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Humans use shading as a cue to three-dimensional form by combining low-

level information about light intensity with high-level knowledge about

objects and the environment. Here, we examine how cuttlefish Sepia officinalis
respond to light and shadow to shade the white square (WS) feature in their

body pattern. Cuttlefish display the WS in the presence of pebble-like objects,

and they can shade it to render the appearance of surface curvature to a human

observer, which might benefit camouflage. Here we test how they colour the

WS on visual backgrounds containing two-dimensional circular stimuli,

some of which were shaded to suggest surface curvature, whereas others

were uniformly coloured or divided into dark and light semicircles. WS shad-

ing, measured by lateral asymmetry, was greatest when the animal rested on a

background of shaded circles and three-dimensional hemispheres, and less

on plain white circles or black/white semicircles. In addition, shading was

enhanced when light fell from the lighter side of the shaded stimulus,

as expected for real convex surfaces. Thus, the cuttlefish acts as if it perceives

surface curvature from shading, and takes account of the direction of illumina-

tion. However, the direction of WS shading is insensitive to the directions of

background shading and illumination; instead the cuttlefish tend to turn to

face the light source.
1. Introduction
To add a third dimension to the two-dimensional retinal image, humans use

stereopsis, motion parallax and also pictorial cues [1]. These different types of

information are processed in separate cortical pathways, which are then inte-

grated to give a single representation of depth [2]. Pictorial cues are so called

because artists use them to give the illusion of depth on a flat canvas; they include

shadows, shading, specular highlights and occlusion, but they are ambiguous.

For example, our inferences about shape from shading assume that intensity

changes are caused by differences in illumination rather than reflection, and

that illumination is from a single source (figure 1) [3]. The rules for interpreting

pictorial cues are grounded in physical probability, but their implementation

requires a combination of long-range, viewer-informed analysis with low-level

retinal input. Such processes are considered by some to be cortical and cognitive

[4], and hence may be impossible for non-human animals. In contrast, Marr [5]

argued that any visual system, be it biological or machine, should work on similar

principles, being largely scene-based, object-centred and bottom-up, with internal

representations tailored to visual ecology.

Most studies of depth perception in non-human animals concern stereopsis

and motion parallax [6], but there is evidence that pigeons use pictorial cues,

including occlusion, size and texture density to determine the relative distances

of object in a scene [7]. Cook et al. [8] found that pigeons can distinguish convex

and concave surfaces defined by shading, but for a human viewer the three-

dimensional relief seen in the two-dimensional stimuli used does not depend

solely on shading, and it is not clear how the birds made this discrimination.

To the best of our knowledge, no study has investigated how a non-human
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Figure 1. Gradient shading creates an illusion of depth to human viewers. (a) Tokens look concave or convex depending on the shading. We generally assume light
comes from above, but can switch this percept. However, we cannot see all tokens in the same form simultaneously, which Ramachandran [3] terms the common
light source rule. (b) This sense of depth is lost in tokens where light and dark areas are distinct. (c) A cuttlefish showing asymmetrical shading of the white square
(WS) component. (Online version in colour.)
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animal takes account of the direction of illumination. Here, we

investigate how the European cuttlefish Sepia officinalis uses

shading to sense pictorial depth, and hence to shade their

own coloration pattern. How does the depth perception of this

cephalopod mollusc, with no cerebral cortex, compare with

our own ability to derive shape from shading (figure 1) [3]?

Cuttlefish, along with other cephalopods, offer a unique

approach to biological vision through their ability to rapidly

change their appearance for camouflage and communication

[9–12]: they can display a wide range of body patterns, and

their choice of pattern reports what the animal sees. Cuttlefish

have excellent vision, with large eyes giving a near 3608 view of

the substrate [13], and visually driven camouflage as a response

to the background has been used to investigate visual edge

detection, texture perception and object recognition [11,12,14,15].

The cuttlefish coordinate the expression of some 40 discrete

visual features on the skin, known as behavioural components,

to produce a number of distinct (though variable) body patterns

[16]. In particular, on backgrounds containing discrete objects

such as pebbles or printed circles cuttlefish often display dis-

ruptive body patterns (figure 1c) [14], which often include the

white square (WS) component (figure 1c). Consistent with its

cryptic function, the WS is displayed when the background con-

tains pebbles or printed white circles of about the same size as

the square itself (approx. 10 mm across for the animals here)

[12,14,16–20]. The WS is also expressed in the presence of

edge fragments or features defined by texture differences

[11,19]. This implies that cuttlefish do not simply match the

physical stimulus on their retina (e.g. light patches), but use

multiple visual cues to infer the nature of the background,

much as humans do for finding and recognizing objects [1,5].

Depth perception is used to measure the distance to objects,

and also for interpreting three-dimensional shape. Cuttlefish

may well have veridical depth perception, based on stereopsis

and/or motion parallax. They probably use stereopsis (based

on vergence angle of the eyes) to measure the range of prey

before a strike [20], and can distinguish real pebble substrates

from photographs that offer near-identical pictorial cues [10].

Evidence for the use of pictorial depth cues is seen in cuttle-

fishes’ ability to recognize contour fragments as belonging

to single larger (occluded) objects [19], and to sense texture

gradients [21]. In addition, on light/dark checkerboard back-

grounds, real visual depth (i.e. with one set of squares lying
above the other) enhances the expression of disruptive patterns

when the light squares lie above the dark, but not vice versa

[10]. This finding suggests that the cuttlefish combine direct

measurement of depth (perhaps by stereopsis or motion paral-

lax) with the rule that light surfaces lie in front of dark surfaces.

Cuttlefish not only sense depth; they also asymmetrically

colour the WS [22,23], which, at least for the human eye, pro-

duces pictorial shading, giving a sense of three-dimensional

relief and making the WS appear convex when physically it is

almost flat (figure 1c) [11,22,23]. Although we cannot be sure

how a natural adversary (such as a predatory fish) would see

it, the shading could enhance camouflage, either by allowing

the WS to resemble a pebble in the background, or by disrupt-

ing the planar surface of the mantle and hence obscuring the

animal’s three-dimensional shape. Regardless of its particular

function, this remarkable ability allows us to investigate how

cuttlefish see shape from shading. Here, we compare the color-

ation of the WS produced when cuttlefish settle on a substrate

containing three-dimensional hemispheres to that on a range

of two-dimensional test patterns (figure 2), which are similar

to those used by Ramachandaran [3] to study how humans

interpret pictorial shading. We also tested how the animals

combined illumination with pictorial cues in three illumination

scenarios: (i) light from the side congruent with the shading

cues for a convex surface; (ii) light from the side incongruent

with the background stimulus; and (iii) light from both sides.
2. Material and methods
(a) Animals and experimental setup
We tested 10 juvenile cuttlefish aged eight to nine months with

mantle lengths 70+5 mm. Juveniles are used in most studies

of this kind for practical reasons, not because in this context (to

the best of our knowledge) their visual behaviour differs from

adults. The animals were kept in purpose-built research facilities

at the Sea Life Brighton aquarium, and housed together in a large

(100 � 50 � 75 cm) continuous-flow tank. Experiments were con-

ducted in a 90 � 75 cm filming tank 15 cm deep with seawater,

which was refreshed for each animal. Responses of all 10 animals

(taken in a random order) to a single stimulus were assayed on a

single day. After testing, each animal was placed in a temporary

holding tank (35 � 25 cm) until all 10 had been assayed, at which

point they were returned to the main holding tank. The filming
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Figure 2. The six test stimuli which were placed on a background of 25%
reflectance (75% grey). (a) White circles: nominal reflectance 100%.
(b) Gradient A: shaded from white to black with 50% grey lying in the
centre and a mean of 50% grey. (c) Gradient B: same as gradient A but
with 75% grey in the centre and a mean of 75% grey. (d) Low-contrast cir-
cles: with reflectance of 50%. (e) Circles: circles composed of half white and
half black. ( f ) Three-dimensional objects: hemispheres made of white Plas-
ticine. All stimuli were 24 mm in diameter. A negative control of uniform
grey of 25% reflectance is not shown.
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tank was housed within black-painted metal walls with a large

mirror fixed at 458 and a small opening in the front to enable

animals to be photographed without disturbance. Photographs

were taken with a Nikon D700 digital SLR camera. Animals

were placed in a circular, transparent Perspex test arena with a

diameter of 25 cm, which was placed on test backgrounds with

the stimuli extending 25 cm beyond the arena walls, so that the

animal was always surrounded by the stimulus pattern. Animals

were transferred to the arena and left for 15 min or longer, until

they had settled on the background and were producing a stable

body pattern. Three images were taken (in tiff format) of the

animal with the surrounding arena at 5 min intervals.
(b) Stimuli
There were seven test backgrounds (figure 2), as follows. Negative
control (not shown): a uniform 75% grey background (where 0%

is white and 100% is black). White circles (figure 2a): circles of an

area that would elicit a strong WS response in the cuttlefish

based on their size [17], with a diameter of 24 mm. Gradient A
(figure 2b): circles of same area as for white circles, but with a

gradient of shading from white to black with 50% grey lying in

the centre and a mean of 50% grey. Gradient B (figure 2c): as for gra-

dient A but with 75% grey in the centre and a mean of 75% grey.

Low-contrast circles (figure 2d): circles of same area as white circles,
but low contrast with the background at 50% grey, having the same

contrast as the mean of gradient A. Semicircles (figure 2d): circles

composed of half white and half black with no gradient (this step

edge does not result in illusory depth to human viewers;

figure 1). Three-dimensional objects (figure 2e): hemispheres made

of white Plasticine with the same base diameter as the circles in

the previous stimuli, which were arranged on a uniform 75%

grey background in the same number, separation and pattern as

the printed circles. All two-dimensional backgrounds were

designed using Adobe ILLUSTRATOR, printed onto white heavy-

weight paper and laminated with matte laminator pouches.

Backgrounds measured 50� 50 cm.

(c) Illumination
The test arena was lit by either one or two Jolby Gorillapod LED

lights covered with a layer of white felt to act as a diffuser. The

internal light metering system of the SLR camera was checked reg-

ularly to ensure constant light levels. Lights were positioned at a 458
angle relative to the arena, 25 cm from the bottom of the test tank

and 35 cm from the arena. Backgrounds were each tested under

three lighting scenarios: (i) lighting congruent with configuration

of light/dark areas for gradient and semicircle backgrounds (this

scenario was also used for the other backgrounds as a control);

(ii) lighting incongruent with configuration of light/dark areas

for gradient and semicircle backgrounds (this scenario was also

used for the other backgrounds as a control); and (iii) background

lit evenly from both directions. The orientation of either back-

ground or lighting was changed between animals to pseudo-

randomize the absolute direction of the light. For lighting scenario

(iii), where the background was lit from both sides, light intensity

was adjusted to give the same overall intensity as for (i) and (ii).

This resulted in a total of 18 treatments.

(d) Image analysis
Three images of each animal were taken in tiff format at 5, 10 and

15 min after the start of each treatment, resulting in 630 images.

After checking for consistency over time, images taken at 15 min

were used in analysis, resulting in 210 images. These were pre-

processed manually in Adobe PHOTOSHOP: images were each

rotated so that the animal faced left and the body axis was hori-

zontal, and the image area containing the animal’s mantle was

then cropped, with this area constant throughout the image set.

These images were retained as tiffs, and files were renamed

and reordered using a random number generator to randomize

for animal and treatment, and to remove bias in the analysis.

(e) White square presence
The presence or absence of the WS body pattern component was

scored by a single observer (S.Z.) for the entire randomized

mantle image set. Where any WS defining boundary was discern-

able, it was classified as present; where no WS characteristics were

discernable, it was classified as absent.

( f ) White square asymmetry
A total of 144 images showed the WS component. To measure the

degree of asymmetry between each WS half, we calculated the Jac-

card distance (JD), which is commonly used to assess similarities/

differences in binary matrices [24,25]. To do this, the cropped

mantle image files were processed using a MATLAB script [26]:

images were thresholded using Bradley adaptive threshold-

ing (figure 3b); two abutting rectangles a and b (constant area,

100 � 50 pixels) were positioned manually to sample each side

of the animal’s WS (figure 3b); matrix b was transposed along

the horizontal axis to match the position of matrix a. This was

repeated three times for each image with randomization of
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Figure 3. (a) Some of the range of observed WS shading responses across all treatments. (b) Two examples of thresholded WS regions with little shading (top) and heavily
asymmetrical shading (bottom), with blue rectangles showing areas compared. (c) Examples of typical responses to four of the test stimuli (note the dark posterior mantle
bar on the animal with real hemispheres). (d ) Mean difference in WS shading between halves as determined by JD for the stimuli shown. Brackets show homogeneous
subgroups determined by Tukey’s HSD post hoc tests following univariate analysis of variance. Error bars show standard error. (e) Mean difference in WS shading between
halves as determined by JD for the stimuli showing the effects of different illumination conditions. Light grey bars: direction of illumination congruent with shading where
appropriate; stippled bars: direction of illumination incongruent with shading cues where appropriate; white bars: illumination from both directions. Asterisks indicate
significant difference between conditions determined by Tukey’s post hoc pairwise comparisons. Error bars show 1 standard error. (Online version in colour.)
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presentation to allow for error in manually positioning the rec-

tangles through the mid axis of the WS. The JD was calculated

for each pair of rectangles. Data were then reassigned to original

animals/treatments and a mean was taken of the three values.

Statistical analysis was done with SPSS [27]. Data were

normally distributed (Kolmogorov–Smirnov, p ¼ 0.06), so general-

ized linear modelling univariate analysis was used to test for

interactions between the two factors (stimulus and illumination)

on the JD, with Bonferroni-adjusted pairwise comparisons to

identify where significance lay.

It was not practical to score the level of expression of the WS

independently of asymmetry, but the comparatively low levels of

asymmetry in response to the black and white semicircles which

gave the weakest WS response implies that asymmetry is not a

correlate of weak expression.

(g) Orientation
We measured body orientation to a chosen point (the position of

the ‘congruent’ light) of all original images in the test arena using
the MB-RULER program over 3608. For statistical analysis, we used

absolute angles from the standard illumination point over 1808 to

avoid the problem of high and low values being similar in reality.

Statistical analysis was done with SPSS; data were not normally

distributed (Kolmogorov–Smirnov, p� 0:001). Because this

analysis was an unplanned addition to the experiment, we did

not include these data in the overall analysis, but tested for

interactions of orientation with stimulus and illumination using

generalized linear mixed modelling with a gamma distribution,

log-link function and sequential Bonferroni adjustment for pair-

wise comparisons. We used Spearman’s rank test to test for a

correlation between WS asymmetry and body orientation.
3. Results
Ten juvenile cuttlefish were tested on seven types of visual

background (figure 2, and a uniform grey). Three illumination

conditions were used: from left or right (thus congruent or

incongruent with shading in the case of asymmetrical stimuli),
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Figure 4. Examples of animal body orientation relative to direction of light, showing the influence of light direction. (a) Mean body orientation for all animals on all
stimuli where lighting is from a single direction. (b) Mean body orientation for animals in response to the same stimuli, but where illumination is from both
directions. Arrows indicate direction of illumination in both cases, numbers indicate number of incidences and bars indicate animals with heads positioned towards
that direction.
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or from both sides, giving a total of 210 trials. We recorded

presence or absence of the WS component, WS asymmetry

and body orientation relative to the illumination and

the background.

(a) White square presence
A uniform grey background (stimulus 5; negative control)

invariably elicited a uniform body pattern with no WS [16],

whereas low-contrast circles did so in 73% of tests. These

responses are expected from previous studies [11,15], and as

the WS was absent, the responses were removed from sub-

sequent analysis of WS asymmetry. Responses to black and

white semicircles were more interesting. When the illumination

was congruent with the stimulus (i.e. from the light side), all 10

animals displayed a WS, whereas when illumination was incon-

gruent with the stimulus six gave a uniform body pattern. Thus,

there is a significant effect of illumination direction on WS

expression (x2; p ¼ 0.0143; two-tailed), consistent with the

animal seeing the stimulus pattern as a convex surface lit from

the side. The WS component was expressed in all tests with

high-contrast white circles, shaded circles and the hemispheres.

Interestingly, in 65% of cases where the WS was present the

right side of the square was darker than the left (binomial test

p ¼ 0.044), which is reminiscent of other observations of later-

alization in cephalopod behaviour [25,28]. As the animals were

housed together, we were unable to assess whether the

direction of lateralization was animal-specific, but a previous

study found that a single animal could shade either left or

right halves of the WS [22].

(b) White square asymmetry
Left–right asymmetry was measured by the JD [29,30] between

each half of the WS, for all images where the WS was present

(n ¼ 144). The JD is the difference in light and dark areas

between the two halves of the WS, and is objective, robust and

simple to use. With this measure, gradient A (figures 2b and

3d) gave the greatest asymmetry (mean JD 0.371+0.122), and

the lowest was from the white circles (mean JD 0.197+0.083).

Generalized linear modelling univariate analysis revea-

led a highly significant effect of stimulus (d.f. ¼ 4, f¼ 10.76,

p , 0.001), no overall effect of illumination condition (d.f. ¼ 2,

f¼ 2.125, p ¼ 0.124), and a significant interaction between

illumination and stimulus (d.f. ¼ 8, f¼ 2.343, p ¼ 0.022).

Tukey’s post hoc tests showed significantly greater asymme-

try in responses to gradient A compared with the white circles

and the semicircles (p� 0:001 in both cases). There were no
significant differences between the responses to gradient A

and gradient B ( p ¼ 0.155), nor to the three-dimensional

objects ( p ¼ 0.160). Responses to white circles and semicircles

(if the WS was expressed) did not differ significantly ( p ¼
0.843). There were no significant differences in responses

to gradient B and semicircles ( p ¼ 0.075), nor to three-

dimensional objects ( p . 0.5), with the former statistic

probably owing to the animals’ sensitivity to the light direction

for both gradient B and the semicircles (figure 3e). Specifically,

post hoc tests for the effects of the interaction between the illu-

mination condition and stimulus found that for gradient B,

illumination congruent with shading cues resulted in signifi-

cantly greater asymmetry compared with bi-directional

illumination ( p ¼ 0.008). With incongruent illumination, the

shading asymmetry did not significantly differ from either

the congruent or bi-directional illumination (figure 2a).

Together, these observations suggest that cuttlefish use pictor-

ial shading of background features and the direction of

illumination as cues for WS expression and shading.

(c) Body orientation with respect to the illumination
One might expect cuttlefish to orient the shading of the

WS with respect the light source, so as to enhance the

impression of convexity, but in fact there was no correlation

between WS asymmetry and the animals’ orientation relative

to the light source (rs (142) ¼20.050, p ¼ 0.55). Unexpectedly,

however, cuttlefish tend to face the light sources (figure 4).

We tested whether there was an interaction between this

orientation response and the background or illumination

conditions. Generalized linear mixed models found no signifi-

cant effect of stimulus or illumination condition per se on

orientation (F ¼ 0.882 (4, 129), p ¼ 0.477 and F ¼ 2.044

(2, 129), p ¼ 0.134, respectively), but they did reveal a signifi-

cant interaction between stimulus and illumination (F ¼ 2.768

(8, 129), p ¼ 0.007). Specifically, pairwise contrasts show sig-

nificantly reduced orientation to illumination in the case of

gradient A when illumination was incongruent with the stimu-

lus compared with when the illumination was congruent

(adjusted p ¼ 0.008) or bidirectional (adjusted p ¼ 0.040).
4. Discussion
Asymmetry between the left and right sides in body patterns is

well known in cephalopod communication signals, for example

male Sepia apama use unilateral moving bands of dark



rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20160062

6
chromatophores in courtship displays and agonistic contests

[31,32], but shading of the WS (figures 1 and 2) may be the

sole use of asymmetry in a cuttlefish camouflage pattern [23].

Human viewers naturally tend to see a convex surface rather

than a shaded pattern, and it may be that this is how the shad-

ing works to prevent detection by predatory fish. Compared

with plain white circles Sepia accentuates the shading in

response to white hemispheres and also to shaded two-dimen-

sional circles (figures 1–3). It is noteworthy that uniform circles

of the same average contrast as the shaded stimuli failed to elicit

a WS in 73% of tests, and instead the cuttlefish produced a uni-

form body pattern [16], which suggests that the animals see the

shaded circles as discrete three-dimensional objects [11,15]. Evi-

dence that the animals are not simply matching the intensity

distribution on the surface is given by the observation that the

asymmetry displayed in response to the black/white semicircle

stimulus was no greater than to an unshaded white circle

(figure 3d), and for the black/white semicircles, they were

more likely to express the WS, rather than a uniform coloration

pattern, when illumination was congruent with the white side

of the pattern than when it was incongruent or bi-directional.

The implication that cuttlefish use pictorial shading to fine-

tune camouflage is reinforced by the observations that they are

sensitive to the direction of illumination. As mentioned above,

for black/white semicircles they are more likely to express

the WS with congruent than with incongruent illumination

(i.e. light falling from the direction of the light semicircle).

While for gradient B the shading (i.e. asymmetry) of the WS

is enhanced when the illumination is from the lighter side of

the stimuli, as expected for a convex surface, compared with

bi-directional illumination (figure 3e). Illumination direction

did not affect the WS asymmetry for gradient A, which gave

the strongest overall asymmetry. This evidence suggests that

shading dominates directional lighting cues, but that pictorial

and illumination cues interact under certain conditions, so

the cuttlefish is more likely to see a lightness gradient as

being due to a shaded convex surface if the shading is consist-

ent with the illumination. The cuttlefish do not, however, shade

their pattern consistent with the illumination, but rather tend to

turn to face the light source (figure 4a).

The fact that WS asymmetry in response to three-dimen-

sional hemispheres was the same to the two two-dimensional

gradient stimuli does not mean that the two-dimensional and

three-dimensional stimuli look identical to the cuttlefish, as

the overall body patterns differed. For example, they often dis-

played a posterior transverse mantle bar in combination with

an overall paling of the body in response to the hemispheres,

but not to the two-dimensional stimuli (figure 1b) [16]. This

might be due to a mismatch between the angle/intensity of

the illumination conditions and the pictorial cues in the two-

dimensional objects, but it is more likely that the animals
sense intrinsic differences between two- and three-dimensional

stimuli. One interesting possibility is that different cues to

depth and surface relief affect separate visuomotor responses,

which are manifest in the different components of the animals

body pattern (e.g. the WS versus the posterior mantle bar), but

further work is required to understand the fascinating question

of how cuttlefish integrate multiple cues to depth and form to

produce camouflage [10,33].
(a) Pictorial depth and aquatic camouflage
Lateral asymmetry in our experiments is substantial, up to a

mean of 37% (figure 3d ). How the asymmetry is deployed in

nature and how it is perceived by fish are matters for further

study. The evidence here is however consistent with the

hypothesis that cuttlefish, and presumably the animals that

prey upon them, use pictorial depth cues in visual images

much like humans [3]. Nonetheless, the response is not ‘per-

fect’ in that although they are sensitive to the direction of

illumination in their response to shaded objects the animals

do not shade the WS consistent with the illumination.

In fact, it would not be surprising if there were differences

between humans and cuttlefish owing to attributes of their

respective visual environments. European cuttlefish live over

a range of depths in coastal waters from less than 2 m. In

clear coastal water, shadows and relief are readily visible

down to at least 10–15 m (S.J. 2000, personal observation). By

comparison, owing to the high refractive index of water, specu-

lar highlights are less prominent than in air. In addition,

lighting geometry is different above and below the water sur-

face. On land, the sun moves across the sky, whereas in

water, directional illumination is from above through Snell’s

window, and there is much diffuse light from scatter by sus-

pended particles, meaning that pictorial relief will rapidly

lose directionality over distance. However, where water is shal-

low and clear the cuttlefish need to distinguish between

general visual texture and true relief cues to ensure good

camouflage, and so combining illumination with pictorial

shading could be crucial in providing protection from visual

predators.
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