, we were un-
able to directly control for individual differences in previous
experience to caustic lighting exposure. However, our study
did not aim to assess the response of C. maenas to novel vi-
sual stimuli but rather to establish how the visual systems of C.
maenas cope with naturally occurring background motion in
its habitat, which eliminates the need to test naive individuals.
With this in mind, we aimed to keep the effect of individual ex-
perience as minimal as possible by only collecting individuals
of comparable sizes from the same geographic location (200m
wide beach segment) within a short time frame (3 weeks), while

further controlling for individual variation through including
individual ID as a random effect in our statistical models (see
Section 2.8, Statistical Analysis).

2.2 | Experimental Set-Up

Crabs were tethered on top of a spherical treadmill consisting of
a Styrofoam ball (diameter=120mm) suspended on a cushion
of air supplied from a compressed air tap (Figure 1c). Tethering
involved gluing a piece of Velcro onto the dorsal side of the
crab carapace using cyanoacrylate glue and a complementary
piece of Velcro to a metal rod horizontally mounted above the
treadmill. This allowed the crabs to walk freely but restricted
their translational or rotational movement. A video camcorder
(HC-X900, Panasonic Corporation, Osaka, Japan) was mounted
375mm above the treadmill to record the behaviour of the crabs
throughout each trial.

Crabs faced a custom-made stimulus screen at a distance of
235mm that allowed a simultaneous yet independent display of
caustic backgrounds and predator-like approaching stimuli. This
screen consisted of two digital projectors (PA503S, ViewSonic
Corporation, Brea, USA) stacked on top of each other, with their
images overlaying onto a semi-transparent 300X 300 mm rear-
projection screen (0.5 diffusor, Lee Filters, Andover, UK) at a
distance of 1005mm (Figure 1c). One projector, connected to
a laptop (Ideapad 310, Lenovo Group Limited, Hong Kong, VR
China), displayed a computer-generated animation of a caustic
pattern that was rendered using Caustics Generator Pro (Dual
Heights; www.dualheights.se/caustics/; detailed software set-
tings are presented in Table Al). The caustic pattern consisted
of 200 unique frames continuously looped at a frame rate of 30
frames/s, resulting in a single loop duration of 6.66s. The second
projector, connected to a second laptop (G3, Dell Technologies
Inc., Round Rock, USA), was used to project an expanding
black disc stimulus generated using a bespoke MATLAB script
(R2021a, MathWorks, Natick, USA). Expanding black disc stim-
uli are a common experimental approach to mimic the loom-
ing appearance of an approaching predator (Calanni et al. 2024;
Schiffet al. 1962), which elicits a strong innate freezing response
in C. maenas (Drerup and How 2021; Venables et al. 2022; see
2.7, Response scoring). The black disc expanded over a 2-s-long
period from a visual angle of 0° to ~33° (0-139 mm in diameter),
following a geometric expansion profile (i.e., the angular rate of
expansion of the disc matched that induced by a physical object
approaching at a constant speed), and remained visible at full
expansion for another 3s (Figure 1d). As ‘broad-fronted’ crabs
largely lack acute zones in their compound eyes (Zeil et al. 1986),
our set-up exposed tethered C. maenas individuals with ex-
panding discs stimuli in their eye equator, with such stimuli in
this part of the field of view having been shown to elicit strong
anti-predatory responses (e.g., Drerup and How 2021; Venables
et al. 2022). Both projectors were run at refresh rates of 60 Hz,
which lies above the critical flicker fusion frequency of crabs
(approximately 30-50 Hz; Grober 1990; Layne et al. 1997). Audio
beeps produced by the MATLAB script at the beginning and
end of each expanding disc presentation were fed into the audio
stream of the video camcorder to synchronise crab'’s response
to the stimulus. To minimise external disturbances, a white cu-
bicle consisting of a 40x40x40cm wide photography tent was
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http://www.dualheights.se/caustics/

placed around the crab treadmill, with two openings allowing
crabs to face the rear-projection screen, as well as the camera to
film the crabs' behaviour.

Using our set-up (comprising two projectors and overlaying
their images onto a rear-projection screen) had three advan-
tages. First, using two independent animation streams to dis-
play the caustics through one projector and the expanding disc
stimulus through the other projector enabled us to start/stop
either animation independently of each other. This allowed us
to time stimulus presentations to phases in which shore crabs
were moving, which was pertinent to our response scoring ap-
proach (see 2.7, Response Scoring). Second, the use of digital
light processing (DLP) projectors in our set-up allowed us to
display both the caustic backgrounds as well as the expand-
ing disc stimuli as intensity-based cues only, without any un-
wanted fluctuations or artefacts in the polarisation of light. C.
maenas is capable of mitigating the impacts of caustic light-
ing on its ability to detect objects if the latter are polarised
(Venables et al. 2022), and so our experimental set-up ensured
that any behavioural responses observed in this study are
solely elicited by the impact caustics might have on this spe-
cies' intensity-based visual channels. Third, by projecting both
the caustic animation and the expanding disc stimulus onto
the rear-projection screen, both presentations appeared to the
crabs on the same visual plane. This approach allowed us to
superimpose the caustics onto both the background as well as
the expanding disc stimulus, thereby approximating how nat-
ural caustics would interact with an approaching object (e.g.,
a predator) against a background. Our experimental design,
therefore, represents a scenario in which a crab is approached
by a predator viewed against a vertical or sloped background,
such as may be found in shallow coastal habitats or large rock
pools. Although our set-up thus generates motion in the form
of dynamically moving caustic light patterns across both the
visual background and foreground, for simplicity we refer to
our caustic treatments as background motion throughout the
remainder of the manuscript.

2.3 | Contrast Measurements

Our treatments consisted of a caustic animation overlaid by an
approaching predator-like stimulus consisting of a black disc
(uint8 value =0) expanding on a background with the same or a
lighter greyscale value (uint8 value between 0 and 255). To cal-
culate the contrast between the predator-like stimulus (expand-
ing disc overlaid by caustics) and the background (greyscale
background overlaid by caustics), we first projected both a still
frame of the caustic animation (using the first projector) as well
as a series of 256 frames consisting of all 256 uint8 greyscale val-
ues (using the second projector) onto the rear-projection screen.
Using a spectrometer (HDX) coupled to a 400um bare optic
fibre with a cosine corrector (R400-7-UV-VIS; all Ocean Insight,
Orlando, USA), we then measured the radiance of a subset of
the overlaid image, covering approximately half of the screen
area, for all combinations of caustic background and each of the
256 greyscale values. Radiance measurements were capped to
the wavelength range of 400-700nm, which covers the spec-
tral sensitivity of C. maenas (Bruno et al. 1973; Wald 1968). We
then used these radiance measurements to calculate the Weber

contrast of all 256 greyscale values (Figure Ala), used for the
background of the stimulus projection, against the darkest grey-
scale image (uint8 value =0), used for the expanding discs of the
stimulus projection, using the following formula:

Radiancedisk - Radiancebackground

Radlancebackground

To determine an appropriate experimental range of stimulus-
background contrasts, we conducted a pilot experiment testing
the response rate of 11 C. maenas individuals (not reused in
Experiment 1 or 2) to 11 expanding discs with Weber contrasts
between —0.10 and —0.27 against a static caustic background,
presented in a randomised block design to avoid an order bias.
The responses of the shore crabs to the looming stimuli were
established using a binary scoring system (see Section 2.7,
Response Scoring) and are displayed in Figure A1lb.

2.4 | Experiment1

To establish the temporal effects of background motion on
the response of C. maenas, we exposed 56 individuals (cara-
pace width: 32+9mm [mean=+1 SD]) each to eight different
treatments. Each treatment started with a >90s long ‘expo-
sure period’ to either a static or moving caustic background
and was immediately followed by the ‘stimulus period’, which
could either be a continuation of the same caustic condition
or an abrupt change into the other caustic condition. Within
the stimulus period, crabs were then exposed to an expanding
disc stimulus, which started simultaneously with the change
from the exposure to the stimulus period, thereby reaching its
full size 2s into the stimulus period (Figure 1d). In four of the
eight treatments of this experiment, the expanding discs were
projected at a Weber contrast of —0.22 (Figure A1b), which was
deemed to be the lowest contrast that elicited a robust (~90%)
response rate to an expanding disc against a static caustic
background but correspondingly a lower response rate against
moving caustics (following Venables et al. 2022). In the other
four treatments, the expanding discs were presented at a Weber
contrast of 0.00, which resulted in an ‘invisible’ expanding disc
and was used as a control to establish whether any observed
behavioural responses derived indeed from exposure to the ap-
proaching predator-like stimuli and not from potential changes
in the visual background, thereby assessing the proportion of
false positive responses. We opted for presenting the crabs an
invisible disc instead of no disc at all to ensure that any ob-
served responses in crab behaviour are not elicited by devia-
tions in our experimental protocol (e.g., the manual starting of
an expanding disc display by the experimenter or any disrup-
tions in the caustic animations caused by the presentation of
an expanding disc). In total, there were eight treatments, with
variations of static or moving caustics in both the exposure and
stimulus periods, as well as the contrast (‘visible’ or ‘invisible’)
of the expanding disc. We gave each treatment a three-letter
code, with the first and second letter stating the caustic con-
dition in the exposure and then stimulus period ("M’ for mov-
ing caustics, ‘S’ for static caustics), and the third letter stating
the visibility of the expanding disc (‘V’ for a visible disc with a
Weber contrast of —0.22, ‘T" for an invisible disc with a Weber
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contrast of 0.00). Each crab (n=56) received all eight treat-
ments in one trial and was only tested once. To ensure that the
order of the treatments presented to an individual within a trial
did not affect its response likelihood, we created 56 unique or-
ders of the eight treatments in a balanced randomised block de-
sign, with each crab thus receiving a unique order of the eight
treatments within its trial.

2.5 | Experiment 2

Following the results of Experiment 1, we determined for how
long prior exposure to moving caustics reduced the response rate
for looming stimuli after the caustics had stopped. To do so, we
exposed 48 new crabs (i.e., not used in Experiment 1; carapace
width: 31+8mm [mean=+1 SD]) to eight different treatments.
Each treatment started with a >90s long ‘exposure period’ to
either a static or moving caustic background and was immedi-
ately followed by the ‘stimulus period’, which in this experiment
always consisted of a static caustic background. In the stimulus
period, we then presented expanding discs with different start-
ing points, namely after Os (thus starting with the change from
exposure to stimulus period) or with an offset of 1, 2, 3, 4 or
5s. Based on information from Experiment 1, we reduced the
Weber contrast of the visible expanding discs in Experiment 2
from —0.22 of —0.19 to fall nearer to the crab's response thresh-
old (Figure Alb), while invisible discs were still presented at a
Weber contrast of 0.00. Each of the eight treatments used in this
experiment were assigned an alphanumerical code, following
the same system as the previous experiment, but with the ad-
dition of a digit referring to the offset (in seconds) at which the
disc started to expand (in relation to the start of the stimulus pe-
riod). Each crab (n=48) was tested once in this experiment and
received all eight treatments in one trial. We created 48 unique
orders of the eight treatments in a balanced randomised block
design, thereby ensuring that each crab would receive a unique
order of the eight treatments within its trial.

2.6 | Experimental Protocol

Each trial started by tethering a crab on the treadmill and leav-
ing it for 180s to acclimate to a grey static background with the
same brightness as the caustic backgrounds. After this period,
we changed the background to the first caustic condition of the
exposure period of the first treatment. Each treatment started
with an at least 90-s-long exposure period, followed by the stim-
ulus period. Throughout all trials of both Experiment 1 and
Experiment 2, the static caustic background images presented
to the crabs were randomly chosen from the 200 frames of our
caustic animation, thereby ensuring variability and preventing
any artefacts that could have derived from choosing one static
image across all trials. As our response scoring relied on animals
walking when exposed to the expanding discs, we extended the
duration of the exposure period for trials in which a crab was
stationary until the crab started to walk for at least 5s, which
was usually the case within <10s. After each treatment, crabs
continued to be exposed to the caustic condition of the stimulus
period for a short duration (~20s; ‘preparation period’), thereby
allowing us to prepare the settings for the subsequent treatment
in our MATLAB script before starting the next treatment. In

total, each treatment took approximately 2min to complete, re-
sulting in a total trial length of less than 20 min.

2.7 | Response Scoring

All video recordings were imported into MATLAB. Here, we
used a bespoke script to identify the audio beeps fed into the audio
stream of each video at the beginning and end of each presented
expanding disc. Using these audio markers, we cropped the video
recording of each crab into eight individual video clips, one for
each treatment within a trial. Each of these video clips had a du-
ration of 15s, capturing the crab behaviour from 5s before until
5s after the expanding disc display (5s). In the bottom-right cor-
ner of each of these videos, we added a temporally aligned anima-
tion of the expanding disc display, with the animations for both
the visible and invisible expanding disc treatments being identi-
cal. These individual video clips thus solely showed the crab be-
haviour during an expanding disc presentation but excluded any
indication about the caustic condition in the exposure or stimulus
period or the contrast/visibility of the expanding discs, thereby
allowing us to score the response behaviour of C. maenas blind.

Moving individuals of C. maenas display a robust response
to low-contrast expanding disc stimuli by drastically slow-
ing down or stopping their movement (Drerup and How 2021;
Venables et al. 2022). Our study focussed on whether crabs re-
spond (i.e., the absolute responses) to an approaching predator-
like stimulus based on previous and current caustic exposure.
Therefore, the responses of C. maenas to the expanding discs in
our experiments were scored as binary response data, with crabs
either responding to the expanding disc (1; ‘freezing’, indicated
by stopping (or drastically slowing down) their movements) or
not responding to the expanding disc (0; ‘walking’, indicated by
continuing their walking movement). Due to using low-contrast
stimuli in our experiment, we only assessed the crabs’ walking
behaviour, whereas other behavioural features often seen in
response to higher contrasting stimuli (e.g., claw movements;
Drerup and How 2021) were not considered for our scoring ap-
proach. Behavioural responses were only included when they
occurred within the expansion phase of the presented discs. All
videos were scored by the same observer.

2.8 | Statistical Analysis

All statistics were performed in R v. 4.2.2 (R Core Team 2023)
and included generalised linear mixed-effect models (GLMMs)
with binomial family error structures from the package Ime4
(Bates et al. 2015). We checked the assumptions for all GLMMs
using the DHARMa package (Hartig 2022). Significant effects
of each factor within a model were determined using the ‘dropl’
call from the Ime4 package (Bates et al. 2015). In cases where
treatment had a significant effect on a response measure, we
used the emmeans package (Lenth 2022) along with custom-
written contrasts to compute the pairwise differences only be-
tween predefined treatments. Here, we corrected for multiple
testing using the Benjamini-Hochberg method (Benjamini and
Hochberg 1995), which controls the false discovery rate using
a sequential modified Bonferroni correction. All visualisations
were rendered using ggplot2 (Wickham 2016).
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For Experiment 1, we first established whether changes in the
caustic conditions from the exposure to stimulus period elic-
ited responses in the crabs even in the absence of the visible
disc (i.e., false positives). We tested (1) whether the proportion
of responding crabs differed between each treatment with in-
visible expanding discs (0.00 Weber contrast; SSI, MSI, SMI
and MMI). To do so, we ran a GLMM with the response to
the expanding disc as a binary response variable (0: not re-
sponded; 1: responded), treatment as a fixed effect and indi-
vidual crab ID as a random effect. Subsequently, we calculated
the pairwise differences between these four treatments using
custom-written contrasts. We also tested (2) whether the pro-
portion of responding crabs differed between treatments with
a visible (—0.22 Weber contrast; SSV, MSV, SMV, MMV) and
invisible (0.00 Weber contrast; SSI, MSI, SMI, MMI) expand-
ing disc by running a GLMM with the response to the expand-
ing disc as a binary response variable (0: not responded; 1:
responded), disc visibility as a two-level fixed effect (visible
vs. invisible) and individual crab ID as a random effect. As
none of the four treatments with invisible discs resulted in
statistically different proportions of responding crabs (test 1;
Table A2) and the overall response probability in treatments
with visible discs was higher than in treatments with invisible
discs (test 2; see the Results section), we deemed the response
probability to treatments with visible expanding discs to be
unaffected by false positive responses and thus removed all
treatments with invisible discs (SSI, MSI, SMI and MMI) from
further analysis. We tested whether the inclusion or exclu-
sion of the treatments with invisible discs would qualitatively
affect the outcome of our subsequent statistical analysis but
found that both approaches yielded consistent and statistically
similar results.

For the remaining treatments containing visible looming discs
(SSV, MSV, SMV and MMV), we tested (3) whether the ability of
C. maenas to respond is affected solely by the presence of a mov-
ing caustic background at the moment of stimulus presentation
alone, as well as (4) whether prior exposure to moving caustics
affected the likelihood of response even after the caustic move-
ment has stopped. For both test 3 and 4, we ran a GLMM with
the response to the expanding disc as a binary response vari-
able (0: not responded; 1: responded), treatment as a fixed ef-
fect and individual crab ID as a random effect. To determine (3)
whether solely a moving caustic background at the moment of
stimulus presentation alone affected the ability of C. maenas to
respond, we calculated the pairwise contrasts between the SSV
and SMV treatments, as well as the MSV and MMV treatments.
In both comparisons (SSV vs. SMV; MSV vs. MMV), the two
corresponding treatments only differed in whether the caustics
were moving or static when the looming stimulus was shown in
the stimulus period. This allowed us to test whether exposure to
a moving background solely during the presentation of the ex-
panding disc affected the likelihood of responding to that loom-
ing stimulus. To establish (4) whether prior exposure to moving
caustics alone affected the likelihood of response after the caus-
tic movement has stopped, we calculated the pairwise contrasts
between the SSV and MSV treatments, as well as the SMV and
MMV treatments. In these comparisons, the two corresponding
treatments only varied in the caustic conditions of the expo-
sure period (static or moving). Therefore, any differences in the
likelihood of responding to a looming stimulus between these

treatments would indicate a historical effect of moving caustics
on visual perception.

For Experiment 2, we also established whether changes in caustic
condition in the absence of the visible disc elicited responses in
the crabs (i.e., false positives). To do so, we tested (5) whether the
proportion of responding crabs differed between treatments with
avisible (—0.19 Weber contrast; SSV0, MSV0-MSV5) and invisible
(0.00 Weber contrast; MSIO) disc by running a GLMM with the re-
sponse to the expanding disc as a binary response variable (0: not
responded; 1: responded), disc visibility as a two-level fixed effect
(visible vs. invisible) and individual crab ID as a random effect. As
the response probability in treatments with visible discs was higher
than in treatments with invisible discs (see the Results section),
we deemed the response probability to treatments with visible ex-
panding discs to be unaffected by false positive responses and thus
removed the treatment with an invisible disc (MSIO) from further
analysis. We tested whether the inclusion or exclusion of the MSIO
treatment would qualitatively affect the outcome of our subse-
quent statistical analysis but found that both approaches yielded
consistent and statistically similar results. For the remaining treat-
ments containing visible looms (SSV0, MSV0-MSV5), we then es-
tablished (6) how long a prior exposure to moving caustics affected
the response probability in C. maenas. To do so, we ran a GLMM
with the response to the expanding disc as a binary response vari-
able (0: not responded; 1: responded), treatment as a fixed effect
and individual crab ID as a random effect. Subsequently, we calcu-
lated the pairwise contrasts between SSVO (continuous static caus-
tic exposure) and each of the six MSV treatments (MSV0-MSV5)
to determine when there was no statistical difference in the pro-
portion of responding crabs between the treatments.

2.9 | Ethical Statement

The experiment outlined in this study adhered to the ASAB/ASB
guidelines for use of animals in behavioural research, was con-
ducted in accordance with UK legislation and was approved by
the Animal Welfare and Ethics Review Body of the University of
Bristol (UIN/21/061).

3 | Results
3.1 | Experiment1

For the four treatments with visible discs (SSV, MSV, SMV and
MMV), exposure to moving caustic backgrounds affected the
crabs' likelihood to respond to the predator-like stimuli (GLMM:
LRT,=108.76; p<0.001; Figure 2a). Fewer crabs responded to
the expanding discs when exposed to moving caustics during
stimulus presentation, compared to exposure to static caus-
tics during stimulus presentation (SSV vs. SMV: z.ratio=6.76,
p<0.001; MSV vs. MMV: z.ratio=5.47, p<0.001; Figure 2a;
Table A3). When exposed to moving caustics at the time of disc
presentation, additional prior exposure to moving caustics in the
test period did not affect the likelihood of responding to the stim-
uli (SMV vs. MMV, z.ratio=0.28, p=0.781; Figure 2a; Table A3).
Therefore, the presence of caustic background motion at the mo-
ment of cue presentation alone affects crabs' ability to respond to
a looming stimulus, regardless of prior exposure to caustics. In
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FIGURE 2 | Object response rates in Carcinus maenas. (a) Proportion of C. maenas (n=56) responding to an approaching predator-like expand-
ing disc stimulus in the eight treatments of Experiment 1. The false positive response rate of C. maenas to the four treatments with invisible discs
(0.00 Weber contrast; SSI, MSI, SMI and MMI) was approximately 2% (five responses to 224 presented invisible discs). There was no difference in
the proportion of responding crabs between the four treatments with invisible discs (Table A2). Furthermore, the proportion of responding crabs in
the treatments with visible discs (—0.22 Weber contrast; SSV, MSV, SMV and MMV) was higher than in the treatments with invisible discs (GLMM:
LRT,=135.91, p<0.001). (b) Proportion of C. maenas (n=48) responding to the predator-like expanding disc stimulus in the eight treatments of
Experiment 2. The false positive response rate was 0% (0 responses out of 48 presented invisible discs), and all treatments with a visible disc (SSVO,
MSV0-MSV5) resulted in a higher response rate than the MSIO treatment with no visible disc (GLMM: LRT, =66.47, p<0.001). (a, b) Treatment
name abbreviations: The first and second letters refer to the caustic condition in the exposure and stimulus period (‘M’ for moving caustics; ‘S’ for
static caustics), and the third letter states the visibility of the expanding disc (‘V’ for a visible disc with a Weber contrast of —0.22 (Experiment 1) or
—0.19 (Experiment 2); ‘T’ for an invisible disc with a Weber contrast of 0.00). In (b) Experiment 2, the additional digit in fourth position refers to the
offset (in seconds) at which the disc started to expand (in relation to the start of the stimulus period). Each treatment is visualised underneath the cor-
responding treatment name. Triangles depict the expanding disc phase, with the lower side of the triangle referring to the time offset of when the disc
expansion phase started (in relation to the start of the disc presentation period) and the upper side to the time point when the expanding disc reached
its full size. Filled triangles refer to a visible expanding disc stimulus (Experiment 1: —0.22 Weber contrast; Experiment 2: —0.19 Weber contrast),
whereas void triangles refer to an invisible expanding disc stimulus (0.00 Weber contrast in both experiments). Significance between treatments is
indicated as *** (p <0.001), ** (p <0.01), * (p <0.05) or n.s. (non-significant).

addition, even when there was a static caustic background at the
moment of the disc presentation, crabs were less likely to respond
to these expanding discs when they had previously experienced
moving caustics (SSV vs. MSV; z.ratio =2.43; p=0.02; Figure 2a;
Table A3). Prior exposure to moving caustic background motion,
therefore, reduced crabs' likelihood of responding to the looming
stimulus even after the caustics had stopped.

3.2 | Experiment 2
Given that prior exposure to moving caustics reduced the re-

sponse rate of crabs to expanding discs even after the caustics had
ceased (Experiment 1, Figure 2a), in Experiment 2, we tested how

long this effect persisted. The temporal offset between the end of
the moving caustic exposure and the beginning of the disc pre-
sentation affected the likelihood of C. maenas to respond to the
disc stimuli (GLMM: LRT,=54.20; p<0.001). Prior exposure to
moving caustics impaired the ability of shore crabs to respond to
predator-like expanding discs presented up to 2s after the caustic
background motion had ceased (SSVOvs. MSV0:z=4.49, p <0.001;
SSVO vs. MSV1: z=4.29, p<0.001; SSVO vs. MSV2: z=2.43,
p=0.03; Figure 2b; Table A4). However, there was no difference
in the proportion of crabs responding to expanding discs starting
at least 3s after the end of the moving caustic display, compared
to the static control treatment SSVO (Figure 2b; Table A4). Our
findings show that prior exposure to caustics can reduce the like-
lihood of C. maenas responding to a low-contrast stimulus (—0.19
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Weber contrast) mimicking an approaching predator by approxi-
mately 65% (32 out of 48 [SSVO] vs. 11 out of 48 responding crabs
[MSVO0]; Figure 2b) immediately after the caustics have ceased,
with this effect lasting at least 2s for this type of stimulus.

4 | Discussion

Caustic background motion reduced the response rate of C. mae-
nas to an approaching predator-like stimulus. While our findings
confirm recent observations that dynamically moving caustics can
impair the ability of aquatic species to respond to moving objects
(Attwell et al. 2021; Matchette et al. 2020; Venables et al. 2022), we
also established that this reduced visual perception was predomi-
nantly caused by the background motion at the moment of object
presentation alone, irrespective of whether or not crabs were ex-
posed to moving caustics beforehand. Additionally, we established
that prior exposure to moving caustics had a persisting effect on
the likelihood of responding to a moving object in C. maenas even
after the moving caustic exposure had ceased. In particular, crabs
showed reduced response rates for approaching stimuli initiated
up to 2s after the termination of the moving caustics. Our study
therefore shows that not only the presence of caustic background
motion can disrupt visually guided tasks in C. maenas but also
prior exposure to caustics can reduce the likelihood to respond to
visual cues, even after caustic exposure has ceased.

Although caustics can impair the object response rates of
aquatic animals (present study; Attwell et al. 2021; Matchette
et al. 2020; Venables et al. 2022), the exact properties of caustics
that lead to these decreased visual capabilities are still not fully
understood. Caustic light bands can affect the visual scene by
creating background motion. While background motion might
decrease a visual system's ability to segregate spatiotemporal
cues of a targeted object against its background (Churan and
Ilg 2002), it might also act as a constraint on cognitive processes
by distracting or misleading an observer's attention (Dominoni
et al. 2020). Many animals have therefore evolved mechanisms
that allow them to mitigate the impacts motion might have on
their perception (Clifford et al. 2007; Kohn 2007; Webster 2015).
For example, visual systems might undergo different types of
motion adaptation, defined as a temporary decrease of neu-
ral activity to a constant stimulus (Barlow and Hill 1963). By
adapting to a constant motion stimulus, visual systems can nul-
lify this stimulus by setting it as the expected norm of the vi-
sual scene, thereby increasing the likelihood of detecting other
motion stimuli that are different or novel to the adapted visual
scene (e.g., an approaching predator against a moving back-
ground) (Webster 2015). Considering that caustics lack a direc-
tional component at broad spatial and temporal scales, with light
bands moving in all directions across the substrate, C. maenas
might perform a motion gain reduction, similar to the contrast
gain reduction observed in flies (Harris et al. 2000), to adapt to
the multidirectional background motion provided by caustics.
This motion adaptation might aid in preventing saturation of the
motion detection neurons, thereby potentially allowing crabs to
somewhat reduce the impact of caustic background motion by
attempting to increase their sensitivity to other forms of motion.
Contrast gain reduction in flies is a rapid visual adaptation and
can occur in less than 35ms after exposure to a moving stimulus
(Nordstrom et al. 2011). If C. maenas thus underwent a similar

adaptation type in response to caustic background motion, it
likely occurred on such a short time frame (tens to hundreds of
milliseconds) that is undetectable by our behavioural observa-
tions (and would instead require intracellular measurements),
explaining why we did not establish a difference in the response
rate between the SMV and MMV treatments.

Another dynamic aspect that caustics impose on an animal’s visual
scene are fluctuations in the intensity of light. Caustic light bands
can produce peaks in illumination when moving across the visual
background (Drerup, Dunkley, et al. 2024; Venables et al. 2022) or
directly across an animal’s eye. Crustaceans exposed to caustics
might therefore adapt their visual systems by reducing the amount
of incoming light, for example, through the migration of screening
pigment granules (Meyer-Rochow 1999, 2001). However, reduc-
ing light intake might decrease the visual sensitivity of C. maenas
(Brodrick et al. 2022). Although the crabs tested in our experimen-
tal set-up were continuously exposed to caustic backgrounds, those
backgrounds varied between being either stationary or moving. As
stationary caustic backgrounds produce only a few spatially dis-
tributed yet non-moving peaks in illumination and assuming that
crabs do not move their eyes in response to static caustic exposure,
only the retinal areas that are exposed to these illumination peaks
within the visual field would need to perform a brightness adap-
tation. Contrarily, for moving caustic backgrounds, the peaks in
illumination move across the whole visual field, thereby requiring
larger areas of the crab's retina to adapt to the increased brightness
levels. Moving caustics might therefore reduce the visual sensitiv-
ity of a larger proportion of the crab’s visual system, potentially
explaining the reduced response rate to our predator-like stimulus
against moving caustic backgrounds.

While the visual system of C. maenas potentially undergoes
adaptations in response to moving caustics, examples from
human vision have shown that visual adaptations might also
affect visual systems even after the exposure to the adapter has
ended (Thompson and Burr 2009) for up to 14s (Ashida and
Osaka 1994). The most notable example of such an after-effect is
the ‘waterfall illusion’ (Addams 1834), which describes that after
a prolong exposure to a visual scene moving in a certain direc-
tion (e.g., a waterfall), stationary objects can appear to move in
the opposite direction (Anstis et al. 1998). Considering that after
being exposed to moving caustics, the response probability of C.
maenas to detect a predator-like stimuli was reduced for up to
2s, it is conceivable that this temporary reduction in the ability
to respond to an object resulted from an after-effect caused by a
visual adaptation in response to the previous exposure to caus-
tics. Previously described motion after-effects, such as the wa-
terfall illusion, result from exposure to a visual stimulus moving
in one direction (Thompson and Burr 2009). Therefore, caustics
are likely unable to elicit the same neural responses due to their
multidirectional movement. If C. maenas, however, performed a
motion gain reduction in response to caustic motion, this visual
adaptation might potentially result in a historical visual after-
effect, which could have caused the reduced response rate to our
predator-like stimuli in this species. Moreover, it is also conceiv-
able that a potential brightness adaptation to moving caustics
might elicit an after-effect that resulted in a reduced response
rate to our disc stimuli. Future research, therefore, should estab-
lish which visual properties of caustic exposure affect animal vi-
sual systems both during and after exposure to caustics.
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While the neural basis of visual after-effects and their theoretical
benefits and consequences on visual systems have recently been
investigated (Glasser et al. 2011; Webster 2015), previous work
often focused on standardised yet ecologically unrealistic mo-
tion stimuli that an animal would not experience in its natural
environment, such as drifting sine wave gratings (e.g., Glasser
et al. 2011; Kohn and Movshon 2003). In contrast, our study
demonstrated that background motion induced by caustic light-
ing patterns, a common form of dynamic illumination in shal-
low marine habitats, might induce visual after-effects in shore
crabs that can reduce their object detection. In particular, our
experimental set-up mimics a scenario in which an animal is ap-
proached by a predator against a vertical or sloped background,
such as may be found in shallow coastal habitats or large rock-
pools. Whether this historical effect of exposure to caustics has
any consequences for the predation risk of C. maenas, or merely
represents a by-product of visual adaptation, remains unknown.
In particular, capitalising on the historical effect that caustics
might have on prey visual systems might only be feasible for
predators that are unaffected by caustics, such as airborne avian
predators whose visual perception is likely unimpeded by caus-
tics when searching for prey from above the water surface. These
predators could time their foraging bouts to attack prey, such
as C. maenas, in the brief moments after caustics have ceased
to benefit from the reduced object detection rates of their prey.
Future research should establish whether predators in the wild
can indeed improve their hunting success by targeting their prey
in the brief moments after caustics have ended. Alternatively,
an adapted version of our experimental setup could be used to
expose real predators to both caustic exposure and computer-
generated prey stimuli to test whether these predators time their
foraging bouts to the brief periods after caustics have ended.

The findings of the present study open up interesting research
avenues to further investigate how caustic exposure and back-
ground motion in general affect animal visual systems. For ex-
ample, crabs in our experimental set-up were exposed to a fixed
duration of >90s of caustic background motion, whereas in
natural habitats, periods of caustic exposure can vary in length
from a few seconds up to several hours. Therefore, future re-
search could explore the effects of both shorter and longer ex-
posure times on the historical effect of caustics, for example,
to establish the minimum exposure time needed to elicit this
visual adaptation or to determine whether a longer exposure
period extends the duration of this historical effect. Another
potential research direction could be exploring whether, and to
what extent, the intensity level and movement speed of caustics
affect the presence and duration of historical effects in animal
visual systems, and how those parameters interact with anal-
ogous changes in the presented disc stimulus (e.g., difference
in contrast strength and expanding speed of the predator-like
stimulus). For example, if a crab's visual system exposed to a
moving caustic background adapts to the average perceived
motion speed in the visual scene, an observed historical effect
in the form of a reduced object response rate might be weaker
or last for a shorter duration if the speed of the approaching
objects deviates significantly from the adapted speed.

In summary, our findings demonstrate that moving caustics
presented only at stimulus presentation can reduce the ability of
C. maenas to respond to these stimuli; however, prior exposure

to caustics in addition to this caustic exposure does neither in-
crease nor decrease the response rate to predator-like stimuli in
this species. Additionally, we found that prior exposure to caus-
tics can have a short-term historical effect on the visual percep-
tionin C. maenas, reducing its visual response rates significantly
for at least two seconds after the caustics have terminated. Our
study motivates future work on how naturally occurring back-
ground motion affects the visual systems of animals and which
sensory or behavioural adaptations animals have evolved to mit-
igate or exploit historical effects on visual perception.
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FIGURE A1 | Contrast measurements. Our experimental set-up (Figure 1c) consisted of two projectors stacked on top of each other, with their
images overlaying onto a semi-transparent rear-projection screen. By using one projector to cast a static caustic image and the other projector to cast
backgrounds varying in their greyscale (uint8) values onto the rear-projection screen, (a) shows the Weber contrast between a greyscale value of 0
(used for the stimulus disc) and all 256 greyscale images (used for the stimulus background). (b) Pilot experiment testing the response probability
of Carcinus maenas (n=11) for 11 expanding disc stimuli varying in their Weber contrast against a static caustic image. The responses of the shore
crabs to the looming stimuli were established using a binary scoring system (see Section 2.7, Response Scoring). From these data, for Experiment 1
we deemed a Weber contrast of —0.22 (green line) to be the lowest contrast that elicited a robust (~90%) response rate to an expanding disc against a
static caustic background but correspondingly a lower response rate against moving caustics. To fall nearer to the crab’s response threshold, we opted
for a Weber contrast of —0.19 (red line) for Experiment 2.

11 of 12

5UR0 |7 SUOWILLID BAIeaID 3 |qed|(dde 8y} Aq paueAob 8Je S3joie YO ‘SN JO Se|ni Joj A%IqIT 8UIUO /]I U (SUORIPUOD-PUe-SWBIALIOD™A8 | 1M Afeiq 18Ul |UO//SONY) SUORIPUOD PUe SWB | 38U} 885 *[5202/50/0¢] Uo AreiqiTauliuo AB|iIm ‘18 L Aq 92T, €808/200T OT/I0p/W00" A3 | 1M Atelq 1 jBul|uoy/Sdny Wwolj papeojumoq 'S ‘S0z ‘8GLLS0T



TABLE Al |

caustic animation.

Caustic Generator Pro settings used to render the

TABLE A3 |
discs (—0.22 Weber contrast) in Experiment 1.

Pairwise comparison for the treatments with visible

Menu Parameter Setting(s) Contrast Estimate SE df z.ratio p
Image Image size 1920 px SSV vs. SMV 3.77 0.56 inf. 6.76 <0.001
Number of frames 200 MSV vs. MMV 2.72 0.50  inf. 5.47 <0.001
Background colour 127 SMV vs. MMV 0.16 0.56  inf. 0.28 0.781
Output BMP SSV vs. MSV 1.21 0.50 inf. 2.43 0.020
Quality Resolution 512 Note: Treatment name codes are as described in the Methods section.
Oversampling 1
Motion blur samples 1 TABLE A4 | Pairwise comparison between the SSVO treatment and
all other treatments containing a visible disc (—0.19 Weber contrast) in
Pattern Depth 5m,3m, 1m R
Experiment 2.
Intensity 0.05
Contrast estimate SE df z.ratio P
Amplitude filter 34.44444
SSVO0 vs. MSVO 2.25 0.50 inf. 4.49 <0.001
Frequency filter 4.561728
SSVO0 vs. MSV1 2.11 0.49 inf. 4.29 <0.001
Time filter 55
SSVO0 vs. MSV2 1.12 0.46 inf. 2.43 0.030
Spectral Spectral sampling Off
SSVO0 vs. MSV3 0.32 0.46 inf. 0.69 0.735
Refraction spread 0.08
SSV0 vs. MSV4 0.11 0.47 inf. 0.23 0.816
Light angle 0°
SSV0 vs. MSV5 0.11 0.47 inf. 0.23 0.816
Note: Treatment name codes are as described in the Methods section.
TABLE A2 | Pairwise comparison for the treatments with invisible

discs (0.00 Weber contrast) in Experiment 1.

Contrast Estimate SE df z.ratio 14

SSI vs. MSI 0.71 1.24 inf. 0.58 1.000
SSIvs. SMI 0.71 1.24 inf. 0.58 1.000
SSIvs. MMI 0.71 1.24 inf. 0.58 1.000
MSI vs. SMI 0.00 1.43 inf. 0.00 1.000
MSI vs. MMI 0.00 1.43 inf. 0.00 1.000
SMI vs. MMI 0.00 1.43 inf. 0.00 1.000

Note: Treatment name codes are as described in the Methods section.
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