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ABSTRACT: It might seem obvious that a camouflaged animal must
generally match its background whereas to be conspicuous an or-
ganism must differ from the background. However, the image pa-
rameters (or statistics) that evaluate the conspicuousness of patterns
and textures are seldom well defined, and animal coloration patterns
are rarely compared quantitatively with their respective backgrounds.
Here we examine this issue in the Australian giant cuttlefish Sepia
apama. We confine our analysis to the best-known and simplest
image statistic, the correlation in intensity between neighboring pix-
els. Sepia apama can rapidly change their body patterns from assumed
conspicuous signaling to assumed camouflage, thus providing an
excellent and unique opportunity to investigate how such patterns
differ in a single visual habitat. We describe the intensity variance
and spatial frequency power spectra of these differing body patterns
and compare these patterns with the backgrounds against which they
are viewed. The measured image statistics of camouflaged animals
closely resemble their backgrounds, while signaling animals differ
significantly from their backgrounds. Our findings may provide the
basis for a set of general rules for crypsis and signals. Furthermore,
our methods may be widely applicable to the quantitative study of
animal coloration.

Keywords: camouflage, communication, signaling, image structure,
cephalopods, vision.

Introduction

To be camouflaged, an animal must match some aspect
of its background, and to be conspicuous, it must differ
from that background. Despite the relative simplicity of
this notion, comparisons between animals and their back-
grounds have rarely been conducted quantitatively. Pres-
ently, the relative crypsis or conspicuousness of animal
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patterns is commonly assessed using overall (or mean)
body coloration (Marshall 2000; Stuart-Fox et al. 2003;
Endler and Mielke 2005; Cummings et al. 2008). Also, few
systematic studies compare the visual properties of body
patterns with their natural visual backgrounds. The prob-
lem is that it is difficult to define—and hence measure—
the parameters that humans and other animals use to seg-
regate an object from its background (Julesz 1981; Zylinski
et al. 2009b). After overall color, the simplest measure of
visual appearance is to consider how well defined the spa-
tial pattern of the animal is compared with its background.
This comparison can be quantified as the mean difference
between neighboring points in the image. A tool to quan-
tify the spatial frequency is a Fourier transform, which is
based on the theory that real-world signals—here, im-
ages—can be approximated by the sum of sinusoidal waves
of certain amplitudes, spatial frequencies, and phases. High
frequencies generally represent fine detail, such as edges
and visual texture, whereas low frequencies are associated
with coarser-scale global attributes (fig. 1; Bruce et al.
2003). The measure of a whole image is commonly given
by the spatial frequency power spectrum, which is a rep-
resentation of the magnitude of the various frequency
components of a two-dimensional image.

Natural scenes (in this case, backgrounds) are not ran-
dom but rather contain a large degree of structure that is
reflected in their second-order statistics. The consistent
relationship between amplitude and spatial frequency is
well documented, with the power spectrum of a given
scene falling roughly as the inverse of the square of the
spatial frequency (Shapley and Lennie 1985; Bex and Mak-
ous 2002; Balboa and Grzywacz 2003). In other words, the
amount of visual information that might be classified as
fine scale or coarse scale is very similar between scenes
regardless of the habitat type and viewing distance, a phe-
nomenon that is probably due to a fractal-like self-simi-
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Figure 1: Fourier transform (FT) reveals the spatial distribution encoded in a two-dimensional image, and the resulting power spectra
enable us to visualize this information. In two-dimensional power spectra, low-frequency components are in the center of the plot, with
increasingly high-frequency components displayed toward the edges (the power at each point is conveyed by the shading, with white being
high and black being low). a, Original image contains relatively low-frequency information, as is apparent in the two-dimensional power
spectrum of the FT (i); most of the spatial information is concentrated in the center, with little or no contribution by high frequencies
(i4). b, This original image contains a higher degree of fine detail and edge information (i), which can be clearly seen in the two-dimensional
power spectrum (#i). Two-dimensional spectra are difficult to interpret and compare, so one can take the rotation average (RA) of each
point around the center axis to give a single data point for each spatial frequency, resulting in a one-dimensional power spectrum (iii). As
shown here, one-dimensional power spectra are commonly displayed as log-log plots of power-frequency because the power contained in

an image may span several orders of magnitude.

larity, leading to scale invariance across a wide range of
natural scene types (Field 1987; Ruderman 1994). The
consistent relationship between amplitude and spatial fre-
quency has implications for visual processing because
scenes contain the same amount of detail regardless of the
scale at which they are viewed. Balboa and Grzywacz
(2003) found that underwater images are characterized by
a steeper fall in spatial frequency compared with terrestrial
ones; this can be attributed to the optics of water, in which
light scatter and attenuation act to reduce high-frequency
information (Lythgoe 1979).

Given the robustness and consistency of natural scene
structure, we hypothesize that patterns used in camouflage
will be generally matched to—while signaling patterns will
differ from—the measured image statistics of relevant
backgrounds. In other words, if an animal is attempting
to be camouflaged, then one would expect the second-

order attributes, such as the power spectra, to be similar
between the animal and its background. Conversely, if a
body pattern is to be conspicuous, then it should diverge
from the second-order attributes of the background in a
way that maximizes the visibility of the pattern to a target
viewer (Endler 1978, 1992; Rosenthal 2007). We are aware
of only a single study that attempts to assess animal body
patterns in these terms: Fourier transforms of zebra and
tiger stripes were used to demonstrate that the former were
conspicuous and the latter camouflaged against relevant
backgrounds (Godfrey et al. 1987).

The Australian giant cuttlefish (Sepia apama Gray, 1849)
provides a unique opportunity to test questions regarding
crypsis and conspicuousness. These animals can change
between signaling and camouflage patterns almost instan-
taneously, primarily via neurally driven intradermal chro-
matophores (Messenger 2001; fig. 2). The patterns that
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Figure 2: Sepia apama signaling and camouflage. a, Detail of a con-
spicuous mantle/fin pattern used by males seeking to mate. b, Male
engaged in kinetic display to second male (arms visible in lower left
of image), passing bands of dark chromatophores over the dorsal
mantle. ¢, Individuals not engaged in mate finding resume camou-
flage (arrow).

cuttlefish produce are used in a range of behaviors, in-
cluding camouflage, courtship, and threat responses (Han-
lon and Messenger 1996; Langridge et al. 2007). Sepia
camouflage patterns are primarily visually driven. The
study of how these animals choose an appropriate body
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pattern for a given visual environment has offered much
insight into visual perception in a system that has evolved
independently of vertebrates (e.g., Chiao et al. 2007; Kel-
man et al. 2008; Zylinski et al. 20095).

Large numbers of S. apama gather in annual spawning
aggregations in the Spencer Gulf, South Australia (Hall
and Hanlon 2002). Males outnumber females at a ratio of
approximately 4 : 1, and during daylight males compete
with each other for access to females via complex visual
displays (Hall and Hanlon 2002; but see Norman et al.
1999 and Hanlon et al. 2005 for an alternative strategy of
female mimicry). Males often adopt a body pattern of
contrasting small-scale “stripes” that are assumed to be a
conspicuous display to females and competitor males (fig.
2a), which escalates to an elaborate kinetic display during
agonistic contests (fig. 2b). An individual (female or male)
not actively seeking to mate will become camouflaged
against the background on which it has settled (fig. 2¢).

To investigate the relationship between the second-order
attributes of background and patterns, we used two mea-
sures: (1) the pixel intensity variance (PIV), an estimate
of image-region homogeneity (which in turn provides a
simple description of how textured the image appears),
and (2) the power spectra of the mantle patterns. These
two measures were obtained for both signaling and cam-
ouflaging cuttlefish and were compared with the values of
the backgrounds against which each cuttlefish was pho-
tographed in the wild.

Material and Methods

Images of Sepia apama were collected in the animals’ nat-
ural environment using SCUBA over a 2-week period in
June 2008 at Stoney Point near Whyalla, South Australia
(32°59'44"S, 137°45'04"E; for details of the field site, see
Hall and Hanlon 2002), at depths between 2 and 5 m.
Animals were photographed from above at a distance of
approximately 1 m during daylight hours, generally under
clear skies. Camera angle ranged from a 90° viewing angle
(directly overhead) to no less than 60°. Individuals were
classified as being either in camouflage or in signaling
mode on the basis of the presence or absence of conspic-
uous patterns, as shown in figure 2. Image analysis was
carried out in MATLAB (MathWorks, Natick, MA), using
the Image Processing Toolbox.

Images were resized to standardize the mantle length of
the animals. This resizing was within a narrow range of
around 10%, since animal-to-camera distance was similar
throughout the data set. The color channels of the images
were split, and only the green channel was used in further
analysis. This channel contains the most biologically rel-
evant visual information for cuttlefish, with a single peak
in color sensitivity around 490 nm for Sepia officinalis
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(Marshall and Messenger 1996; Mithger et al. 2006) and
their aquatic predators (e.g., peak sensitivity for snappers
489-502 nm; Lythgoe et al. 1994) and 488-524 nm for
dolphins (Fasick and Robinson 1998). The mantle pattern
of the animal in each image was cropped (average crop
area 260 x 330 pixels, depending on animal orientation)
from each image, and three crops of corresponding size
were taken from areas of the background (fig. 3).

The PIV of each animal and background crop was ob-
tained by

1 N
m; (x; — %),

where N is the length of the data vector, X is the mean of
the data vector, and x; is element number i of the data
vector. PIVs within crop areas were used as an estimate
of image-region homogeneity, which in turn provides a
crude description of image “texture.” We used paired two-
tailed #tests to compare animal crops with their respective
backgrounds and unpaired #-tests to compare between the
signaling and camouflaged classes.

For power spectra comparison, the cropped areas of
animals and backgrounds used for PIV were fast Fourier
transformed (Bruce et al. 2003). To reduce bordering ef-
fects, where image edges cause high-frequency noise, a
tapering Gaussian filter frame (6 = 5) was applied to the
edges of the cropped areas before Fourier transformation.
The power spectrum was then obtained by taking the
square of the modulus of the Fourier transform, using
code adapted from Kovesi (2000). To enable us to represent
the power of a given spatial frequency as a single point,
a rotational average was taken across all orientations of

the power spectra (fig. 1). We used 100 frequency bins
and ignored the lowest 2% of frequencies to avoid spiking
in this region through image artifacts (Kovesi 2000). Be-
cause the power contained in an image may span several
orders of magnitude, the slopes of log-log power-spatial
frequency plots were used to compare the spectra of animal
and background in each image, as commonly used in nat-
ural scene comparison (Field 1987; Ruderman 1994; Bex
and Makous 2002). Linear regression was applied to as-
certain how well these data fitted a linear model, and slopes
and intercepts obtained from regressions were used to test
for differences between the data.

A set of 20 random images was obtained during the
period of experimental sampling using the same protocol
as for the test images. This image set included scenes at
a variety of spatial scales and were processed in the same
way as the test images. We compared the PIV and power
spectra of our test data to those obtained from these un-
cropped control images to evaluate their consistency and
to ensure that our results were not affected by our cropping
method. Data available in Dryad (http://dx.doi.org/
10.5061/dryad.8527).

Results

Measures of PIV and the power spectra were obtained from
images of 32 camouflaged Sepia apama, 49 signaling S.
apama, and their respective backgrounds. Overall, we
found the same image structure in both camouflaged an-
imal patterns and their backgrounds, but the intensity of
the animals’ patterns was typically lower than that of their
backgrounds. The mean PIV of camouflaged animal man-

Figure 3: Examples of signaling (a) and camouflaged (b) individuals in the green channel. Black rectangles show cropped region of animals,
and white rectangles show the three corresponding background crops used in the analysis.
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tle patterns was significantly lower than that of their back-
grounds (0.016 * 0.014 in animals vs. 0.024 * 0.006 in
backgrounds; paired #-test, t = —9.36, df = 31, P <.01;
fig. 4). The power spectra of camouflaged individuals were
well matched to the spectra of their backgrounds (mean
slope —2.49 * 0.36 for animals compared with —2.53 +
0.27 for backgrounds; linear regression mean r* = 0.97
for animals, 0.98 for backgrounds; in all cases, P < .05;
fig. 5a). We found no significant difference between power
spectra slopes of camouflaging individuals and their back-
grounds (#-test, t = 1.77, P = .10, df = 31, SD = 043).

The PIVs of the mantle patterns of signaling individuals
were significantly higher than the PIVs of their back-
grounds (0.036 = 0.009 compared with 0.010 * 0.007;
paired t-test, t = 17.19, df = 48, P < .05; fig. 4). Fur-
thermore, the power spectra of signaling individuals and
their backgrounds showed marked differences: at lower
frequencies, signaling individuals and their backgrounds
appeared similar, while at higher frequencies, the power
spectra of animals and backgrounds deviated noticeably
(slope mean —1.89 = 0.37 for animals compared with
—245 * 0.34 for backgrounds; paired t-test, t = 7.87,
df = 48, P <« .001; fig. 5b). This deviation occurred at a
characteristic and consistent point of the plot at frequen-
cies above 0.1 times body length, indicating a larger
amount of higher frequency information in the body pat-
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terns of the animals compared with the backgrounds
against which they are displaying. Regression analysis of
the power spectra indicated that signaling individuals
showed power spectra slopes that were significantly less
steep than their backgrounds, which is as expected, given
the larger amount of information present at higher spatial
frequencies. The mean r* value for signaling individuals
(0.90) was lower than that of their backgrounds or that
of camouflaged individuals (both 0.97), reflecting the non-
linear characteristics of the power spectrum coefficients.
We found significant differences between the PIVs for
signaling and camouflaged cuttlefish, with the PIVs of sig-
naling patterns higher than the PIVs of camouflaging pat-
terns (0.036 = 0.010 vs. 0.015 % 0.006; t-test, t = 11.8,
df = 78, P <.01). We also observed a difference between
the backgrounds selected by the two cuttlefish classes, with
camouflaging individuals tending to use backgrounds with
a higher PIV than the backgrounds of signaling individuals
(0.024 *= 0.006 vs. 0.010 * 0.007, respectively; #test,
t = 239, df = 77, P<.01; fig. 4). Control images had a
mean PIV of 0.0346 *+ 0.012 and a mean power spectrum
slope of —2.40 + 041 (r> = 0.98). Mean power spectra
slopes of the control images, test backgrounds (—2.53 and
—2.45), and camouflaging individuals (—2.49) were there-
fore consistent with the mean power spectra slope of —2.5
previously documented from aquatic scenes (Balboa and
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Figure 4: Box plots of pixel intensity variance for camouflaged cuttlefish and their backgrounds (left), signaling animals and their backgrounds
(center), and a set of control backgrounds (right; n = 20). Light gray, cuttlefish body; dark gray, background. Center bar, median; box width,
interquartile range (IQR); notch width, (1.58 x IQR)/n'?* whiskers, + 1.5 x IQR; asterisk, outliers (Chambers et al. 1983).
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Figure 5: a, Mean power spectra = SD of cuttlefish (solid line) and their backgrounds (dashed line) when camouflaged (i) and in signaling
mode (ii). b, Difference in slope and intercept of power spectrum fitted lines gained via regression analysis (7). Background slopes and
intercepts were subtracted from cuttlefish values, so that a value of 0 indicates the best match. Circles, camouflaged; asterisks, signaling. i,
Mean = SD for intercept (top) and slope (bottom).
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Grzywacz 2003). This consistency suggests that our image
processing methodology did not introduce undesired ar-
tifacts to the analysis.

The differences between camouflaged and signaling an-
imal power spectra is well illustrated by the characteristics
of their fitted regression lines. By subtracting the slope and
intercept values of the fitted lines of animals from those
of their backgrounds, we see that the values for camou-
flaged animals lie close to 0, while background values fall
well above this (fig. 5b, ii). Paired t-tests show that this
difference is highly significant (P < .01 in both cases).

Discussion

Our results clearly demonstrate that in terms of spatial
frequency power spectra, camouflaging cuttlefish tend to
closely resemble their backgrounds while signaling indi-
viduals deviate from theirs. The PIV characteristics of the
images used in this study suggest that cuttlefish use, or
perhaps choose, visually complex backgrounds when cam-
ouflaging but visually less complex, homogeneous back-
grounds when signaling. This might be explained by the
observation that males often exhibit agonistic displays in
the water column. High spatial frequency information,
associated with fine visual detail, is rapidly attenuated over
distance in the shallow marine environment through op-
tical effects such as scatter and veiling (Lythgoe 1988), so
this information may be reduced in the intervening space
between the animal and the background. The reduction
of complexity, regardless of how it is achieved, will make
a scene less busy to the viewer and thus aid signal efficacy
(Hailman 1977; Guilford and Dawkins 1991; Endler 2000).

Camouflaging Animals Resemble the Background

Experimental research on camouflage often attempts to
assess how well local image parameters (such as color,
patch size, local luminance) of a camouflage pattern match
a background. Here we show that global spatial charac-
teristics are also important to achieving camouflage. The
use of global spatial characteristics may be vital if the
structures and features of a potential predator’s environ-
ment provide background information that can be sub-
tracted from new sensory information with minimal com-
putation (Atick and Redlich 1992). In this respect, a
camouflaged animal that matches a simple statistical prop-
erty of natural scenes (e.g., the scale-invariant power spec-
trum) might literally blend into the background.

Signalers Maximize Conspicuousness

The differences found between signaling cuttlefish and
their backgrounds presumably maximize the conspicu-
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ousness of signaling patterns to intended conspecific view-
ers. Deviating from the natural power law of the sur-
rounding visual environment might be an excellent tactic
to improve the efficacy of a signal. However, animal visual
systems are expected to be most receptive (or “tuned”) to
the relevant visual characteristics of their environments
(Parraga et al. 2000; Hansen and Essock 2004; Zeil and
Hemmi 2006). This differential receptivity means that rare
image characteristics that are absent in natural scene struc-
ture might be less easily detected and therefore less useful
in signaling (Guilford and Dawkins 1991). We propose
that a certain degree of novel spatial structure (e.g., per-
turbation of the power spectrum) at the signaling range
of frequencies does not distort the visual information to
a point where it becomes unnatural and therefore less easy
to see but rather increases signal efficacy by its uniqueness
in the visual environment.

Signaling animals often use colors that differ from their
visual background in order to enhance detectability (End-
ler 1992; Osorio and Vorobyev 1997). However, cuttlefish
are almost certainly color blind (Marshall and Messenger
1996; Mithger et al. 2006). The high-contrast repetitive
markings of the zebra stripe and passing cloud body pat-
terns are probably a strong high-contrast stimulus to a
color-blind receiver. This poses intriguing questions con-
cerning the evolution of a color-blind communication sys-
tem in the presence of color-receiving eavesdroppers. At-
tenuation of contrast and high spatial frequencies of the
aquatic environment (Lythgoe 1979, 1988), combined with
the low resolution typical of fish vision (Douglas and
Hawryshyn 1990), means that certain conspicuous mark-
ings, particularly those of high spatial frequency, may pro-
vide camouflage at distance. Therefore, the apparently con-
spicuous markings used by Sepia apama are consistent with
hypotheses that predict that bold markings are optimized
to carry over short viewing distances but are rapidly at-
tenuated over larger distances (Hailman 1977; Marshall
2000). The characteristic power spectra of S. apama sig-
naling body patterns support this hypothesis: the animal
power spectra match the background power spectra at low
frequencies but deviate from them at a consistent point
at high frequencies. This deviation point may correspond
to a viewing distance beyond which signaling information
is no longer useful for the intended receiver. Indeed, ex-
tensive observations of agonistic displays suggest that they
are carried out over relatively short distances (e.g., fig. 2b;
see also Hall and Hanlon 2002).

Background Differences

We found that the mean PIV of backgrounds used by
signaling animals was significantly lower than that of back-
grounds used by camouflaging animals. This difference
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suggests that signaling animals use less complex back-
grounds in order to increase their conspicuousness, while
camouflaging animals may benefit from habitat hetero-
geneity. Of interest is the observation that the PIV of cam-
ouflaging animals was lower than that of the immediate
surroundings and more closely matched the typical levels
of the backgrounds used by signaling animals (fig. 4).
Thus, camouflaging animals use body patterns of a lower
intensity than the general background, suggesting that re-
ducing overall saliency may be more important than pre-
cise background matching. It was observed that, when
camouflaging, cuttlefish tended to seek structures such as
macroalgae or rocks to rest among (see also Barbosa et al.
2008).

Background complexity is known to reduce target rec-
ognition and increase search times for targets in humans
and other animals (Wolfe et al. 2002; Bond and Kamil
2006; Bravo and Farid 2008). If we assume similar search
and image segregation processes in relevant vertebrate
predators, then camouflage is likely to be more effective
in heterogeneous environments (Merilaita et al. 1999
Merilaita 2003), particularly in cuttlefish, where adaptive
camouflage can be utilized to match microhabitat attri-

butes (e.g., Hanlon et al. 2007, 2009). -

Signaling cuttlefish appeared to carry out much of their
agonistic displays in more open areas; at our particular
field site, displays tended to occur over patches of brown
“mung” algae (Pylaiella species) or over areas of flat rock
that were relatively homogeneous in their visual appear-

ance. In addition, agonistic displays often took place above_,

the substrate in the water column. Such behaviors are
reflected in the low pixel variance found for signaling back-

grounds. Choosing simple microhabitats against which tc=+

display is a behavior that enhances signal quality by re-
ducing background noise (Hailman 1977). Our results sug-
gest that S. apama may select appropriate backgrounds,

depending on behavioral context (but see also Allen et al.™

2010).

We have shown that there are clear differences in the
spatial attributes of body patterns used in camouflage and
signaling and that these differences relate to some well-
documented invariant qualities of natural scenes. Cut-

tlefish have proven to be a unique and exciting model fo: =+

investigating nonhuman visual perception (e.g., Chiao and
Hanlon 2001; Kelman et al. 2008; Allen et al. 2009; Zylinski
et al. 20094); here we reinforce the potential of this system
for understanding animal camouflage and communica-
tion. Furthermore, our methods are applicable to the wider
study of animal patterning, a subject that has received
renewed attention in recent years (e.g., Stevens and Mer-
ilaita 2009). The questions regarding camouflage and sig-
naling investigated here hold a particular fascination,

statistics. Our findings suggest that global image charac-
teristics may be as important as local features in defining
and characterizing animal body patterns. These charac-
teristics should not be overlooked in the study of cam-
ouflage and communication in the field.
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“I could see nothing but a pair of very bright eyes; but concluding that the eyes had an owner, I determined very rashly to secure
him. ... I put my hand down very quietly so as not to ruffle the water, when, suddenly, to my surprise, it was seized with a pressure far
too ardent to be agreeable, and I was held fast.” From “A Chapter on Cuttle-Fishes” by Lucie L. Hartt (American Naturalist, 1869, 3:257—
261).
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