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Abstract The camoul3aging abilities of cuttlebsBepia Keywords Color change Contrast

ofbcinalig are remarkable and well known. It is commonly Spectral reRectanceChromatophore CamouR3age

believed that cuttlebshNalthough color blindNactively

match various colors of their immediate surroundings, yet

no quantitative data support this notion. We assembledhtroduction

several natural substrates chosen to evoke the three basic

types of camoufRaged body patterns that cuttlebsh expre€olor change in cephalopods (e.g., cuttlebsBepia
(uniform/stipple, mottle, and disruptive) and measured theofpbcinali§ is unrivaled in the animal kingdom. Their
spectral re3ectance of the camoufllaged pattern and tts®phisticated skin containing pigmented chromatophore
respective background using a Pber optic spectrometer. Wargans, structurally refRecting iridophores and light scat-
demonstrate that the reRectance spectra of cuttlebsh skiering leucophores gives these animals an ability to almost
patterns correlate closely with the spectra of these naturahstantaneously change body patterns for camouf3age and
substrates. Since pigmented chromatophores play a kesjgnaling, despite their apparent color-blindness (Brown
role in cephalopod color change, we also measured thand Brown1958 Hanlon and Messenget996 Marshall
spectral re3ectance of individual cuttlebsh chromatophoreand Messenget996 Mathger et al.2006.

under the microscope, and conbrm the results from a pre- The expression of body patterns for camoufl3age is
vious publication reporting three distinct colors of visually driven and the involvement of certain background
chromatophores (yellow, orange, and dark brown) on the&ariables, such as contrast, brightness, edge, size of objects,
animalsO dorsal side. Taken together, our results show treit., has been documented (Holm&84Q Hanlon and

the color variations in substrate and animal skin can béMessengerl988 1996 Marshall and Messenget996
very similar and that this may facilitate color match on Chiao and Hanlor2001a b; Chiao et al.2005 Mathger
natural substrates in the absence of color vision. et al. 2006 Kelman et al.2007 Shohet et al2006 2007).
Although there is variation in the body patterns that cut-
tlebsh show for camoul3age, the variations fall into three
categories: (1) uniform (or uniformly stippled), (2) mottle,
and (3) disruptive (Hanlon and Messendeé88 Hanlon

L. M. Mathger (<) C.-C. Chiao A. Barbosa R. T. Hanlon 2007). Uniform backgrounds, such as single-shaded artiP-
Marine Biological Laboratory, Woods Hole, MA, USA cial substrates and small-scale sand, elicit uniform and
e-mail: Imathger@mbl.edu stipple body patterns (Hanlon and Messent@88 Chiao

C.-C. Chiao and Hanlon2001a Mathger et al.200§. On non-uniform
Department of Life Science, National Tsing Hua University, backgrounds, large numbers of small black and white
Hsinchu, Taiwan checkers with areas of roughly 4D12% of the animalOs
A Barbosa White square skin component (t!:liS component is expressed
ICBAS, Institute of Biomedical Sciences Abel Salazar, on the dorsal side of the animalOs body and it has the shape
University of Porto, Porto, Portugal of a square; see Hanlon and Messeri#8§ elicit mottled
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body patterns in cuttlebsh (Barbosa et 2004). In the assessment, which will be the subject of a future
laboratory, we have subsequently been able to elicit mottl@ublication.
patterns on natural substrates (Barbosa, Chiao, et al.
Unpublished data). Disruptive camouf3age can be evoked
on a black and white checkerboard in which the lightMaterials and methods
squares are roughly equal in area to the animalOs White
square (Chiao and HanloR001h Mathger et al.2006  Animals for behavioral trials
Barbosa et al2007 Kelman et al.2007. Similarly, on
natural substrates, disruptive body patterns are shown dgight cuttlebsh $. ofbcinaliy ranging in size from 1.8 to
high-contrast light and dark rocks (Chiao et &005 5.1 cm mantle length (ML), were used in this study. Ani-
Mathger et al.2007). Importantly, the presence of light mals were housed separately for the duration of the
rocks is essential for disruptive components to be expressezkperiment.
(Mathger et al.2007).

While camouf3age behavior in cuttlebsh has been a topi€hromatophore spectral measurements
of interest for many years (Holmé®4Q op. cit.), research
to date has not tackled many of the details regarding hovirour animals (3.5, 5, 6, 12 cm mantle length) were sacri-
camouf3age is achieved. For example, are cuttlebsh trulpced after proper euthanasia for these measurements, and
matching the colors of the backgrounds they are on? Ismall sections of skin were dissected and pinned into a
shallow depths of water, broad-spectrum sunlight is availSylgard covered Petri dish containing cooled seawater.
able (Jerlov1976 and consequently colored object in the Spectral re3ectance measurements were obtained using a
natural environment (such as sand, rocks, algae, coral, tdrber optic spectrometer connected, via a 1 mm diameter
nicates, sponges, etc.) will appear colorful. Consideringeber, to the c-mount of a dissecting microscope (Zeiss;
that cuttlebsh, along with most other cephalopods, arangle of acceptance 26 At the highest magnibcation of
color blind (Brown and Brownl958 Marshall and Mes- the microscope, the area of the measured beld was
sengerl996 Mathger et al.2006), the question of how a approximately 0.25 mm in diameter. In this way, it was
colorblind animal can achieve camoul3age, especially irpossible to measure single expanded chromatophores on
chromatically rich environments such as those found athe head, side and ventral parts of the animal. The chro-
shallow depths of water, is indeed intriguing. Certainly, thematophores of the dorsal-most section of the mantle are
skin of cephalopods can be incredibly colorful filger  very small and it was not possible to measure individual
and Hanlon2007). Previous studies have shown that therechromatophores from this area. On visual inspection,
are three distinct color classes of chromatophores (yellowhowever, the chromatophores in other areas of the dorsal
orange, and dark brown) on the dorsal side of cuttlebPskide (such as closer to the Pn) do not appear to be different,
(Fig. 1a) (Hanlon and Messengé&®88. Is it possible that so that it is reasonable to assume that the spectra we took
the spectral properties of chromatophores and many naturate representative. lllumination was provided by a Schott
objects are alike, thus rendering the color match less difbber optic microscope light source. The spectral range of
pcult? To address this question, we measured the spectraleasurements was limited from 400 to 800 nm, mainly
reRectance of the camouRaged patterns in cuttlebsh afmbcause the microscope optics absorbs wavelengths outside
some backgrounds using a bber optic spectrometer. Bthis range. Sixty-two chromatophore spectra from the
analyzing spectral properties of animal and backgroundlorsal side and 12 chromatophore spectra from the ventral
and comparing their spectral differences, we demonstratside were included in the analysis.
that the re3ectance spectra of cuttlebsh correlate closely
with the spectra of a small variety of natural substrates. W&ubstrates
also show that the variations in substrate and animal skin
coloration are very similar and that this may facilitate color Eleven natural and two artibcially dyed types of sand
match on natural substrates in the absence of color visiorsubstrates were used in this study (see Bifpr details).
In this study, we do not consider the predatorsO visudlll substrates, except S5 and S6 (non-natural substrates),
system because brst, this requires knowledge of predatora@re subjected to spectral analysis (i.e., principal compo-
visual capabilities and behavior that is largely incompletenent analysis). Substrates (S1DS6) were furthermore used
(Lythgoe 1979 Endler 1990 Losey et al.2003 Marshall  for comparing spectral differences between animal and
et al. 2003, and second, the predators whose visual capabackgrounds (see methods below). The natural substrates
bilities are known vary widely in the numbers and types ofvaried in grain size and contrast, and were chosen to evoke
visual pigments (Lythgoe et all994 Kelber et al.2003  uniform, mottle and disruptive coloration. Of course, the
Losey et al.2003, thus this fact alone deserves a separat@atural substrates we used here do not represent the entire
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Fig. 1 Images of a b
chromatophores cé dorsal
mantle andb ventral mantle of
the cuttlebsiSepia ofpcinalis.
¢ Averaged ref3ectance spectra
of yellow, orange and dark
brown chromatophores of the
dorsal and ventral mantle
(N = 62 for dorsal side and
N = 12 for ventral side). Values
are meart- SEM. d Scatter plot
of total reRectance versus
maximal slope position
calculated from all spectral
measurements. Scale bars
1.5 mm
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range of substrates cuttlePsh encounter in nature; howevdrody patterning in response to the presence of the bber

they can be considered representative of some naturalere measured. Each cuttlebsh was measured in six loca-

environments in whicts. ofpcinalidives. tions (Fig.3a, b). Each substrate was measured in ten
random locations around the animal (F&g, c).

Spectral measurements of camoufRage patterns

and substrates Analysis

All measurements were made outdoors (away from directWe analyzed only the spectral data in the visible part of
sunlight) to take advantage of the full daylight spectrumthe spectrum (400700 nm), because neither animals nor
that is not easily obtainable indoors. For convenience, waubstrates ref3ected noticeably in the UV (below
used a portable station that can be rolled to a desired out00 nm).

door spot with favorable lighting. Seawater (approximately

8 cm depth) was maintained at a stable temperature usinghromatophore spectra

ice packs. Spectral measurements were taken with a pber

optic spectrometer (USB 2000, Ocean Optics, Inc., FLTo illustrate how different the visually distinct groups of
effective range of measurement: 350750 nm) connectethromatophores are, we created a scatter plot for all
to a PC Laptop. A 40Qum diameter bPber was used. The chromatophore rel3ectance spectra in which we separated
Pber was handheld by one experimenter (at a distance gpectra by total reRectance-#xis) as well as by the
approximately 1 cm, giving a total measured area of 2 mnwavelength at which the slope was at its maximum (over
diameter) while a second experimenter operated the laptogvaveband from 500 to 700 nng;axis).

Dark and light reference spectra were taken frequently to

ensure that changes in the illumination (e.g., changes iRrincipal component analysis (PCA)

thickness of cloud cover) were controlled for. A spectralon

plate (Labsphere, USA) was used as a reference standaib compare the similarities and differences between the
Only animals that were settled and did not change theianimal and substrate spectra more directly, we performed a
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Fig. 2 Substrate name, origin
and mantle length (ML in cm)
of animal. S1mixed substrate;
Caribsea coraline marine
aquarium gravel #902;

ML = 3.5; S2natural sand
substrate; collected locally;

ML = 3.2; S3gray substrate;
Caribsea coraline marine
aquarium gravel #906;

ML = 3.5; S4brown substrate;
Seachem tidal marine
substrates, Kona coast
aragonite; ML= 4.6; S5red
sand substrate; Estes Ultra Reef
#5 red; ML = 3.6; S6blue sand
substrate; Estes Ultra Reef #5
blue; ML = 3.7; S7brown sand
substrate; T-Rex bone aid calci-
sand #5 brown; ML= 4.2; S8
white sand; Estes Ultra Reef #5
marine white; ML= 1.8; S9

pink substrate; Caribsea
coraline marine aquarium gravel
#904; ML = 4.1; S10orange
substrate; Caribsea coraline
marine aquarium gravel #907,;
ML = 3.3; S1llight shells;
Nature Ocean reef substrate
#10721-2; ML= 3.3;S12
natural rock substrate; collected
locally; ML = 3.7; S13natural
slate substrate; collected locally;
ML = 3.0
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Fig. 3 a Animal on substrate S1. Siklue dotsare approximate locations of spectral measurements on the animal, abtiel@otsare
representative sampling locations of the substrate around the animal. Ref3ectance spectra measutedmméiendc substrate

PCA to characterize spectral properties of the ensembles afushed shells) and two artibcially dyed color sand (S5:
animal spectra and substrate spectra separately. Brie3sed, S6: blue) were included in this analysis.

PCA is generally used to reduce dimensionality of data sets

for analysis. It transforms the data to a new coordinatérheoretical treatment of color matching in natural

system such that the greatest variance by any projection dight belds

the data comes to lie on the brst coordinate (called the prst

principal component), the second greatest variance on th®ur data were obtained in an outside light environment that
second coordinate, and so on. Such low-order componenésjuals 0 m depth. Cuttlebsh inhabit a range of coastal
often contain the OOmost important®O aspects of the daane habitats, and throughout their lives will experience

Overall, 730 animal rel3ectance spectra, and all 66% variety of different light belds. Despite the fact that we do

relBectance spectra from 11 different natural substratesiot present beld data, we can simulate what effects a

were included in this analysis. changing underwater light Peld may have on our animal
and substrate spectra.

Calculation of color matching between animal The rel3ectance spectrumRyeps{/), at a given depth of

and substrate water is given by:

RaepttfAP ¥4 R3AP  TyepitdAP
To directly examine the chromatic difference between e dept

animal and background (i.e., the degree of color mismatchyvhere R(%) is the ref3ectance spectrum at 0 m depth, and
without consideration of a predatorOs visual system, we bréiept{/) is the irradiance transmittance spectrum at a given
normalized each refRectance spectrum to its maximurflepth of water. We simulated the ref3ectance spectra for
(preserves only the spectral shape and removes the intednderwater light beld at 1 and 10 m depth. The corre-
sity of spectral reRectance). We then computed the spectrgponding irradiance transmittance specffa.{and Tiom)
difference between each normalized animal spectrum angere taken directly from Jerlo168 Coastal water type 3).
each normalized substrate spectrum by subtracting one Please refer to online version for full color.

from the other and summing across all wavelengths. The

spectral difference between animal and substrate was fur-

ther normalized to the maximal spectral mismatch. ThisResults

normalized spectral difference was used to gauge the

degree of color mismatching, i.e., if two spectra are aChromatophore spectra

chromatically perfect match, the normalized spectral dif-

ference is zero; if two spectra are fully complement to eachin the cuttlebshsS. ofbcinalisthere are three color classes
other (maximal spectral mismatch), the normalized spectrabf chromatophores on the animalOs dorsal side but only two
difference is one. Sixty pair-wise calculations (6 animalcolor classes on the ventral side. On the dorsal side, the
measurements and 10 substrate measurements) were pgigment appears to the human eye as either OOyellowO0,
formed for each set of experiments. For each substrat®Oorange®O or OOdark brown) dFigvhereas on the
type, we used bPve experimental sets (total of 300 pair-wisgentral side, there is no OOdark brownd0 pigmenb(fly.
calculations of normalized spectral difference). MeasureThe scatter plot in Figld conbrms that the chromatophore
ments from four natural substrates (S1: mixed white/rectolor classes fall into distinct categories determined by
coralline, S2: natural sand, S3: dark coralline, S4: browrposition of maximum slope on the wavelengtt) &xis as
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well as by total reRectance on theaxis. These spectral the substrate measurements was explained by PC1 and the
measurements are consistent with previous observation ¢frst 2 PCs can support 99.32% of total variations
skin chromatophore classes # ofbcinalis(tHanlon and (Tablesl, 2). This means that, while the animals and

Messenged 989. substrates show remarkably similar spectral properties, the
substrates showed more variation than the cuttlebsh skinOs
Spectral measurements of camoufRage patterns relectance spectra.

Cuttlebsh showed the three camouf3age categories (urtitow good is the color match?
form, mottle, disruptive) when placed on the appropriate
substrate. In Fig3, we have given an example of an animal There was some variation in the abilities of animals to
showing mottle coloration with weak disruptive compo- spectrally match the 13 substrates we used, with animals
nents on substrate S1 (Figa), and the respective spectral matching some substrates but not others. Notably, cuttlepsh
measurements of 6 areas of the animal and 10 areas of tinever matched the colors of two artibcially dyed types of
substrate surrounding the animal (F8ip, c). Both animal sand substrates (S5 and S6 in Figsbcbe). An important
and substrate measurements show some variation in spemnsideration is also that the spectral composition of day-
tral shape as well as absolute reRectance, but it is evidefight in the sea changes with depth and that this will clearly
from this bgure that the animal reRectance curves falhffect the colors of backgrounds and animals. In B, b,
within the scope of substrate measurements, with allve have given two examples of this effect using substrates
spectra rel3ecting more strongly in the longer wavelength§1 and S6. Here we can see that both the animal colors (left
compared to the shorter wavelengths. panels in Fig5a, b) and the substrate colors (right panels in
A randomly selected sub-sample of our spectral datd&ig. 5a, b) become progressively conbned to the blue-green
(i.e., 50 measurements out of total 730) shows that theggarts of the spectrum with increasing depth in the sea.
variations are indeed very similar. In Fig, we show To analyze the degree to which cuttlebPsh match the
spectral measurements of animals (Flg) and substrates substrates tested in this study, we chose 6 substrates (S1DS6,
(Fig. 4b) and the respective principal component analysisee Figs2, 3a) and theoretically determined how well the
(PCA) of each (Fig4c, d). We found that the PC1 explains cuttlebsh colors match their backgrounds for three depths:
98.43% variation within the animal spectral reectanceg1l) 0 m depth (surface, our original data; Fig), (2) 1 m
measurements and the brst 2 PCs can account for 99.648épth (Fig.5d) and (3) 10 m depth (Fige). Note that the 1
of spectral variation, whereas 95.20% of variation withinand 10 m results were calculated using published irradiance

Fig. 4 Fifty randomly selected a 4 b %
relBectance spectra from 40 animal e A 80 substrate
a animal andb substrate s = ol o
measurements. Basis functions
of the brst two principal g % 8
components (PCs) from -‘é 25 3
principal component analysis S 20 %
(PCA) of reRectance spectra of ; ;
¢ animals andd substrates
(same datasets as those in
Tablesl, 2)
%0 450 50 ss0 60 650 700
Wavelength (nm)
C o2 - d o
01 animal oos | substrate
/
0.08 /' 0.06
0.08 //H 0.04
0.04
£ £ oo
2 002 2 3
= =
.02 s
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Table 1 Percentage of variance accounted for by the brst fourDiscussion

principal components (PCs) of all 730 refectance spectra of animals

4th pc The color-changing abilities of cephalopods were already
appreciated by Aristotle10910, and while this topic has
received attention throughout the last century (e.g., Holmes
1940 Hanlon and Messenger996, data have not been
Table 2 Percentage of variance accounted for by the brst fourderived to address the question of whether cephalopods
principal compone?us (PCs) of all 665 re3ectance spgctra of substratggatCh the colors of their surroundlngs._ In thIS_StUdY’ we
chose a range of natural substrates with the intention of
evoking the three camoufage body patterns known in
cuttlebsh: uniform, mottle and disruptive; and, using a
spectrometer, we quantibed the animals® ability to match
background colors. Of course, while the natural substrates
transmittance spectra for coastal water type 3 (JETBS88.  we used here do not represent the entire range of substrates
The box plots show distribution of the spectral differencefound in nature, they can be considered representative of
between animals and substrates for six substrates at thrggme natural environments (e.g., temperate rock reefs) in
depths (Fig5cbe). Data were obtained from a total of 300which S. ofpcinalis(the ®Ocommon European cuttlepshO0)
pair-wise comparisons for each of the six substrates (eadive; the English Channel, Mediterranean, and Northern
trial consisted of 6 animal measurements and 10 substrajgt|antic.

measurements; see Figfor example. In total, Pve animals  Spectral measurements of underwater environments
were used for each substrate). In comparison with the cahave begun to be published, although the available data are
culated spectral difference on artiPcially dyed sand (S5 andtill limited. Due to the restricted spectral window of much
S6), the color mismatch on natural substrates (S1DS4) & the ocean, many marine habitats are not particularly
much smaller (Fig5c). While at 0 m depth, the color colorful (clear exceptions to this may be shallow water
matching abilities varies from substrate to substrate, thigabitats, especially kelp habitats and coral reefs) (Chiao
variation becomes notably diminished at 1 m and especiallgt al. 200q Hochberg and Atkinso200Q Marshall et al.

10 m depth (Fig5d, e). 2003 Hochberg et al2004).

1st PC 2nd PC 3rd PC

Cuttlebsh 98.43 121 0.27 0.06

1st PC 2nd PC 3rd PC 4th PC

Substrates 95.20 412 0.52 0.10

a _ b _
animal animal substrate
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Fig. 5 Normalized reRectance data faranimal on substrate S1 (see
Fig. 2) and b animal on substrate Séeft 6 animal measurements,
right 10 substrate measurementBJue measurements at 0 m depth

quartile values, anded linesrepresent median values. Thdiskers

are lines extending from each end of the boxes to show the extent of
the rest data sePlot illustrates the degree to which animals matched
(actual data)greenl m depthred 10 m depth (calculated using data the colors of the backgrounds they were placed on. The lower the
of coastal water type 3 from Jerlov,968. ¢ Box plot showing  value Sy, the closer the matchd, e Box plotsfor 1 m depth and
spectral difference (see text for details) for animals on each of 6L0 m depth, respectively

substrates at 0 m depth (surfacB)ue linesindicate lower and upper
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Although the spectral properties of the ensemble ofspectrum (Jerlov1968 1976. There, camoul3age by
animals and substrates show different variations in PCAntensity matching may be highly effective (Coi94Q
(Tablesl, 2), close inspection of Figdc, d reveals that Denton and Nicoll966 Lythgoe1979. For the theoretical
PC1 and PC2 in both animal and substrate are alike, andeatment of color match at various depths (F5Yy. we
more importantly, PC2 in both cases has similar zeroassumed that cuttlebsh chose the same body pattern on a
crossing positions (near 550 nm). This similarity in zero-given substrate, independent of depth. Given that cuttlebsh
crossing positions of PC2 together with the fact that moreare color-blind, and therefore should perceive illumination
than 99% of total variations can be explained by the Prsht increasing depth as becoming increasingly dim, this is a
two PCs alone in both cases indicates that most substrateasonable assumption.
spectra can be matched reliably with three color classes of While cuttlebsh matched some representative natural
chromatophores in the skin of the dorsal sideSofofbci- substrates in this study, it is conceivable that there are
nalis. Thus, it appears that cuttlepsh chromatophores havgubstrates in nature that cuttlebsh may not be able to
evolved in response to evolutionary pressures to match thmatch. For exampleS. ofPcinalisranges from temperate
colors of the natural habitats that these animals are livingock reef environments, throughout the Mediterranean, to
in. coral reefs off the west-central African coast, thus

Whether three color classes of chromatophores on thencountering (as a species, not any one individual) an
dorsal side are controlled independently to form the dif-impressive range of visual environments. Assuming that
ferent skin colorations measured in this study is not clearthe types of pigments are the same for this species, it is
However, the basis function of the second PC in theconceivable that animals may encounter habitats where
analysis of animal spectra shows a zero-crossing at 550 noolor matching may be impossible or unsuccessful. For
(Fig. 4c), which coincides with the maximal slope position such circumstances, pattern matching (brought about by a
of yellow chromatophore spectra (Fifyd). This indicates spatial arrangement of chromatophores) may be sufbcient
that a combination of higher reRective yellow chromato-to impart the necessary survival value. It would certainly
phores with lower reRective orange and dark brownbe interesting to compare the skin coloration of cephalo-
chromatophores can generate all directly measured reRepeds, as well as other color-changing animals (see e.g.,
tance spectra from the animalOs skin. chameleons; Stuart-Fox et #2006, with those of their

In addition to chromatophores, cuttlebsh (and cephalobackgrounds for a variety of habitats and assess if what we
pods in general) have various structural reRectordrave found in a controlled lab experiment is true in nature.
(leucophores and iridophores) lying subjacent to chro- In summary, cuttlebsh may achieve OOcolor-blind cam-
matophores, and these complement color productiorouRage®O partly, as we have shown here, because the colors
Leucophores reRRect the ambient wavelengths of lightpf their skin are similar to the colors of some natural
which may aid both wavelength and intensity matching atsubstrates, but also because their repertoire of camoulRage
least at a localized level in the skin (Froesch and Messengéxody patterns (uniform, mottle and disruptive pattern types,
1978. This may be particularly useful in habitats in which each with many subtle variations) seem to accomplish a
shorter (blue and green) wavelengths predominate, prigreat deal of the visual deception that thwarts a wide array
marily those of greater depths (Jerld®76. Moreover, of visual predators, such as many teleost and elasmobranch
their high relRectance may affect the appearance of ovelrshes, marine mammals and diving birds.
lying chromatophores, and additionally aid in providing
contrast against which chromatophores can be arranged fisknowledgments We are grateful to the Sholle_y FOl_Jndation and
procuce paterning.Iidophores refctspecibc wavelenguf OV e NOGOLE 0 10202 r supporcf s prect CCC e
by thin-PIm interference and it has been shown that theifynding from POCI 2010 and Fundo Social Europeu through the
reRectance can alter the appearance of chromatophoresndaen para a Giacia e a Tecnologia, Portugal (SFRH/BD/11303/
(Mathger and Hanlor2006 Mathger and Hanlor2007). 2002). This paper fulPls partial requirements for a PhD degree at the

P : . : s University of Porto for AB. Special thanks to the Animal Care Staff of
It is intriguing to think that, despite their sophisticated the Marine Resources Center of the MBL. Thanks also to Justin

color and pattern change, cuttlebsh are colorblind (Browfyarshall for valuable discussions, and Devi Stuart-Fox and Almut
and Brown1958 Marshall and Messengd©996 Mathger  Kelber for their constructive comments on this manuscript.

et al. 2006. However, since the colors of the natural sub-

strates and the colors of the skin are relatively similar, this

quest does not seem unachievable. Importantly, the dig3eferences

crepancies that were observed at 0 m depth (our dataizristotle (1910) Historia animalium. Clarendon Press, Oxford
become Ie;s noticeable with increasing depth in the S€8arbosa A, Florio CF. Chiao C-C, Hanlon RT (’2004) Visual
where daylight becomes more and more conbPned to & packground features that elicit mottled body patterns in cuttle-
narrow waveband in the blue and green parts of the bsh,Sepia ofbcinalisBiol Bull 207:154
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