
RESEARCH ARTICLE

Visual contrast from background features and dynamic
illumination contributes to three-dimensional camouflage
in cuttlefish
Christian Drerup1,2,*, Martin J. How3 and James E. Herbert-Read1

ABSTRACT
Many animals adopt camouflage strategies that involve matching
their appearance to colour and texture-based features in their
environment. However, these features may be difficult to estimate in
habitats that are prone to dynamic lighting, which might alter the
features’ appearance, or disrupt the capacity of visual systems to
resolve those features. In this study, we tested whether a common
form of shallow underwater dynamic lighting termed ‘caustics’,
consisting of moving light bands travelling along the substrate,
affect the expression of skin papillae in cuttlefish (Sepia officinalis).
To do so, we exposed cuttlefish individuals to rock stimuli varying in
their surface texture and colouration in both caustic and non-caustic
lighting and scored their papillae expression. We established a
positive correlation between the degree of papillae expression and
themaximum contrast cues in the visual scene, such as those derived
from object surface texture or colouration, with stronger contrast cues
resulting in a more pronounced papillae expression. In addition, we
found that cuttlefish also expressed their papillae when exposed to
caustics, and this response was adopted irrespective of the presence
or absence of an object in their visual field, highlighting that increased
visual contrast levels deriving from exposure to dynamic lighting
alone can elicit papillae expression in cuttlefish. We discuss whether
these camouflage responses might be adaptive, reducing their
likelihood of being detected by predators, or alternatively could
represent a constraint on visual processing.

KEY WORDS: Caustics, Cephalopod, Dynamic lighting, Sensory
ecology, Sepia officinalis

INTRODUCTION
Many animals have evolved camouflage strategies to avoid predation
(Merilaita et al., 2017), for example through background matching
(Merilaita and Stevens, 2011; Michalis et al., 2017) or displaying
contrasting colour patterns to break up their body outline (‘disruptive
colouration’) (Stevens et al., 2006, 2009). In addition to these
camouflage strategies that commonly rely on specific body patterns,
many animals have further evolved three-dimensional (3D) body

protrusions for increased concealment (Yu et al., 2024). Several
benthic fish species, for example, possess cutaneous appendages to
match the 3D texture of objects, such as rocks, plants or algae, in their
environment (Allen et al., 2015; Cott, 1940; Randall and Randall,
1960). Moreover, 3D body protrusions can also improve concealment
of the body outline by decreasing edge intensity (Rohr et al., 2021).

One animal group capable of adjusting their 3D body protrusions
in response to their environment is the cephalopods, with cuttlefish
and octopus species being able to rapidly change the 3D texture of
their skin through the expression of subcutaneous muscles (Allen
et al., 2009, 2014). These so-called ‘skin papillae’ are activated by a
neurally controlled muscular hydrostat system (Gonzalez-Bellido
et al., 2018) that allows the size and shape of individual papillae to
be varied (Allen et al., 2014). By expressing or retracting their
papillae, these cephalopods can change their skin texture from
smooth to three-dimensionally textured within seconds, allowing
them to match the topography of various objects in their natural
environments (Panetta et al., 2017).

Although cuttlefish change their papillae expression through
visual rather than tactile inspection of their environment (Allen
et al., 2009), the exact visual features eliciting the expression of skin
papillae remain unknown. Some studies suggest that cuttlefish
express their skin papillae in response to 3D features in their visual
scene, such as rocks with algae filaments, thereby masquerading as
these objects (Panetta et al., 2017). However, cuttlefish showed no
differences in their papillae expression when exposed to natural
substrate types offering 3D cues compared with 2D photographs of
these substrate types which lack any 3D information (Allen et al.,
2009). Therefore, 3D texture per se does not appear to be the sole
driving visual feature eliciting papillae erection in cuttlefish.
Despite the disparity in 3D cues between the natural backgrounds
and the 2D photographs used by Allen et al. (2009), contrast cues
based on chromatic and intensity differences within these substrates
likely remained similar across stimuli, suggesting the possibility that
cuttlefish express their papillae in response to patterns of visual
contrast in the scene. Although contrast cues have been identified as
some of the major visual cues used by cuttlefish to inform their body
colouration (Barbosa et al., 2008; Chiao and Hanlon, 2001; Chiao
et al., 2007; Drerup et al., 2024a), as well as in choosing whether to
visually resemble 3D objects or the benthic background (Buresch
et al., 2011), previous studies have not determined the role of visual
contrast on cuttlefish papillae expression. Given that contrast might
not only derive from chromatic and intensity differences across an
object’s surface colouration, but also from the 3D texture of the
surface (where direct lighting produces brightly illuminated areas
which stand in contrast to shaded regions on that object), this may
explain previous observations of cuttlefish erecting their papillae in
response to 3D textured objects (e.g. Hanlon and Messenger, 1988;
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If cuttlefish alter their skin papillae expression in response to
visual contrast cues, how is this camouflage behaviour then affected
by environments prone to rapid changes in their visual contrast
levels? Many cuttlefish species, such as the common cuttlefish,
Sepia officinalis, inhabit shallow marine environments (∼2–10 m;
Bloor et al., 2013a; Guerra, 2006), especially between spring and
summer, when they migrate to shallow coastal areas (Bloor et al.,
2013b; Drerup and Cooke, 2021). In these shallow habitats, light
passing through the water’s moving surface can be refracted in ways
that create dynamically moving light patterns on the substrate,
known as ‘caustics’ (Lock and Andrews, 1992; McFarland and
Loew, 1983; see Fig. 1C as well as Movie 1 for visual reference),
which can result in strong local fluctuations in the intensity of light
(Drerup et al., 2024a; Venables et al., 2022). These intensity fluxes
can spatially and temporarily alter the visual contrast levels in the

scene, resulting in the adoption of disruptive body patterns in
cuttlefish exposed to caustic lighting (Drerup et al., 2024a).
Therefore, investigating whether dynamic lighting in the form of
caustics also affects the 3D camouflage and papillae expression of
cuttlefish might shed light on the mechanisms and visual features
that cuttlefish use to inform their papillae erection.

Contrasting elements in natural environments, in the form of both
true background features as well as dynamic lighting, will likely
vary in their size, creating differences in the spatial frequencies or
‘granularity’ of the visual scene. Spatial properties are an important
aspect for how animal body patterns are perceived by other animals
and the effectiveness of camouflage strategies (Stoddard and
Osorio, 2019). In cuttlefish, the spatial size of background features
plays a key role in their body pattern expression (summarised in
Chiao et al., 2015), with not only the size of discrete objects
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Fig. 1. Experimental setup. (A,B) Schematic diagrams of the experimental arena. (A) Frontal view, with projector (P), camera (C) and infrared light (IR).
(B) Top view. (C,D) Different lighting conditions used in this study, with (C) moving caustic pattern and (D) static uniform grey image. (E,F) Example images
of a cuttlefish in the experimental arena taken through (E) a regular camera and (F) our modified IR camera, highlighting how IR photography removes the
caustic projection from the images as well as facilitates easier identification of the cuttlefish skin papillae expression. (G) Papilla types scored in this study:
dorsal eye papillae (DEP); major lateral eye papillae (MLEP); anterior mantle spot papillae (AMSP); posterior white square papillae (PWSP); posterior mantle
spot papillae (PMSP); and major lateral mantle papillae (MLMP) (modified from Allen et al., 2009). (H–K) Representative examples of the scored expression
levels of the left anterior mantle spot papillae (AMSP; red circles), consisting of (H) 0, no expression; (I) 1, weak expression; (J) 2, intermediate expression;
and (K) 3, strong expression.
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(Barbosa et al., 2008; Chiao et al., 2007; Chiao and Hanlon, 2001)
but also the global spatial scale of the background texture affecting
the body pattern expression in cuttlefish (Chiao et al., 2009).
Moreover, cuttlefish use the spatial orientation of visual features to
adapt their visual appearance to their habitat, for example by
aligning their arm posture in relation to spatial patterns in their
environment (Barbosa et al., 2011). When assessing the impacts of
contrast from static object features and dynamic lighting on
cuttlefish papillae expression, it is therefore important to also
measure the impacts of these features on the spatial frequency in the
visual scene to determine the likely drivers behind changes in
papillae expression.
In this study, therefore, we asked whether the common cuttlefish,

S. officinalis, erects its skin papillae in response to patterns of
contrast and granularity in its visual scene, and whether the presence
of dynamic lighting in the form of caustics affects the papillae
expression of this species. We predicted that cuttlefish papillae
expression could be affected in one of twoways. First, caustics might
impair the visual or cognitive capacities of cuttlefish to correctly
extract existing contrast cues of objects, thereby potentially reducing
both the cuttlefish papillae expression in general, as well as their
ability to match the textural appearance of their habitat.
Alternatively, if cuttlefish erect their papillae based on visual
contrast cues or spatial information in their vicinity, caustics might
raise existing contrast or granularity levels in the scene, potentially
promoting a stronger expression of skin papillae. In particular,
caustics might increase the contrast between chromatic or achromatic
elements across an object’s surface, or alternatively raise the contrast
deriving from different lighting conditions (direct illumination
versus shaded areas) for three-dimensionally textured objects. We
tested these predictions by establishing the degree of papillae
expression in response to rock stimuli varying in texture (smooth
versus textured) and colouration (grey versus multicoloured) under
both caustic and non-caustic (‘static grey’) illumination, with both
the texture and colouration of the rock, as well as the presence of
caustic lighting, affecting the visual contrast levels.

MATERIALS AND METHODS
Animal husbandry
Common cuttlefish, Sepia officinalis Linnaeus 1758 (n=20, mantle
length: 66±11 mm, mean±s.d.), were reared from eggs collected
from the British South Coast at the laboratory of the Marine
Biological Association (Plymouth, UK). Cuttlefish were kept in
individual compartments (390×640 mm, 310 mm deep, water level
at 250 mm) connected to a flow-through system supplied by natural
seawater. All holding tanks were equipped with mesh lids and
aerators, exposed to ambient light following the natural light regime
of the experimental period (October), and contained rocks and
artificial plants for enrichment. Cuttlefish were fed three times a day
with live river shrimp (Palaemon varians) as well as once per week
with live shore crabs (Carcinus maenas). All individuals were
examined for signs of stress (based on locomotor, postural and
chromatic displays), illness (e.g. injuries, changes in skin and eye
appearance, unusual activity levels or ventilation rate) or inadequate
nutrition (e.g. protruding eyes, poor body condition, floating) on a
daily basis following established protocols (Andrews et al., 2013;
Fiorito et al., 2015); however, none of the cuttlefish exhibited any of
these signs throughout the experimental period.

Experimental setup
The experimental arena (internal dimensions 600×390 mm,
355 mm deep, water level at 160 mm) was divided into a holding

side (303×390 mm) and a test side (287×390 mm) (Fig. 1A,B). The
divider consisted of an opaque, perforated Perspex sheet which
could be raised, allowing cuttlefish to move from one side to
another. On the holding side, we partitioned a 35 mm wide area
using an opaque, perforated Perspex sheet to accommodate the
inflow of natural seawater from the same flow-through system that
supplied the cuttlefish holding tanks. Resting against the Perspex
sheet was another identically sized, opaque and perforated Perspex
sheet that, by slowly moving it sideways, could be used to reduce the
size of the holding side to carefully coax cuttlefish over to the test
side. On the test side, we partitioned a 277×311 mmwide area using
opaque Perspex sheets with a 225×150 mm wide opening on the
side facing the vertical divider, which restricted the cuttlefish to a
defined area holding the rock stimuli (Fig. 1B). This subdivision of
the test side further created two smaller sections, one of which held
the outflow (Fig. 1B). All Perspex sheets used in this setup were
perforated to facilitate the water flow throughout the arena. A black
fabric cubicle surrounded the entire setup to maintain consistent
ambient light conditions and minimise external disturbances.

We suspended a projector (CP-WX3541WN, Hitachi Ltd, Tokyo,
Japan) 985 mm above the arena (Fig. 1A), which was used to cast a
computer-generated animation of a moving caustic pattern (Fig. 1C;
Movie 1) or a static uniform grey image (Fig. 1D) over the whole
arena. The caustic animation was rendered using Caustics Generator
Pro software (Dual Heights; www.dualheights.se/caustics/) and
consisted of 200 unique frames that were looped at a playback speed
of 30 frames s−1, resulting in a full loop every 6.67 s (for software
settings, see Drerup et al., 2023, 2024b). For the static uniform grey
image, a unit8 value of 87 was chosen to match the same average
light intensity as the caustic animation (Fig. S1A,B).

We mounted a modified DSLR camera (D7100, Nikon
Corporation, Tokyo, Japan) 830 mm above the arena (Fig. 1A).
This camera had its internal hot mirror filter exchanged for a
custom-made long-pass infrared (IR) filter provided by Lifepixel
(https://www.lifepixel.com/), thereby only allowing IR light
>720 nm to be captured by the camera. Two IR lights were
mounted above the arena at the same height as the camera, casting
IR light into the test side of the arena (Fig. 1A). As with most marine
organisms, cuttlefish are insensitive to IR light (Brown and Brown,
1958), and previous studies have shown that cuttlefish do not alter
their behaviour under IR light (e.g. Allen et al., 2010; Brauckhoff
et al., 2020; Wu et al., 2020). The IR camera was connected to a
laptop (G3, Dell Technologies Inc., Round Rock, TX, USA) and
controlled using OBS Studio (https://obsproject.com/), allowing us
to remotely take IR images of the cuttlefish within the test side of the
arena (Fig. 1F). Using an IR camera instead of a regular camera
yielded two benefits. First, images taken in IR did not include the
caustic pattern projected into the arena (Fig. 1E,F), as the projector’s
image is restricted to the visible light spectrum. Second, IR images
of cuttlefish do not contain any indication of their colour patterns,
likely because the chromatophore pigments are transparent to
wavelengths >720 nm (Fig. 1E,F). Taking IR images thus facilitated
the scoring of the skin papillae expression blind to the presence or
absence of body patterns or lighting condition information.

Rock stimuli
We used rock stimuli varying in their surface texture (smooth versus
textured) and colouration (grey versus multicoloured) (Fig. 2A–D)
to elicit camouflage behaviour in cuttlefish. To create these stimuli,
we collected 12 rocks that were approximately 80 mm long, roughly
similar in their shapes and volume, and with a smooth surface. To
half of these stones, we attached small-scale fragments (<10 mm) of
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oyster shells using aquarium-safe silicone, thereby changing the
rock topography from smooth to textured. We painted three smooth
and three textured rocks with a uniformly grey oil-based paint
(Fig. 2A,B). The remaining six rocks (three smooth and three
textured) were painted with oil-based paint of different shades
(Fig. S1C) mirroring common colour shades found in shallow
marine habitats (Fig. 2C,D). As cuttlefish appear to be colourblind
(Marshall and Messenger, 1996; Mäthger et al., 2006; but see
Stubbs and Stubbs, 2016), they likely perceive these different colour
shades (and any naturally occurring chromatic differences in their
wild habitat) solely as differences in intensity, creating achromatic
contrast in their visual scene (Fig. 2E–H), which appears to be an
important visual feature to inform their body pattern expression for
camouflage (Chiao et al., 2015; Drerup et al., 2024a). For the
coloured–textured rocks, we painted each shell fragment
individually so that neighbouring fragments did not share the
same colouration (Fig. 2D), whereas for the coloured–smooth rocks,
we painted small patches of paint (<10 mm) across each rock,
mimicking the pattern of the coloured–textured rocks (Fig. 2C).
These steps yielded four different types of rock stimuli with three
replicates each: (i) grey–smooth (Fig. 2A); (ii) grey–textured
(Fig. 2B); (iii) coloured–smooth (Fig. 2C); and (iv) coloured–
textured (Fig. 2D). To prevent cuttlefish from resting on top of the
rocks or gaining tactile information about the rock surface
topography (but see Allen et al., 2009), all rocks were presented
in a glass cylinder (120 mm diameter, 180 mm height) filled with
seawater, which further served as (v) a control stimulus by
presenting it to the cuttlefish without a rock inside. Placing the
painted rock stimuli inside the glass cylinder further ensured that
cuttlefish were not exposed to any potential solvents that might
harm them or alter their behaviour. Moreover, because the glass
cylinder was both filled and immersed in water (thereby minimising
the refraction of light passing through the glass), the visual
appearances of the rock stimuli were relatively undistorted from a
cuttlefish’s perspective (Fig. 2A–D).

Experimental protocol
A trial consisted of exposing a cuttlefish to (i–iv) all four rock
stimuli as well as (v) the empty glass cylinder control. All cuttlefish
(n=20) were exposed to the five stimuli in two trials, once in static

grey light and once in the caustic condition, resulting in 40 trials in
total. To ensure that the order of the five stimuli within a trial did not
affect the cuttlefish camouflage response, we created 20 unique
orders of the five stimuli per lighting condition in a randomised
block design. Therefore, each cuttlefish received a unique order of
the presented stimuli in both in the static grey treatment and the
caustic treatment. Half of the cuttlefish (n=10) first received the
static grey treatments, followed by the caustic treatments, whereas
the other half of the tested individuals received these treatments in
the opposite order.

For each trial, either the empty glass cylinder or the glass cylinder
containing a rock stimulus was placed in the far-right corner of the
test enclosure (from the perspective of the cuttlefish entering).
Subsequently, a cuttlefish was introduced into the holding side of the
arena, and the corresponding lighting condition (caustic animation or
static uniform grey image) was started remotely. Each cuttlefish was
given 10 min to acclimatise in the holding side before the arena
divider was lifted and the cuttlefish was carefully coaxed into the test
side using the Perspex sheet already present in the holding side. By
slowly moving this Perspex sheet sideways, we continuously
reduced the size of the holding side, thereby encouraging cuttlefish
to move over to the test side. This approach, which was identically
executed for each treatment, ensured that we did not introduce any
new objects into the arena or directly interfere with a cuttlefish,
thereby minimising the risk of eliciting any forms of unnatural
behaviour in the cuttlefish that might affect their papillae expression.
After lowering the divider, the cuttlefish was exposed to a stimulus
for 5 min. At the end of this period, the divider was slowly lifted
again, and the cuttlefish was coaxed back to the holding side,
followed by lowering the divider again. Subsequently, the stimulus
within the test side was exchanged for the following stimulus, after
which the cuttlefish was given another 5 min in the holding side
before lifting the divider again and exposing the cuttlefish to the next
stimulus. This procedure was repeated throughout the whole trial,
resulting in a total trial length of less than 1 h (10 min
acclimatisation, 5×5 min exposure to stimuli, 4×5 min resting in
holding side between stimuli exposures, plus 4× roughly 1 min to
exchange stimuli) per cuttlefish.

Pilot observations conducted in advance of this experiment
revealed that once a cuttlefish rested next to a rock stimulus, papillae

E F G H

B C DA

Fig. 2. Representative images of the four tested rock stimuli. (A) Grey–smooth. (B) Grey–textured. (C) Coloured–smooth. (D) Coloured–textured.
(E–H) Same images as in A–D but visually modelled to cuttlefish vision. When taking the images presented in A–D, both the arena as well as the glass
cylinder were filled with saltwater, highlighting that placing the rocks in the cylinder did not result in any obvious type of visual distortion that might alter their
appearance to the cuttlefish.
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expression occurred rapidly (<5 s, see also Panetta et al., 2017) and
was stable over time, regardless of the lighting condition (Fig. S2).
In line with our previous study establishing that body pattern
expression in stationary cuttlefish exposed to caustic lighting
becomes stable after 25–30 s (Drerup et al., 2024a), we decided to
also score the papillae expression after this time period. Within each
5-min-long exposure period of a cuttlefish to a rock stimulus, we
therefore remotely monitored the cuttlefish activity for stationary
periods using the video stream of the IR camera displayed on the
connected laptop. The first time a cuttlefish was stationary for 30 s
within one body length of the glass cylinder, an image was taken for
subsequent analysis of the cuttlefish’s papillae expression. This
approach should have resulted in 200 images (20 cuttlefish×5
stimuli×2 lighting conditions). However, in approximately 29% of
the trials the cuttlefish did either not rest long enough or not within
one body length of the glass cylinder, so no images could be
acquired, resulting in a total of 141 images obtained for
subsequently analysis.

Papillae scoring
IR images were prepared for scoring by cropping each image so that
the rock stimulus was removed. This process, in combination with
taking images of the cuttlefish in IR, which therefore did not contain
any indication about the lighting condition (presence or absence of
caustics) or cuttlefish pattern, allowed us to score the cuttlefish skin
papillae expression unbiased by the treatment. We established the
papillae expression by scoring the following papilla types (for a
detailed description, see Allen et al., 2009; Panetta et al., 2017):
dorsal eye papillae (DEP); major lateral eye papillae (MLEP);
anterior mantle spot papillae (AMSP); posterior white square
papillae (PWSP); posterior mantle spot papillae (PMSP); and major
lateral mantle papillae (MLMP) (Fig. 1G). Following Panetta et al.
(2017), we scored each papilla type using the following scale: 0, no
expression; 1, weak expression, approximately 1/3 extended; 2,
intermediate expression, approximately 2/3 extended; and 3, strong
expression, fully extended. As the expression of all six papilla types
was positively correlated (see Results), we established for each
cuttlefish a ‘total papillae expression score’ by calculating the sum
of all six individual papillae expression scores. This scoring system
could therefore result in total papillae expression scores between 0
(no papillae expressed) and 18 (all six papilla types fully extended).
Considering that the view on the papillae on the cuttlefish body side
facing the rock stimuli were often obscured for cuttlefish resting
very close to the glass cylinder, only the papillae on the side of the
body non-adjacent to the rock stimuli were scored. All 141 images
were scored by the same observer. In addition, a subset of 30 images
(∼21% of full dataset) was further scored by a second, independent
observer who was also completely blind to the treatments.
Interobserver reliability was assessed by establishing the level of
agreement between both observers using a weighted Cohen’s kappa
test (McHugh, 2012). This analysis was performed in R v. 4.3.2
(https://www.r-project.org/) using the irr package (https://CRAN.R-
project.org/package=irr) and resulted in a Cohen’s kappa value of
0.91, which is considered an almost perfect agreement between
observers (McHugh, 2012). Therefore, we deemed the papillae
expression scores of the first observer reliable and used those for
subsequent analysis.

Monochromatic images
To quantify the visual input used by cuttlefish to elicit papillae
expression, we recreated our experimental setup using a small glass
aquarium (internal dimensions 400×200 mm, 200 mm deep), filled to

160 mm with artificial seawater (salinity 35 ppm). We obscured both
long and one short side of the aquarium with opaque Perspex sheets
and mounted the same projector (CP-WX3541WN) above the
aquarium at the same height (985 mm) as in the experiment. We
then placed the water-filled glass cylinder, either empty or holding one
of the stimulus rocks, in the left corner opposite the unobscured
aquarium wall. Using an unmodified DSLR camera (EOS 5D Mark
IV, Canon Inc., Tokyo, Japan) in manual mode at constant settings
(6720×4480 pixels, f/22, 1/10 s, ISO-400), we took five RAW images
of each rock replicate (n=12) as well as the empty cylinder, each
exposed to five different still frames of caustic projection, and one
RAW image of each stimulus replicate in non-caustic (static-grey)
lighting, resulting in a total of 78 images. Considering physiological
and behavioural data indicate that cuttlefish are colourblind (Marshall
andMessenger, 1996;Mäthger et al., 2006), all images were converted
into monochromatic images, approximating how a cuttlefish would
perceive each rock (Fig. 2E–H). As the maximum absorption of the
cuttlefish monochromatic visual pigment lies at 492 nm (Brown and
Brown, 1958), and considering that the spectral sensitivity of the
camera used in our setup is approximately equally distributed between
the G- and B-channels at this wavelength, we converted all images to
cuttlefish vision using a bespoke MATLAB code that involved
omitting the R-channel of each image and taking an average of each
pixel from the G- and B-channels.

Contrast analysis
To establish whether cuttlefish erect their papillae in response to
contrast cues in the visual scene, we established proxies for the
average and maximum contrast cues of each stimulus rock in either
caustic or non-caustic lighting conditions. Using the monochromatic
images, we rendered 10 horizontal and 10 vertical transect lines
within the outline of each rock image, all equally spaced and 1 pixel
wide. In our experiment, caustics were projected only onto the
bottom of the arena, so for the images containing the cylinder alone
we highlighted a rectangular bounding box similar in size to the
rocks onto the bottom of the arena and rendered 20 transects within
this box as described above. Using the width of the glass cylinder in
each image as a size reference, we then divided each transect into
5 mm long segments and calculated the mean pixel intensity of each
transect segment. We chose a segment length of 5 mm as this
represented the lower size range of the shell fragments, and
calculated the Michelson contrast (MC) between neighbouring
transect segments using the equation:

MC ¼ ðBmax � BminÞ
ðBmax þ BminÞ ; ð1Þ

whereBmax andBmin refer to themaximum andminimummean pixel
values measured, respectively. We then established an average
contrast proxy for each type of rock stimulus in either non-caustic or
caustic conditions by calculating the mean of all obtained MCs for
neighbouring transect segments across all transects of all replicates,
either in caustic or non-caustic conditions. Similarly, we also
established a maximum contrast proxy for each type of rock stimulus
in either non-caustic or caustic conditions by determining for each
pair of neighbouring transect segment the highest MC across all
replicate measurements. We opted to use the MC as our contrast
measurement as it has been shown to be a major visual feature
for cuttlefish to inform their camouflage strategies (e.g. Barbosa
et al., 2008; Buresch et al., 2011; Chiao and Hanlon, 2001;
Drerup et al., 2024a; Kelman et al., 2007; Mäthger et al., 2006;
Zylinski et al., 2009).
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Granularity analysis
Our experimental approach was designed to minimise the effect of
spatial cues impacting the cuttlefish papillae expression, with all
shell fragments and coloured patches being roughly the same size.
As small differences in the size of the shell fragments or coloured
patches might still result in differences in the spatial frequency of the
rock stimuli, we conducted a granularity analysis of each stimulus
rock in either caustic or non-caustic lighting conditions to establish
whether cuttlefish erect their papillae in response to the spatial
information of their visual stimuli. Granularity analysis is a proxy
for how animals process spatial information and is based on
applying 2D fast Fourier bandpass filtering to an image (Godfrey
et al., 1987). Here, each bandpass filter acts like a sieve, thereby
allowing different spatial scales (so-called granularity bands) to be
separated and individually analysed (Stoddard and Stevens, 2010).
For each granularity band, the pattern ‘energy’ can then be
established as the standard deviation of the filtered pixel values,
with the energy across all granularity bands producing a ‘granularity
spectrum’ (Chiao et al., 2009; Stoddard and Stevens, 2010).
Granularity analysis is a common investigative feature for
establishing spatial pattern properties (Stoddard and Osorio, 2019)
and has previously been used to analyse animal body patterns (e.g.
cuttlefish: Barbosa et al., 2008; fish: John et al., 2024; moths: Mark
et al., 2022; lizards: Wuthrich et al., 2022) or egg shell patterns
(Quach et al., 2021; Stoddard and Stevens, 2010; Šulc et al., 2019).
By importing our 78 monochromatic images into the MICA

toolbox (version 2.2.2; Troscianko and Stevens, 2015), a plugin of
the image processing software ImageJ (Schneider et al., 2012), and
creating a region of interest (ROI) for the outline of the rock in each
image, we conducted a granularity analysis for each stimulus rock
usingMICA’s inbuilt ‘Pattern Colour & LuminanceMeasurements’
function (Troscianko and Stevens, 2015). Using the fast Fourier
transformation (FFT) bandpass method, we analysed 25 filter sizes
(‘granularity bands’) ranging from 1 to 4096 pixels with stepwise
increments of multiplies of √2 (van den Berg, 2018). From the
resulting granularity spectra (Fig. S3), we obtained for each image
the maximum frequency (‘maxFreq’; the spatial frequency with the
highest energy, reflecting the most dominant spatial scale), the
maximum energy (‘maxPower’; the energy within the maximum
spatial frequency), as well as the total energy (‘sumPower’; sum of
pattern energy across all filter sizes), which reflects the overall
amplitude of the granularity spectrum and therefore provides a
measure of the general spatial contrast of our stimulus rocks, with
higher values indicating more spatially rich stimuli (Chiao et al.,
2009; Stoddard and Stevens, 2010; van den Berg, 2018).

Statistical analysis
All statistical analyses were performed in R v. 4.3.2. Model
assumptions of all linear (mixed-effects) models were checked using
the performance package (Lüdecke et al., 2021) and DHARMa
package (https://cran.r-project.org/package=DHARMa). Statistical
significance of fixed effects within a model were determined using
the ‘drop1’ function from the lme4 package (Bates et al., 2015). All
data visualisations were rendered using the ggplot2 package
(Wickham, 2016) and ggrain package (Allen et al., 2021; https://
cran.r-project.org/package=ggrain).
We first determined whether the expression of the six scored

papilla types was correlated, allowing us to calculate an overall
papillae expression score for subsequent analysis, or whether the six
papilla types were expressed independently, thereby requiring an
individual analysis for each papillae type. To do so, we established
the Spearman’s rank-based correlation coefficients between the six

papilla types using the rstatix package (https://cran.r-project.org/
package=rstatix), with all P-values being corrected for multiple
testing using the Holm method. Owing to significantly positive
correlations between all six papilla types (see Results), we
continued the analysis using an overall ‘papillae expression
score’, consisting of the sum of all six individuals’ papillae scores.

To investigate whether cuttlefish papillae expression was affected
by either the different rock stimuli or the presence or absence of
dynamic lighting in the form of caustics, we tested whether the total
papillae expression score could bemodelled as a function of stimulus
rock type and lighting condition using a linear mixed model (LMM).
We set the total papillae expression score as a continuous response
variable, the rock stimulus and caustic level as a categorical fixed
effects, and cuttlefish ID as a random effect owing to re-testing of the
same individuals across multiple trials. We added an interaction term
between the fixed effects (rock stimulus and caustic level) to
determine whether the total papillae expression depended on the
combination of exposure to a rock stimulus and the prevailing
lighting condition. We used the ‘emmeans’ function from the
emmeans package (https://CRAN.R-project.org/package=emmeans)
to compute pairwise differences in the papillae expression between
the 10 different treatments (five rock stimuli in two lighting
conditions), with statistically similar treatments being assigned into
groups using the ‘cld’ function from the multcomp package
(Hothorn et al., 2008).

We investigated which contrast and granularity measurements
taken from our treatments elicited papillae expression. To do so, we
first established whether the average and maximum MC varies
between rock stimuli, and whether exposure to caustics alters
these contrast levels. To do so, we designed (i,ii) two linear
models (LMs) with either (i) the average MC or (ii) maximum MC
as a continuous response variable [in both instances
Box–Cox transformed using the bestNormalize package (https://
cran.r-project.org/package=bestNormalize) to meet normality
assumptions], and the rock stimuli and caustic level as categorical
fixed effects. Likewise, we tested whether the stimulus rocks varied
in their maximum energy, maximum frequency or total energy, and
whether exposure to caustics further affected these granularity
measurements of the stimulus rocks. To do so, we designed (iii–v)
three LMs with either (iii) the maximum energy, (iv) the maximum
frequency or (v) the total energy measurements obtained from the
granularity analysis as continuous response variables, and the rock
stimuli and caustic level as categorical fixed effects. For all five
models (i–v), we established groups of fixed effects with statistically
similar contrast or granularity measurements using the ‘emmeans’
function from the emmeans package (https://CRAN.R-project.org/
package=emmeans) and the ‘cld’ function from the multcomp
package (Hothorn et al., 2008).

We then established which contrast or granularity measurement
was the best predictor of papillae expression in cuttlefish. In other
words, we asked which contrast or granularity measurement
provided the most explanatory power to predict papillae
expression. To do so, we ran (vi–x) five LMMs with the total
papillae expression score as the response variable and cuttlefish ID
as a random effect. Here, every model only contained a single
contrast or granularity measurement as their fixed effect (vi: average
contrast; vii: maximum contrast; viii: maximum energy; ix:
maximum frequency; x: total energy). In addition, we further
ran (xi) a null model with the same structure as models vi–x but
not containing any fixed effects. We then performed an
Akaike information criterion (AIC) model selection method
using the AICcmodavg package (https://cran.r-project.org/
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package=AICcmodavg) to establish which of our contrast and
granularity measurements best explained papillae expression in
cuttlefish, with differences in the AICc of greater than 2 indicating
strong support of one model over another (Burnham and Anderson,
2002).
We then tested whether cuttlefish papillae expression is best

predicted by either one of the visual features we manipulated across
all treatments (object presence, object surface texture, object surface
colouration and caustic exposure), or the best supported (AICc<2)
contrast or granularity measurements obtained from our model
selection process above (maximum MC; see Results). To do so, we
used model averaging, which is a common statistical approach in
ecology to account for model selection uncertainty by combining
estimates from multiple models rather than relying on a single ‘best’
model (Dormann et al., 2018). Instead of choosing a single model to
describe which visual features or information cuttlefish use to erect
their papillae, our model averaging process incorporated multiple
candidate models based on a predefined global model and weighted

each model variable according to its relative support of the data,
thereby providing robust variable estimates to establish which visual
cues best predict papillae expression in cuttlefish. In particular, we
first designed a global linear mixed model with the papillae
expression score as a continuous response variable, cuttlefish
identity as a random effect due to re-testing of the same
individuals, and the following variables as categorical, ordinal or
continuous fixed effects: object presence (categorical: rock absent
versus rock present), surface texture (ordinal: no surface<smooth
surface<textured surface), surface colouration (ordinal: no
colouration<single-coloured<multi-coloured), caustic exposure
(categorical: no caustics versus caustics) and maximum contrast
(continuous) [in R nomenclature: total papillae expression score∼
object_presence+texture+colouration+caustic_exposure+maximum_
contrast+(1|cuttlefishID)]. Using the arm package (https://cran.
r-project.org/package=arm), we standardized the global model to
facilitate interpretation of the subsequent analysis. We then assessed
the effect of each explanatory variable (object presence, surface
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texture, colouration, caustic exposure, maximum contrast) by
establishing model averaged coefficient estimates and 95%
confidence intervals (CIs) using the MuMIn package (https://cran.
r-project.org/package=MuMIn). We assessed candidate models
which included all possible combinations of the explanatory
variables using corrected AIC (AICc), and subsequently formed a
selection of top models with a cumulative weight of 95% to perform
the final model averaging. Additionally, we established the relative
importance (RI) of each explanatory variable using the ‘sw’ function
from the MuMIn package, with RI values ranging from 0 (parameter
appears in the least supported models) to 1 (parameter appears in the
best supported models) (Burnham and Anderson, 2002).

Ethical note
The experiment outlined in this study adhered to the ASAB/ASB
guidelines for use of animals in behavioural research, was
conducted in accordance with UK legislation, and was approved
by the University of Cambridge AnimalWelfare and Ethical Review
Body under UBS reference number NR2021/21.

RESULTS
Cuttlefish papillae expression varied based on the type of rock
stimulus and the presence or absence of caustics (interaction term
between rock stimuli and caustic level: LMM: χ24=10.75, P=0.03;
Fig. 3; Fig. S4). While the absence of a rock (empty cylinder) or the
grey–smooth rock elicited the lowest papillae expression (based on
post hoc analysis; Table S1A), cuttlefish expressed their papillae
more strongly either when resting next to coloured or textured rock
stimuli or when being exposed to caustic lighting (Fig. 3). For rocks
that were either coloured, textured or both, the addition of caustics to
the visual scene did not elicit stronger papillae expression in
cuttlefish (Fig. 3; Table S1A). Overall, the expression of the six
different papilla types analysed was consistently positively
correlated, indicating that cuttlefish did not express the different
papilla types independently of each other (Fig. 4; see Fig. S4 for
individual expression of the different papilla types scored).
The rock stimuli varied in both their average (LM: F4=2051.84,

P<0.001; Fig. 5A; Table S1B) and maximum contrast levels (LM:

F4=846.01, P<0.001; Fig. 5B; Table S1C), with only grey–textured
and coloured–smooth rocks sharing similar maximum contrast
levels (Fig. 5B; Table S1C). Exposure to caustics further raised both
the average (LM: F1=26.78, P<0.001; Fig. 5A; Table S1B) and
maximum contrast levels of each rock stimulus (LM: F1=359.91,
P<0.001; Fig. 5B; Table S1C). In terms of their granularity (‘spatial
information’), the rock stimuli varied in their maximum frequency
(LM: F4=627.71, P<0.001), with the grey–smooth rocks having a
significantly higher maximum frequency than all other rock stimuli
(Fig. S3; Table S1D). In addition, the rock stimuli further varied in
both their maximum energy (LM: F4=281.89, P<0.001; Fig. 5C)
and total energy (LM: F4=946.37, P<0.001; Fig. 5D), with none of
the rock stimuli sharing similar maximum or total energies (Fig. 5C,D;
Table S1E,F). Although exposure to caustic lighting did not alter
the maximum frequency of any of the rock stimuli (LM: F1=0.04,
P=0.838; Fig. S3, Table S1D), it raised both the maximum (LM:
F1=8.06, P=0.006; Table S1E) and total energy (LM: F1=44.12,
P<0.001; Table S1F) of each rock stimulus (Fig. 5C,D). To
determine which of these contrast or granularity metrics best
predicted the level of cuttlefish papillae expression, we performed
an AIC model selection between five models predicting the total
papillae expression score, varying in their explanatory variables
(average MC, maximum MC, maximum frequency, maximum
energy or total energy), as well as a null model lacking any
explanatory variables. The model with the maximumMC as the sole
explanatory variable best-predicted cuttlefish papillae expression
(Table 1).

We then used a model-averaging approach to assess whether any
of the visual features that we manipulated across our treatments
(presence or absence of rock, surface texture; colouration; presence
or absence of caustics) or the best-supported contrast/granularity
metric (maximum MC; Table 1) better predicted cuttlefish papillae
expression. Maximum MC (P=0.001; RI=1.00) was the only
significant and best supported predictor of cuttlefish papillae
expression (Fig. 6; Table S2), whereas the presence or absence of a
rock (P=0.404; RI=0.52), its surface texture (P=0.064; RI=0.34)
and colouration (P=0.873; RI=0.12), as well as the presence or
absence of caustic lighting (P=0.090; RI=0.16), were less-
supported predictors of papillae expression in cuttlefish (Fig. 6;
Table S2). Overall, cuttlefish papillae expression was thus best
predicted by the maximum MC levels in the visual scene.

DISCUSSION
Cuttlefish erect their papillae in response to the maximum contrast
levels in the visual scene. Although we established positive
correlations between the degree of papillae expression and various
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Fig. 4. Correlation coefficients for the expression of the six different
papilla types analysed. Asterisks (*) show significant correlations (P<0.05;
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Table 1. Output of the AIC model selection to determine which contrast
or granularity metric best predicted cuttlefish papillae expression

Metric AICc ΔAICc AICcWt K

Maximum Michelson contrast 751.37 0.00 0.91 4
Average Michelson contrast 756.22 4.85 0.08 4
Maximum energy 762.35 10.98 0.00 4
Total energy 768.09 16.72 0.00 4
Maximum frequency 799.78 48.41 0.00 4
Null model 803.96 52.59 0.00 3

AICc, corrected Akaike’s information criterion. ΔAICc, difference in AICc score
between the best model and the model compared, with ΔAICc scores of >2
indicating a strong support for best model over the compared one. AICcWt,
AICc weight, highlighting the proportion of the total amount of the predictive
power provided by the full set of models contained in the model being
assessed. K, number of parameters in the model.
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visual features experimentally manipulated throughout this study
(e.g. object presence, surface texture and colouration, caustic
exposure), as well as different contrast and granularity
measurements, papillae expression was best predicted by the
maximum MC values within the visual scene of the cuttlefish.
Although cuttlefish were thought to express their papillae in
response to 3D surface textures (Panetta et al., 2017), our findings
suggest that this camouflage response is better predicted by the
contrast cues of the visual scene. However, these contrast cues can

derive from different object properties, such as intensity differences
in its surface colouration or the 3D structure of the surface (where
protruding elements create shaded areas that stand in contrast to other
elements exposed to direct lighting), as well as dynamic caustic
lighting, with the latter being able to increase papillae expression
irrespective of the presence or appearance of an object in their visual
field. Our findings thus highlight that the maximum contrast levels of
the visual scene appear to be themain visual feature eliciting papillae
expression in cuttlefish, but these contrast cues can derive from

Cylinder Grey–
smooth

Grey–
textured

Coloured–
smooth

Coloured–
textured

Cylinder Grey–
smooth

Grey–
textured

Coloured–
smooth

Coloured–
textured

20

30

50

70

En
er

gy

40

60

80

90

2

3

5

En
er

gy

1

4

6

7 DC

a

a

b

b,c
c,d

d

e e

f f j
i

hg

f
ed

c

b

a

Cylinder Grey–smooth Grey–textured Coloured–smooth Coloured–textured

a

b

c
d

e f
e f

f g

ih

fe
gf

d
c

b

a

B

A Average contrast

Maximum contrast

Granularity:
maximum energy (maxPower)

Granularity:
total energy (sumPower)

StimulusStimulus

–2

–1

0

1

2

3

–2

–1

0

1

2

3
M

ic
he

ls
on

 c
on

tra
st

 (B
ox

–C
ox

 tr
an

sf
or

m
ed

)
M

ic
he

ls
on

 c
on

tra
st

 (B
ox

–C
ox

 tr
an

sf
or

m
ed

)

Cylinder Grey–smooth Grey–textured Coloured–smooth Coloured–textured

No caustics
Caustics

Fig. 5. See next page for legend.

9

RESEARCH ARTICLE Journal of Experimental Biology (2025) 228, jeb249713. doi:10.1242/jeb.249713

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



different object properties (e.g. surface patterning or texture) as well
as dynamic lighting in the visual scene of the cuttlefish.
Our finding that cuttlefish appear to use contrast cues in their

visual scene to inform their papillae expression is consistent with
previous research on body pattern expression in cuttlefish
(summarised in Chiao et al., 2015). In combination with other
visual features, such as spatial scale and edge definition (e.g. Chiao
et al., 2013; Kelman et al., 2007), cuttlefish adapt their body
patterning as a function of contrast levels in their visual scene
(Barbosa et al., 2008; Chiao et al., 2007; Chiao and Hanlon, 2001;
Drerup et al., 2024a). Here, the expression and degree of body
pattern expression in cuttlefish is thought to be dictated by the
highest contrast levels detectable in the visual scene (Chiao et al.,
2015), with both background (Barbosa et al., 2008; Buresch
et al., 2011; Chiao et al., 2007; Chiao and Hanlon, 2001; Drerup
et al., 2024a) and object features (Buresch et al., 2011), as well as
dynamic lighting (Drerup et al., 2024a), contributing to these levels.
Similarly, cuttlefish in the present study also erected their papillae in
response to the maximum contrast cues provided by both physical
objects as well as dynamic lighting, highlighting that both body
pattern expression and papillae erection are modulated by similar
visual information. This correlation raises the question of whether
both camouflage responses concur in their expression and underlie
the same visual processing mechanisms and neural pathways.
Considering the recent advances in the understanding of neural and
physiological aspects of cephalopod skin pattern and papillae
expression (Gonzalez-Bellido et al., 2018; Montague, 2023; Reiter
et al., 2018; Reiter and Laurent, 2020), future research should
address the correlation between body patterns and papillae
expression in response to visual stimuli from both a behavioural
and neural perspective.
As well as establishing that the maximum contrast levels in the

visual scene is an important visual feature that cuttlefish use to
inform their papillae expression, we also established positive
correlations between papillae expression and various spatial
frequency measurements (‘granularity’), such as the dominant

spatial frequency, the energy within this dominant spatial frequency
and the total energy across all spatial frequencies. This is
predictable, as adding contrast through chromatic patterns or
surface texture will correspondingly also add spatial information
to the scene. Although we aimed to minimise the impact and breadth
of spatial scales on papillae expression by using roughly equally
sized shell fragments and coloured patches across all treatments,
spatial scale information has indeed been shown to play an
important role in the body pattern expression of cuttlefish (Chiao
et al., 2009). It is therefore conceivable that variations in spatial
frequencies alone may also affect papillae expression in cuttlefish,
and future studies varying the spatial frequencies of the visual scene
(while keeping contrast levels consistent) are needed to confirm this
hypothesis.

In addition to the spatial scale, cuttlefish also use the spatial
orientation of visual cues to inform their camouflage strategies,
for example to control their arm postures (Barbosa et al., 2011). As
S. officinalis possesses nine sets of papillae (Allen et al., 2009) the
size and shape of which can be individually altered by a neurally
controlled muscular hydrostat system (Allen et al., 2013, 2014;
Gonzalez-Bellido et al., 2018), cuttlefish may vary the finer
appearance (e.g. the shape or angle) of their individual papillae
based on the spatial arrangement of 3D features (or contrast cues
deriving from those features) to match their surroundings more
closely. In our study, cuttlefish were exposed to evenly distributed
and similar sized but randomly arranged 3D textures and chromatic
patterns across the entire visual rock stimuli, which resulted in a
uniform expression in papillae size expression across all cuttlefish.
Therefore, our study did not systematically test whether certain
spatial arrangements of surface texture or chromatic patterns affect
papillae expression in general, or the finer appearance of papillae in
particular. Hence, future research should address whether the spatial
size or arrangement of visual features, such as the shape, angle or
polarised orientation of 3D surface texture elements (and their
corresponding contrast levels), might result in differently shaped or
angled papillae. Another research avenue would be to investigate

Fig. 5. Contrast and granularity levels of the different rock stimuli in
both non-caustic and caustic lighting. (A) Average contrast. Rock stimuli
differed in their average Michelson contrast levels (LMM: F4=2051.81,
P<0.001), with caustic exposure further increasing the average contrast of
these stimuli (LMM: F1=26.78, P<0.001). (B) Maximum contrast. Rock
stimuli differed in their maximum Michelson contrast levels (LMM:
F4=846.01, P<0.001), with caustic exposure further increasing the maximum
contrast of these stimuli (LMM: F1=359.91, P<0.001). (C) Maximum energy.
Rock stimuli differed in their maximum pattern energy (LMM: F4=281.89,
P<0.001), with exposure to caustic lighting further altering the rock stimuli’s
maximum energy (LMM: F1=8.06, P=0.006). (D) Total energy. Rock stimuli
differed in their total pattern energy (LMM: F4=946.37, P<0.001), with
exposure to caustic lighting further altering the rock stimuli’s maximum
energy (LMM: F1=44.12, P<0.001). (C,D) See Fig. S3 for visualisation of
granularity spectra. (A–D) Boxplots represent median (horizontal line) and
quartiles (upper and lower boundaries) of the data, with A and B further
showing the density distribution of the data variability. The whiskers extend
to the most extreme measurement within 1.5 times the interquartile range.
The jittered grey points represent the raw data, with each point representing
(A,B) the contrast between two adjacent segments across the rock stimuli
surface, (C) the maximum energy measured in a frequency band measured
in one of the 78 monochromatic images, or (D) the total pattern energy
measured in one of the 78 monochromatic images (see Materials and
Methods for detailed description). Letters represent significant groups based
on Tukey’s post hoc analysis and P<0.05 (Table S1). (A,C,D) Measurements
for rock stimuli under caustic lighting yielded five times as many data points
owing to the analysis of five images (as opposed to only one image for
stimuli in static, non-caustic lighting).

�0.5 0 0.5 1.0
Standardised effect size�95% CI

Object

Colour

Texture

Caustic

Maximum
contrast

Predictors of cuttlefish papillae expression

0.25

0.50

0.75

1.00

Relative
importance

�1.0

Fig. 6. Predictive visual features used by cuttlefish to inform their
three-dimensional camouflage. Model averaged coefficient estimates from
candidate linear mixed models to assess the predictors of cuttlefish papillae
expression. Centres of points and error bars represent the model averaged
effect sizes and 95% confidence intervals (CI) of each predictor,
respectively. Point size denotes the relative importance (RI) of each
predictor, with RI values ranging from 0 (predictor appears in the least
supported models) to 1 (predictor appears in the best supported models).
Predictors that significantly (P<0.05) affect the cuttlefish papillae expression
are coloured purple.
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whether local differences in the degree of surface patterning or 3D
texture (as well as local differences in the contrast levels deriving
from these features) across the visual scene elicit variations in the
size, shape and angle of individual papillae across a cuttlefish’s
body. This approach could inform whether cuttlefish assess various
local parts of the visual scene and match the appearance of
corresponding body parts to these local conditions, or alternatively
use a more global approach by adapting their overall appearance to
averaged visual cues across their visual field.
Our study presents a new approach to investigate papillae

expression in cephalopods using IR cameras which do not capture
the chromatic body patterns of cuttlefish, thereby facilitating visual
papillae assessment. By mounting an IR camera above the arena, we
were able to analyse a set of six different papilla types from a top-
down perspective. However, S. officinalis possesses a total of nine
papilla types, including hundreds of small dorsal papillae covering
the entire dorsal surface (Allen et al., 2009), and our approach did
not allow us to analyse all of these papilla types. Future studies
should therefore aim to capture images from various angles to better
describe the degree to which the nine independently controllable
papilla types are erected, and whether their expression varies based
on different visual cues. This approach could further be refined
using stereo-calibrated cameras paired with photogrammetry
techniques (James and Robson, 2012; Karami et al., 2022;
Muñoz-Muñoz et al., 2016; Wu et al., 2004), allowing 3D
reconstruction of the cuttlefish skin topography, which may also
offer the possibility to analyse papillae expression using
quantitative rather than qualitative measurements.
Cuttlefish are thought to express their papillae when resting next

to textured objects, thereby masquerading as those objects (Panetta
et al., 2017) or enhancing cryptic body patterns. In our study,
however, exposure to dynamic lighting alone was sufficient to
promote papillae expression in cuttlefish, highlighting that this
camouflage response can also be adapted in the absence of any
textural features in their scene. Assuming that cuttlefish cannot
distinguish between contrast cues generated from either static
background components or dynamic lighting (Drerup et al.,
2024a), papillae expression induced by dynamic lighting might
thus result from a perceptual constraint in cuttlefish, suggesting the
possibility of dynamic lighting disrupting cuttlefish camouflage.
Alternatively, cuttlefish may adopt skin papillae under dynamic
lighting to enhance their camouflage. Dynamic lighting increases
the complexity of the visual scene, for example by elevating
existing contrast levels (Drerup et al., 2024a), adding more visual
edges and richer spatial frequencies, and creating false motion
cues (Matchette et al., 2018), all of which can disrupt the visual
processing abilities of animals (Attwell et al., 2021; Drerup et al.,
2025; Matchette et al., 2020; Venables et al., 2022; but see Drerup
et al., 2023, 2024b). As obscuring a body’s outline is an effective
means against many visually guided predators (Osorio and
Srinivasan, 1991), cuttlefish may also erect their papillae in
dynamic lighting as an additional method of breaking up their
body outline and 3D body shape (King et al., 2023; Stevens et al.,
2009), thereby further reducing their likelihood of detection.
Although our experimental setup exposed cuttlefish to a particular,
somewhat artificial combination of water depth, brightness level
and caustic patterns, and wild cuttlefish might encounter visual
scenes with different contrast levels in their natural habitats, our
findings still revealed the extent to which cuttlefish are capable of
adopting their visual appearance to a dynamically changing
environment. With this in mind, if three-dimensionally textured
skin indeed improves camouflage in dynamically lit habitats by

breaking up an animal’s outline, we should expect animals to be
more likely to have textured skin in environments prone to
dynamic lighting. Shallow marine reefs, for example, are often
exposed to dynamic lighting in the form of caustics, and many
cryptic fish species occupying these reefs, such as frog fish of the
family Antennariidae or scorpion fish of the family Scorpaenidae,
have indeed evolved skin bumps and flaps along the body. In line
with our previous findings that cuttlefish adopt disruptive
camouflage under dynamic lighting (Drerup et al., 2024a), we
propose a systematic review of the correlation between dynamic
lighting and morphological features in animals to establish how
dynamically lit environments have shaped animal camouflage
strategies throughout evolutionary time.

In conclusion, our study demonstrates that cuttlefish papillae
expression is largely driven by the maximum contrast cues available
in their visual scene, but those contrast cues can derive from
different object features as well as dynamic lighting. Although
cuttlefish erected their papillae when adjacent to textured rocks,
thereby presumably masquerading the appearance of these rocks
(Panetta et al., 2017), cuttlefish also expressed their papillae in the
absence of any object but when exposed to dynamic lighting. As
dynamic lighting increases the visual complexity of the scene,
cuttlefish might therefore decrease their likelihood of being detected
in dynamically lit environments by erecting their skin papillae to
break up their body outline and 3D body shape, highlighting how
these cephalopods dynamically adapt their camouflage strategies
based on the prevailing visual scene.
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Allen, J. J., Mäthger, L. M., Buresch, K. C., Fetchko, T., Gardner, M. and Hanlon,
R. T. (2010). Night vision by cuttlefish enables changeable camouflage. J. Exp.
Biol. 213, 3953-3960. doi:10.1242/jeb.044750

11

RESEARCH ARTICLE Journal of Experimental Biology (2025) 228, jeb249713. doi:10.1242/jeb.249713

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.249713
https://doi.org/10.1242/jeb.251270
https://doi.org/10.1007/s00359-009-0430-y
https://doi.org/10.1007/s00359-009-0430-y
https://doi.org/10.1007/s00359-009-0430-y
https://doi.org/10.1242/jeb.044750
https://doi.org/10.1242/jeb.044750
https://doi.org/10.1242/jeb.044750


Allen, J. J., Bell, G. R. R., Kuzirian, A. M. and Hanlon, R. T. (2013). Cuttlefish skin
papilla morphology suggests a muscular hydrostatic function for rapid
changeability. J. Morphol. 274, 645-656. doi:10.1002/jmor.20121

Allen, J. J., Bell, G. R. R., Kuzirian, A. M., Velankar, S. S. and Hanlon, R. T.
(2014). Comparative morphology of changeable skin papillae in octopus and
cuttlefish. J. Morphol. 275, 371-390. doi:10.1002/jmor.20221

Allen, J. J., Akkaynak, D., Sugden, A. U. and Hanlon, R. T. (2015). Adaptive body
patterning, three-dimensional skin morphology and camouflage measures of the
slender filefishMonacanthus tuckeri on a Caribbean coral reef. Biol. J. Linn. Soc.
116, 377-396. doi:10.1111/bij.12598

Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R., van Langen, J. and Kievit,
R. A. (2021). Raincloud plots: a multi-platform tool for robust data visualization.
Wellcome Open Res. 4, 63. doi:10.12688/wellcomeopenres.15191.2

Andrews, P. L. R., Darmaillacq, A.-S., Dennison, N., Gleadall, I. G., Hawkins, P.,
Messenger, J. B., Osorio, D., Smith, V. J. and Smith, J. A. (2013). The
identification and management of pain, suffering and distress in cephalopods,
including anaesthesia, analgesia and humane killing. J. Exp. Mar. Biol. Ecol. 447,
46-64. doi:10.1016/j.jembe.2013.02.010

Attwell, J. R., Ioannou, C. C., Reid, C. R. and Herbert-Read, J. E. (2021). Fish
avoid visually noisy environments where prey targeting is reduced. Am. Nat. 198,
421-432. doi:10.1086/715434
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