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Cuttlefish rapidly change their appearance in order to camouflage on a given background in response to
visual parameters, giving us access to their visual perception. Recently, it was shown that isolated edge
information is sufficient to elicit a body pattern very similar to that used when a whole object is present.
Here, we examined contour completion in cuttlefish by assaying body pattern responses to artificial back-
grounds of ‘objects’ formed from fragmented circles, these same fragments rotated on their axis, and with
the fragments scattered over the background, as well as positive (full circles) and negative (homogenous
background) controls. The animals displayed similar responses to the full and fragmented circles, but
used a different body pattern in response to the rotated and scattered fragments. This suggests that
they completed the broken circles and recognized them as whole objects, whereas rotated and scattered
fragments were instead interpreted as small, individual objects in their own right. We discuss our findings
in the context of achieving accurate camouflage in the benthic shallow-water environment.
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1. INTRODUCTION

As humans, we effortlessly make sense of ambiguous visual
information as we go about our daily lives. For example, we
can effectively detect visual contours even when local image
information fails to provide complete cues about lumi-
nance and texture [1]. The ability to assemble spatially
separated fragments of visual information into a coherent
whole via filling-in seems fundamental to visual processing,
and is demonstrated by a range of perceptual completion
phenomena [1-3]. The best known of these are modal
and amodal completion, wherein the former non-existent
boundaries are filled in by ‘illusory’ contours in order
to separate a foreground object from a background of simi-
lar contrast intensity, resulting in a perceptual contrast
enhancement of the foreground object (e.g. as in the
‘Kanizsa triangle’ [4]), and in the latter an occluded back-
ground object is perceived in its entirety but without a
perceptive sensation of the missing contours [5]. Per-
ceptual completion has been demonstrated in other
vertebrate taxa, including non-human primates [6,7],
rodents [8], birds [9,10] and fishes [11,12]. Furthermore,
it has been shown that bees are able to perform modal com-
pletion, meaning that such phenomena are not limited to
the vertebrates [13,14]. (It is worth noting that as we
cannot know the true perceptual experience of a non-
human animal, distinguishing between completion
phenomena in these studies is somewhat subjective and
based on our own experiences associated with the stimuli
tested, as outlined above.) In the above-mentioned studies,
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subjects were generally tested for their ability to discrimi-
nate, for example, between real geometrical figures and
illusory figures following training. Here, we show evidence
for contour completion in the European cuttlefish (Sepia
officinalis L..) via experiments using their innate ability for
adaptive camouflage.

Cuttlefish depend on their rapid, visually driven adap-
tive camouflage for survival as they move from one
background to another [15,16]. They are able to match
the visual characteristics of their environment with speed
and complexity from hatching via chromatophores that
are under direct neural control [17-21]. The animals
make decisions about what body pattern should be used
in a given visual environment by integrating cues about
local and global visual characteristics such as contrast, over-
all illumination and texture, thereby offering a unique
insight to non-human visual perception [22—27]. Notably,
in the presence of defined objects (e.g. pebbles on a sandy
seafloor), the relative scale and contrast of these objects
determines whether the cuttlefish will use a high-contrast
body pattern made up of large-scale components, known
as the disruptive body pattern. In the presence of smal-
ler scale or less-defined objects, a body pattern of smaller
scale distinct components, known as the mottle body pat-
tern, or one of a homogeneous colour (the uniform body
pattern) is used [17,18,26,28—32] (see fig. 1 of Zylinski
et al. [26] for example). Researchers have been able to
use the general body pattern responses of cuttlefish to con-
duct detailed studies into the perception of artificial stimuli
that can be well-defined and precisely modulated
[18,20,26]. Most relevant to the results presented here,
Zylinski er al. [33] showed that cuttlefish use isolated

This journal is © 2012 The Royal Society


mailto:s.zylinski@duke.edu

Contour completion by cuttlefish S. Zylinski er al. 2387

(@)

(iv)

Figure 1. (a) Details of stimuli used in the experiment. (i) Full circles (positive control); (ii) fragmented circles; (iii) rotated
yet still clustered fragments of circles; (iv) scattered fragments of circles; and (v) uniform grey background (negative control).
(b) A cuttlefish resting on the fragmented circles stimulus in the test arena to show relative size and density of presentation.

edge fragments as evidence for the existence of objects
when choosing the appropriate body pattern to use,
demonstrating that large fragments (approx. one-fourth
of total diameter) of circle edge elicit a disruptive body pat-
tern, whereas smaller fragments (approx. one-eighth of
total diameter) do not elicit a disruptive pattern, but
instead result in a body pattern associated with small-
scale objects (see also Chiao er al. [30]). Here, we test
whether S. officinalis is able to reconstruct fragmen-
ted information and perform contour completion when
presented with incomplete boundary information.

2. MATERIAL AND METHODS

(a) Subjects

Sepia officinalis cuttlefish were hatched from eggs laid by wild-
caught females trapped off Luc-sur-Mer, Calvados, France
and kept in large tanks (1500 1) at the Centre de Recherches
en Environnement Cotier, Luc-sur-Mer, France. They were
kept in a group in sensory enriched tanks [34] and fed ad libi-
tum with crabs and shrimps. At the start of the experiments,
cuttlefish (n = 18) were 6—8 weeks old with a mean dorsal
mantle length of 22.2 + 0.8 mm (mean + s.e.m.).

(b) Stimuli

Grey scale stimuli were made in ADOBE ILLUSTRATOR CS5,
printed onto paper using an inkjet printer (Epson
SX510W) and laminated prior to presentation. We tested a
positive control based on object sizes and contrasts known
from previous work to be associated with disruptive body
pattern responses [17,26,28]. This therefore consisted of
outlines of white circles (5 mm inner diameter, 6 mm outer
diameter) scattered across a 50 per cent grey background
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(figure la(i)), creating high-contrast ‘objects’ of an area
approximately 90 per cent of the mean area of the test ani-
mal’s white square component. We determined that the
cuttlefish responded to this stimulus with a strong disruptive
body pattern. We then used this as the basis of our test
stimuli (figure la(ii—v),b). Test stimuli were as follows:
(i) white fragmented circles made of four fragments;
(iii) the same fragments of the circle randomly rotated on
their axis; and (iv) with the fragments randomly scattered
across the background. A uniform grey background served
as a negative control (v). For (i) and (ii), circle diameter and
the number of circles were identical. For (iii), the number
clusters of fragments were the same as in (ii). For (iv), the
overall number of fragments was the same as for (ii) and (iii).

(¢) Experimental set-up and procedure

Eighteen cuttlefish were tested individually in a circular arena
of 15.5 cm diameter, 10 cm deep and filmed from above with
a Panasonic digital video camera via a 45° inclined mirror to
prevent disturbance to the animal. Test stimuli were placed
under and around the edges of the arena (figure 15). Animals
were introduced to the test arena and allowed to settle until a
stable body pattern was produced and excessive movement
had ceased. Stimuli were presented at random, one per day
for each animal over five consecutive days. Images were col-
lected every 5 min during the 30 min of recording, in total six
images per cuttlefish per stimulus. Images of the cuttlefish
were then cut from the background using GIMP2 (image
manipulation software) and randomized to reduce potential
order affects and grading bias (for details, see Zylinski ez al.
[33]). The expression of 11 body pattern components of
the disruptive coloration was graded by eye for each image
as described in Chiao er al. [29] on a four-point scale,
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Figure 2. Graph showing mean disruptive scores determined from body pattern responses to stimuli tested, with error bars
giving the standard error of mean. Images below the graph illustrate the general body patterns typical for given stimuli.
One-way ANOVA for correlated samples with Tukey’s HSD post hoc testing found differences between groups a and b
(p < 0.05) but not within them (p > 0.05). Note that the negative control tended to result in a very low disruptive score,
corresponding to uniform body pattern, but this was not significantly different from group b responses.

where 0 =not expressed and 3 = strongly expressed. The
sum of these grades gave an overall disruptive score for
each image. Grading was performed independently by two
observers (A-S.D. and S.Z.) and then averaged across the
six images and both graders resulting in a single disruptive
score for each animal on each stimulus.

(d) Statistics

The mean disruptive scores of the cuttlefish on the five
patterns were compared using one-way ANOVA for corre-
lated samples followed by Tukey’s HSD tests for post hoc
multiple comparisons.

3. RESULTS
We scored the expression of disruptive components in the
body pattern responses of 18 juvenile cuttlefish to artifi-
cial backgrounds of ‘objects’ formed from fragmented
circles (figure la(ii)), these same fragments rotated at
random on their axis (figure la(iii)), and with the frag-
ments scattered over the background (figure 1la(iv)), as
well as positive and negative controls (figure 1a(i,v)).
Animals showed two primary responses to the test
stimuli: a disruptive body pattern (corresponding with a
high disruptive score) on some, and a mottle/uniform
body pattern (corresponding with a low disruptive
score) on others (figure 2; one-way ANOVA for correlated
samples: F, ;7 =8.77, p < 0.0001). There were no sig-
nificant differences between the body pattern responses
to the fragmented circles and to the white circle outlines
(positive control; post hoc test: p = 0.764; figure 2). Con-
versely, animals on the backgrounds composed of rotated
or scattered fragments showed a more similar pattern to
that used on the uniform grey negative control (post
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hoc tests: uniform/rotated, p = 0.941; uniform/scattered,
p=0.978; rotated/scattered, p = 1; figure 2). Further-
more, significant differences were found between the
responses to the fragmented circles and the rotated frag-
ments (post hoc test: p = 0.035; figure 2), and between
the responses to the fragmented circles and scattered
fragments (post hoc test: p = 0.021; figure 2).

4. DISCUSSION

Cuttlefish assembled the spatially separated circle frag-
ments and treated them as complete objects, as
demonstrated by the high disruptive score associated
with both the fragmented circle stimulus and the positive
control (figure la(i,ii)). Crucial in this interpretation is
that when fragments of the same number and size were
viewed in an anomalous configuration (rotated; iii) or
individually (scattered; iv), the animals no longer per-
ceived a larger complete object but responded to the
fragments as separate small objects, as demonstrated by
the low disruptive score to these. From this, we conclude
that the cuttlefish are able to interpolate missing visual
information and perform contour completion.

Zylinski et al. [33] showed that cuttlefish respond to
partial edges of circles as if complete objects were present;
the important and intriguing difference between these
results and the findings presented here is that here the
fragments (of circle edges the animals are required to
complete in order to perceive the circle) are smaller
than those used to determine the presence of edges
alone. In other words, when these fragments are pre-
sented as individual entities, the animals respond with
mottle/uniform body patterns, as predicted for an essen-
tially homogeneous background [18,28], and as found
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Figure 3. Summary of body pattern responses from the findings reported here and from previous work. (a—c) Findings from
Zylinski ez al. [33] showing cuttlefish respond equally with disruptive components to whole printed two-dimensional ‘objects’,
the outlines of such objects (i.e. object edges with no corresponding area), and one-fourth circle fragments of the object edges
(note that high-passed edges were used in these experiments, but our positive control (b) confirms the response to this stimulus
without high-pass filtering). (d) The bridge between previous work and the worked presented in this study. When edges are
reduced further the disruptive components are no longer expressed and mottle-type patterns are used instead. We based
our fragments for the experiments reported here on this relative size of edge, showing that when these are scattered on the back-
ground (figure 1a(iv)) the response is of the mottle type. (¢) Crucially to our test here, when these fragments are clustered in an
anomalous configuration (rotated randomly on their axes; figure 1a(iii)) they are still treated as separate pieces of visual infor-
mation, with the response being a mottle. (f) When fragments are orientated to form a circle (figure la(ii)) the response
changes to one containing disruptive components. (g,2) Illustrate how small objects and uniform backgrounds result in
mottle and uniform patterns, respectively (e.g. negative control stimulus here (figure 1a(v)), see also earlier studies [26,28]).

by Zylinski ez al. [33] when edge information was reduced
to one-eighth of a circle. Figure 3 summarizes how our
findings on contour completion complement and add to
previous findings on edge detection in S. officinalis.

The literature on contour completion in animal visual
ecology has highlighted its potential role in camouflage
breaking and in the detection of partially occluded preda-
tors and prey [4,10], and here we show it is of importance
to the dynamically camouflaging animal. Cuttlefish
depend on defeating their predators visual search abilities
as their primary defence mechanism. In order to camou-
flage in visually complex environments effectively, they
must make accurate decisions as to the true form of
objects in their immediate surroundings; inaccuracies in
the interpretation of this visual information may lead to
errors in body pattern usage rendering them conspicuous
to the potential predator. Here, we show that the cuttle-
fish not only interpolate information missing from the
visual input, but also translate this reconstructed visual
information into a body pattern output. This is an elegant
solution to the challenge facing a benthic cephalopod
camouflaging from a predator searching from above
(e.g. by a swimming fish), where it is hindered by an
alternative viewing angle and incomplete information
pertaining to the wider visual environment [20,26,33].

This is, to our knowledge, the first demonstration of
contour completion in an invertebrate outside of the
insects, and the first empirical demonstration of non-
human contour completion determined through an
innate response rather than via training and discrimination
tasks [10]. We are not able to determine what completion
phenomenon cuttlefish experience when interpreting the
stimulus tested here, but as our understanding of the
subtleties of the visual hierarchy controlling their camou-
flage body displays increases [35—37], we believe it will
be possible to investigate and distinguish between modal
and amodal completion in future work.

Visual interpolation for contour completion has not only
been widely demonstrated in vertebrates [4], but also
shown in insects [13]. Here, we provide evidence for con-
tour completion in cephalopods, a lineage deeply isolated

Proc. R. Soc. B (2012)

from either of these groups. Cephalopods are renowned
for their sophisticated vision, having a camera-type eye
highly convergent with the vertebrate eye [15,38]; Zylinski
& Osorio [27] propose that low-level visual mechanisms,
such as edge detection, object recognition and texture per-
ception, are also surprisingly similar to those of vertebrates
(see also earlier studies [18,20]). The phenomena involved
in contour completion and interpolation are of great inter-
est in vision research because of the involvement of long-
range neural and cortical interactions between different
tiers of the visual pathway identified in primates, providing
an opportunity to study unique aspects of the physiology of
perception [3,5,39-41], a subject with little comparable
knowledge in invertebrate counterparts. Given the remark-
able convergence of visual processing in cephalopods and
vertebrates shown thus far, our findings may be indicative
of similar long-range interaction in the cephalopod optic
lobe to assemble fragmented visual information in the
absence of complete luminance borders.
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