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Resumo 
 

Os cefalópodes (polvo, lula e choco) são conhecidos por se camuflarem em diferentes 

ambientes de uma forma rápida e dinâmica. O choco europeu, Sepia officinalis, dispõe de 

uma variedade de padrões corporais para camuflagem que podem ser reduzidos a três 

categorias gerais: uniforme (ou uniformemente ponteado), mosqueado e disruptivo.  

Este trabalho centra-se nos mecanismos de percepção visual que permitem a Sepia 

officinalis escolher entre os três padrões corporais referidos. Foi dada especial atenção à 

determinação dos estímulos visuais que originam a expressão de um determinado padrão 

corporal, adaptado ao ambiente envolvente. 

Este estudo baseia-se numa análise de respostas motoras dos chocos (padrões 

corporais) a diferentes estímulos visuais e, consequentemente, numa análise da sua 

percepção visual. Os estímulos visuais foram apresentados ao animal em ambientes 

visuais artificiais e naturais. 

Sete experiências foram realizadas. Na primeira experiência, além de se demonstrar 

comportamentalmente a ausência de visão a cores nos chocos, obtiveram-se resultados 

iniciais acerca do papel do estímulo visual contraste; foi demonstrada a existência de 

uma forte relação entre contraste e padrão corporal. Na segunda experiência, foi 

realizado um estudo com objectos fortemente contrastantes, de modo a determinar o 

tamanho dos objectos que induzem o padrão corporal mosqueado. Demonstrou-se que 

objectos pequenos altamente contrastantes estimulam a produção de um padrão corporal 

mosqueado. Seguiu-se uma investigação detalhada da percepção do estímulo visual 

contraste (terceira experiência), nomeadamente no efeito do tamanho e contraste de 

objectos do ambiente na indução dos padrões corporais uniforme, mosqueado e 

disruptivo. Ao manipular tanto o contraste como o tamanho de objectos do ambiente, 

verificou-se que para altos níveis de contraste, o padrão corporal dos chocos depende do 

tamanho dos objectos no ambiente; para baixos níveis de contraste, o padrão corporal 

dos chocos é independente do tamanho dos objectos; quando num ambiente constituído 

por objectos do mesmo tamanho, o choco é capaz de pequenos ajustes no padrão 

corporal em resposta a diferenças muito pequenas de contraste no ambiente. Com base 

na informação obtida em ambientes artificiais, na quarta experiência foi investigada a 

hipótese de as mesmas regras serem aplicáveis a ambientes naturais. Os resultados 

deste estudo confirmaram os anteriormente obtidos usando ambientes artificiais e 

permitiram um melhor conhecimento relativo aos estímulos visuais necessários para 

evocarem o padrão corporal disruptivo. A quinta experiência teve em linha de conta o 

facto de chocos de diferentes tamanhos deverem ser capazes de estimar o tamanho de 

objectos no ambiente, de modo a produzirem os padrões corporais mais apropriados. Foi 
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testado se os chocos, desde recém-nascidos a adultos, são capazes de responder da 

mesma forma a ambientes com objectos de diferentes tamanhos. Neste estudo 

apresentou-se aos chocos um ambiente com objectos de diferentes tamanhos; no 

entanto, o contraste dos vários objectos foi mantido constante. Os resultados indicam que 

chocos de diferentes tamanhos são capazes de se aperceber do tamanho de diferentes 

objectos de forma muito similar, de modo a conseguirem camuflar-se. Grande parte do 

trabalho laboratorial realizado para determinar as capacidades visuais e de camuflagem 

do choco é focado apenas em estímulos visuais apresentados na parte inferior do corpo 

destes animais. Após observação de várias fotografias tiradas no mar, em ambiente 

natural, e de observações de chocos em laboratório, foi investigada a possibilidade do 

choco ter também em conta estruturas verticais para se camuflar. Na sexta experiência, 

usando estímulos visuais que evocam um padrão corporal específico, foi testado se o 

choco toma em consideração informação apresentada em estruturas verticais para se 

camuflar, bem como até que nível a informação apresentada horizontalmente ou 

verticalmente pode influenciar os padrões corporais para camuflagem. Este estudo 

demonstra que o choco responde a estímulos visuais apresentados tanto horizontalmente 

como verticalmente. Finalmente, na sétima experiência, usando vários fundos naturais, 

testou-se se o choco é capaz de tornar a cor do seu corpo igual à de objectos no 

ambiente. Análises espectrais do choco e do ambiente revelaram que a coloração do 

choco se correlaciona muito de perto com a variedade de ambientes naturais usados 

neste estudo. Este resultado ajuda a explicar de que forma um animal com visão 

monocromática é capaz de imitar as cores dos ambientes circundantes.  

De uma forma geral, este conjunto de trabalhos melhora o conhecimento acerca do 

processamento de alguns estímulos visuais que regulam o comportamento dinâmico do 

choco para a camuflagem. 
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Abstract 
 

Cephalopods (octopus, squid and cuttlefish) are known to rapidly and adaptively 

camouflage themselves in different environments. The European cuttlefish, Sepia 

officinalis, can produce a variety of body patterns for camouflage that can be reduced to 

three general categories: uniform (or uniformly stippled), mottle, and disruptive. 

This research centers upon the visual perception mechanisms that enable Sepia 

officinalis to choose among the three major body patterns for camouflage. Specific efforts 

focused on uncovering the visual cues that determine which camouflage is most 

appropriate on a particular background. 

This study applies a visual sensorimotor assay that allows quantification of the 

cuttlefish’s responses to manipulations in their visual background. The observation that 

changes in visual stimuli lead to changes in body patterns of the skin allows analysis of 

visual perception in cuttlefish. The visual stimuli given to cuttlefish were presented on 

artificial and natural backgrounds.  

Seven experiments were conducted. In the first experiment, color blindness in cuttlefish 

was demonstrated behaviorally, and initial results on the role of visual background 

contrast were obtained; i.e. a strong correlation between contrast and body patterning was 

found. In the second experiment, a study with highly contrasting objects was performed to 

determine the size of background objects that elicits mottle patterns. Small highly 

contrasting objects in the visual background stimulated mottled skin patterns. A detailed 

investigation on contrast perception followed (third experiment), namely on the effect that 

substrate contrast and size have in evoking uniform, mottle and disruptive body patterns. 

By manipulating both the contrast and the size of background objects, it was found that at 

high contrast levels, cuttlefish body patterning depends on object size; for low contrast 

levels, body patterning is independent of object size; and that when on a background with 

objects of equal size, cuttlefish fine-tune their body patterns in response to small contrast 

differences. Based on the information from experiments on artificial substrates, in the 

fourth experiment, it was assessed whether the same visual sampling rules hold true on 

natural substrates. The results of this study confirmed previous studies on the visual cues 

required for camouflage using artificial substrates and extended the knowledge of 

disruptive coloration in cuttlefish placed on one particular type of natural substrate. The 

fifth experiment took into account the fact that cuttlefish of different sizes must be able to 

estimate the background particle size so that they show the appropriate body pattern. As 

their skin components grow during development, it was tested whether cuttlefish are able 

to match their body patterning with differently sized background objects as they grow from 

hatchling to adult. This study was performed by keeping contrast constant and changing 
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the size of background objects. The results indicate that different size cuttlefish can solve 

a visual scaling problem of camouflage. Much of the laboratory work done in assessing 

cuttlefish’s visual abilities and camouflage behavior has focused on the visual cues on the 

substrate below the animal. After seeing many photographs taken in the field and by 

observing cuttlefish’s behavior in the holding tanks, the question of whether cuttlefish pay 

attention to naturally occurring, vertically oriented backgrounds in their environment was 

investigated. In the sixth experiment, by taking advantage of known visual stimuli that elicit 

specific cuttlefish camouflage patterns, it was tested whether cuttlefish cue visually on 

vertical background information for camouflage, and to what extent horizontal or vertical 

cues can influence changeable camouflage patterns. This study demonstrated that 

cuttlefish respond to visual background stimuli both in the horizontal and vertical viewing 

planes. Finally, in the seventh experiment, by using a variety of natural substrates, the 

vexing question of whether cuttlefish are able to color match the background was studied. 

Spectral analysis of animal and background reveal that the reflectance spectra of 

cuttlefish correlate closely with the spectra of a small variety of natural substrates. This 

result partly explains how a color-blind animal is able to match the color of natural 

environments. 

Taken together, this thesis extends the understanding of some key visual processing 

features that govern dynamic camouflage behavior by cuttlefish. 
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Résumé 
 

Les Céphalopodes (la pieuvre, le calmar et la seiche) sont connus pour se camoufler 

rapidement et de manière adaptative dans différents environnements. La seiche 

Européenne, Sepia officinalis, produit une variété de dessins corporels utilisés pour le 

camouflage qui peuvent être classés en trois catégories générales: l'uniforme (ou 

uniformément pointillé), le marbré et le disruptif. 

La présente recherche concerne les mécanismes de perception visuelle qui permettent 

à Sepia officinalis de choisir parmi les trois types de dessins corporels importants pour le 

camouflage. Les efforts se sont spécifiquement concentrés à dévoiler les signaux visuels 

qui déterminent quel type de camouflage est le plus approprié sur un fond particulier. 

Cette étude se base sur une analyse de réponses motrices de la seiche (normes 

corporelles) aux différentes stimulations visuelles et, en conséquence, sur une analyse de 

sa perception visuelle. L'observation du fait que les changements de stimuli visuels 

induisent des changements dans les dessins de la peau permet d'analyse la perception 

visuelle de la seiche. Les stimuli visuels ont été présentés à la seiche sur des fonds 

artificiels et naturels. 

Sept expériences ont été réalisées. Dans la première expérience, l’absence de vision 

des couleurs par la seiche a été démontrée de manière comportementale, et des résultats 

initiaux sur le rôle du contraste visuel avec le fond ont été obtenus; i.e. une forte 

corrélation entre le contraste et les dessins corporels a été mise en évidence. Dans la 

deuxième expérience, une étude avec des objets fortement contrastés a été réalisée pour 

déterminer la taille des objets qui induit des dessins marbrés. Seuls de petits objets 

fortement contrastés sur le fond ont stimulé des patrons corporels marbrés. Une étude 

détaillée de la perception du contraste (troisième expérience), c’est-à-dire de l'effet du 

contraste du substrat et de sa taille dans le fait d'évoquer l’un ou l’autre des patrons de 

camouflage, a ensuite été réalisée. En manipulant tant le contraste que la taille des objets 

du fond, il a été constaté qu'à de hauts niveaux de contraste le patron corporel de la 

seiche dépend de la taille des objets. Pour les faibles niveaux de contraste, le corps 

patron est indépendant de la taille des objets. Lorsque la seiche est placée sur un fond 

avec des objets de taille équivalente à la sienne, son patron corporel répond finement à 

de petites différences de contraste. Basé sur les résultats des expériences sur les 

substrats artificiels, une quatrième expérience a permis d’évaluer si les mêmes règles 

d'échantillonnage visuel sont utilisées sur des substrats naturels. Les résultats de cette 

étude ont confirmé les résultats des études précédentes sur les signaux visuels 

nécessaires pour le camouflage sur des substrats artificiels et ont étendu la connaissance 

de coloration disruptive de la seiche placée sur un type particulier de substrat naturel. La 
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cinquième expérience a tenu compte du fait que des seiches de différentes tailles doivent 

être capables d'estimer la taille de particules du fond pour montrer le dessin corporel 

approprié. Comme les composantes de leur peau grandissent pendant le développement, 

il a été évalué si les seiches sont capables de faire correspondre leur patron corporel 

avec des objets de différentes tailles depuis l’éclosion jusqu’au stade adulte. Cette étude 

a été faite en conservant le contraste constant et en changeant la taille des objets du 

fond. Les résultats indiquent que les seiches de différentes tailles peuvent résoudre le 

problème d’échelle visuelle du camouflage. La plupart des études de laboratoire réalisées 

pour évaluer les capacités visuelles de la seiche et le comportement de camouflage se 

sont concentrées sur les signaux visuels présents sur le substrat situé au-dessous de 

l'animal. Après avoir examiné de nombreuses photographies prises en mer et observé le 

comportement de la seiche en captivité, la question de savoir si elle porte attention aux 

fonds visuels verticaux présents naturellement dans son environnement a été examinée. 

Dans la sixième expérience, en profitant de la connaissance des stimuli visuels qui 

induisent des patrons corporels spécifiques, il a été testé si la seiche utilisent les 

informations de fonds verticaux pour le camouflage, et dans quelle mesure les signaux 

horizontaux ou verticaux peuvent influencer des patrons de camouflage changeants. 

Cette étude démontre que la seiche répond aux stimuli visuels du fond sur des plans 

horizontaux comme verticaux. Finalement, dans la septième expérience, en utilisant une 

variété de substrats naturels, la question de savoir si la seiche est capable de copier la 

couleur du fond a été étudiée. L'analyse spectrale de l’animal et du fond révèle que les 

spectres de reflectance de seiches sont étroitement corrélés aux spectres d'une faible 

variété de substrats naturels. Ce résultat aide à comprendre comment un animal ne 

voyant pas les couleurs peut ajuster sa coloration à celle d'environnements naturels. 

En résumé, cette thèse étend la compréhension de quelques caractéristiques clés du 

traitement visuel qui gouvernent le comportement de camouflage dynamique de la seiche. 
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Image opposite page. Cuttlefish Sepia officinalis showing a mottle body pattern. 
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1.1. Principles of animal camouflage 
 

Predation is a strong selective force against which animals have evolved a wide array 

of defensive techniques and behaviors. Broadly speaking, these can be divided into two 

main categories: primary defenses that reduce the likelihood that an interaction between 

predator and prey will occur; and secondary defenses that are employed after a predator 

has detected potential prey (Edmunds, 1974). Secondary defenses, as for example toxic 

secretions of animals with warning coloration, reduce the likelihood that a prey animal will 

be injured or killed once an attack has occurred.  

Camouflage is a widespread primary defense among animal taxa and has received 

considerable scientific attention (Poulton, 1890; Thayer, 1909; Cott, 1940; Edmunds, 

1974; Endler, 1978, Ruxton et al., 2004a). Camouflage is a set of multifaceted 

phenomena than can be simply defined as features that render an object difficult to detect 

by virtue of its similarity to its environment. In other words, camouflage involves colors and 

patterns that reduce the chance of an object being detected. Camouflage can be achieved 

through several mechanisms, such as background pattern matching (also known as 

general background resemblance), special resemblance, disruptive coloration, 

countershading, transparency or silvering (Cott, 1940; Denton, 1970; Edmunds, 1974; 

Endler, 1978; Ruxton et al., 2004a).  

General background matching and disruptive coloration (which are the main topics of 

this thesis) are dramatically different camouflage mechanisms; in the former the animal’s 

colors and spatial features are a random sample of the background and in the latter bold 

contrasting colors break up its recognizable outline (Cott, 1940; Endler, 1981). 

Animals may also be concealed by resembling inedible objects such as leaves or 

sticks, that is, objects of no interest to the potential predator (Cott, 1940; Edmunds, 1974). 

Predators may detect these animals but fail to attack them because they resemble 

something inedible. Special resemblance has been the subject of some controversy with 

respect to its definition and relationship with other forms of defense (Edmunds, 1981; 

Endler 1981; Ruxton et al. 2004a) because if an animal resembles a specific object it may 

be reducing the chance of recognition (as a potential prey item), as opposed to reducing 

the chance of detection. 

Countershading is the gradation of color from dark on the dorsum to light on the 

ventrum. The mechanism that facilitates this form of camouflage is often considered to be 

concealment of shadows cast on the body of the animal both in aquatic (Ruxton et al., 

2004b) as well as terrestrial environments (Speed et al., 2005; Rowland et al., 
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2007). Transparency is one of the few forms of camouflage possible in habitats that 

offer no surfaces to match or hide, and it is commonly found in the pelagic regions of the 

open ocean (Johnsen, 2001). Transparency occurs by diminishing the absorption and 

scattering of light by an organism. Although the fundamental physical processes 

pertaining to transparency are relatively well known, quantification of this type of 

camouflage on a predator-prey context its still in its infancy (Johnsen, 2003). Interestingly, 

it has been shown that transparent prey can be detected by predators that are polarization 

sensitive (Shashar et al., 1998). 

In most studies of concealment, the level of camouflage is usually measured by how 

well an animal represents a random sample of the background, in terms of shape and 

color. This is termed background pattern matching or crypsis (Fig. 1.1; Cott, 1940). 

According to Endler (1978), color patterns may be regarded as mosaics of patches of 

various sizes, colors and brightness, and that in order to be cryptic, the patches of a color 

pattern on an animal must match the size, distribution, color frequency and diversity, and 

brightness of patterns in the background. As Endler (1978) argued, if the resemblance of 

an animal to a particular background is too specific then the number of locations where 

the animal will be well concealed may be limited. Endler also stresses that it is important 

to take into consideration the visual system of the predator as well as the various 

environmental conditions when assessing a camouflage pattern (Endler, 1991). 

The animal kingdom provides many examples of cryptic coloration used for predator 

avoidance. Animal coloration has been studied in diverse aquatic and terrestrial animals 

such as cephalopods (Hanlon and Messenger, 1996; Mäthger and Denton, 2001), crabs 

(Palma and Steneck, 2001; Hemmi et al., 2006; Cummings et al., 2008), fish (Denton, 

1970; Denton and Land, 1971; Denton et al., 1972; Armbruster and Page, 1996; Mäthger 

et al., 2003; Marshall, 2000), frogs (Osorio and Srinivasan, 1991; Wente and Phillips, 

2003), lizards and chameleons (Cuadrado et al., 2001; Macedonia, 2001; Stuart-Fox et 

al., 2004, 2006), spiders (Théry and Casas, 2002; Heiling et al., 2005) and birds (Heindl 

and Winkler, 2003; Endler and Théry, 1996; Gomez and Théry, 2007). With the exception 

of cephalopods and some fish, these organisms have static or slowly changing body 

patterns and do not adaptively change their coloration. For the former, exploitation of 

different environments can be limited. In this sense, theory predicts that instead of being 

cryptic on a single background, an optimal strategy may be to possess colors and patterns 

that confer some level of camouflage on a variety of backgrounds, even if this means not 

specializing on any particular background (Merilaita et al., 1999, 2001; for other factors 

that can be accounted for an optimal strategy see Houston et al., 2007). 
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Figure 1.1. Example of different camouflaged animals by general resemblance of the 

background. Photo credits: octopus and moth © Roger T. Hanlon; lizard and flatfish © 

Alexandra Barbosa. 

 

 

Endler (1991) defines a pattern as cryptic if it resembles a random sample of the visual 

background as perceived by the predator and its prey. The detection of an animal in a 

natural setting depends on the extent to which the predator’s visual system can 

differentiate the prey from other objects in the background. This differentiation can be 

made chromatically, achromatically and spatially, and will differ according to the distances 

between the predator and the cryptic organism (Endler, 1978, 1991).  

Given the widespread acceptance of background matching, it is surprising that until 

recently, there have been few empirical quantifications of background matching as 

perceived by a predator, and efficacy in terms of survival value. This is in part because 

cryptic animals often have complex color patterns and it is difficult to devise a direct 

measure of crypsis (Endler, 1984). Although crypsis reduces the likelihood of detection by 

a predator, animals face some restrictions to remain undetected, such as movement 

(Edmunds, 1974). Being motionless can be disadvantageous by restricting activities, such 

as foraging and looking for mates, although some animals seem to overcome this 

disadvantage. Dragonflies, for example, may be able to utilize motion camouflage (the 
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process of remaining hidden from another animal despite being active) while hiding from 

their prey by giving the impression of remaining stationary (Mizutani et al., 2003; 

Glendinning, 2004). Motion camouflage is achieved through precise flight maneuvers that 

imitate the trajectory of a fixed object on the retina of the predator. 

For concealment to be effective, the perception of the animal’s shape and outline must 

be prevented. Although an animal may match the colors and patterns of the background, 

a predator may nevertheless perceive it as a continuous area that stands out from the 

background (Thayer, 1909; Cott, 1940).  

Disruptive patterning is a potentially universal camouflage technique (Fraser et al., 

2007; Hanlon, 2007) that is thought to prevent or delay the visual recognition of an object. 

Disruptive theory argues that the placement of adjacent, highly contrasting markings near 

the edge of the body will serve to break up an animal’s outline, giving the impression of a 

series of distinct and apparently unrelated objects (Fig. 1.2; Thayer, 1909; Cott, 1940). 

Furthermore, disruptive coloration may allow animals to exploit backgrounds on which 

they are not perfectly matched, and to possess conspicuous markings while still retaining 

a degree of camouflage (Sherratt et al., 2005; Endler, 2006; Stevens et al., 2006a).  

Cott (1940) identified three key principles for effective disruptive coloration. The first 

principle of effective disruptive coloration is the process of differential blending. According 

to Cott, dark and light patches break-up the outline of the body into a series of 

unrecognizable units. Some of these patches blend into the background and should match 

the colors of the background, while others stand out strongly from it. The second principle 

outlined by Cott (1940) is termed maximum disruptive contrast. Cott argued that the most 

effective disruptive patterns would be those that contain elements where the adjacent 

patterns contrast strongly in tone, causing the receiver to distinguish the two patches as 

separate objects. Overall, the objective of the maximum disruptive contrast is to break up 

the continuity of the surface by means of strongly contrasting tones. The third principle 

proposed by Cott (1940) is termed coincident disruptive coloration. In this instance, Cott 

hypothesized that continuous patterns range over the appendages and the main body, 

thus masking the presence of the otherwise conspicuous parts of the animals, such as 

limbs and eyes, by coincidentally connecting visually background features.  

  

 
 
 



Chapter 1 
 

 7 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Example of different camouflaged animals with different markings that 

optically disrupt the overall shape of the animal. Photo credits: mantid © Facts on File, 

1986; sphinx moth and katydid © 2003 by Bruce Purce. All rights reserved. Reproduced 

by permission of Firefly Books Ltd., Richmond Hill, Ontario, Canada; thorny devil lizard © 

Wade Sherbrooke. 

 

 

Disruptive coloration is a complex form of camouflage whose exact mechanisms and 

functions are not fully understood, but are now receiving long-overdue attention (e.g., 

Endler, 1991, 2006; Merilaita, 1998; Merilaita and Lind, 2005; Cuthill et al., 2005; Schaefer 

and Stobbe, 2006; Stevens and Cuthill, 2006; Stevens et al., 2006a, b; Fraser et al., 2007; 

Hanlon, 2007; Kelman et al., 2007; Stevens, 2007).  

Although the principles of disruptive coloration are believed to explain a variety of 

animal patterns, there has been very little field evidence that it indeed works to reduce the 

detection rates of prey. The only study to date that tested the potential survival benefits of 

disruptive coloration in a real animal (most published studies used artificial models) is by 

Silberglied et al. (1980). The authors experimentally obliterated the white wing stripe 

(presumably disruptive) of the butterfly Anartia fatima and found that the modified 

individuals did not survive any better or worse than did controls. According to Stevens et 

al. (2006b) there is little evidence that the wing stripe of this species is disruptive, and the 
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experimental controls may have made the butterflies more similar to a co-occurring 

unpalatable species. Using artificial moths presented to real avian predators, Cuthill et al. 

(2005) successfully provided the first definitive field support for the phenomenon of 

disruptive coloration. Their results are consistent with the view that patterns preventing the 

recognition of actual body shapes help to reduce detection, and that highly contrasting 

colors enhance this disruptive effect. Nevertheless, experiments testing for the presence 

and survival value of disruptive markings with real prey and real predators are greatly 

needed. 

In summary, the main differences in the distribution, geometry, contrast and colors of 

patterns used for background matching and disruptive coloration are (Cott, 1940; 

Merilaita, 1998): 

1. For background matching, the elements of the pattern should be distributed so that 

they match the distribution of the elements in the background environment. In comparison, 

a higher number of markings would be expected to touch the outline of the body if forming 

part of a disruptive effect. 

2. The size and shape of pattern elements of a background-matching pattern should be 

similar to those found in the background environment. In comparison, disruptive elements 

should be complex and highly variable in size to give the impression of separate objects. 

3. For background matching patterns, the pattern components should be similar to 

those found in the background environment, whereas in disruptive patterns, the 

components should also have patterns that are highly contrasting. 
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1.2. Cuttlefish biology and ecology 
 

Cephalopods are marine invertebrates in the Class Cephalopoda, Phylum Mollusca. 

Cephalopods are among the most ancient creatures on Earth, and have been subjected to 

natural selection for a very long period, approximately 500 million years (Clarkson, 1993). 

Cephalopods are the only invertebrates that have a large, encephalized central nervous 

systems (Budelmann, 1995). These animals, numbering 800-1000 species, are grouped 

in two subclasses: the Nautiloidea represented by a single genus, Nautilus; and the 

Coleoidea, which includes the cuttlefish, squid and octopus (Voss, 1977). Members of the 

coleoids inhabit a wide range of photic environments from the surface waters of the 

continental shelf to the bathypelagic depths (Packard, 1972).  

 

 

1.2.1. General description 
 

The common European cuttlefish Sepia officinalis (Linnaeus, 1978) is thought to have 

a life span between one to two years (Boletzky, 1983). The females lay eggs in shallow 

waters and the hatchlings, which have no planktonic or larval stages, emerge as miniature 

replicas of adults. The hatchlings take on a necto-benthic mode of life and receive no 

parental care or attention (Boletzky, 1983). Since cuttlefish do not benefit from parental 

care, their survival is entirely dependent on the efficiency of their defensive behavior. 

Sepia officinalis is widely dispersed throughout the eastern Atlantic shelf waters, from 

the Baltic and North Seas to the Mediterranean Sea, and along the western coast of Africa 

to the North of Senegal (Boyle and Rodhouse, 2005). This species is found over the 

continental shelf mainly in the upper sublittoral zone (Boletzky, 1983). With such wide 

geographical distribution these animals encounter a variety of habitats and predators. 

Cuttlefish inhabit sand and mud bottoms; seagrass (Zostera) and algae beds; and rocky 

and coral reefs (Hanlon and Messenger, 1988). Cuttlefish predators, such as marine 

mammals, sea birds and fish, e.g. sea bass, black bream, ballan wrase, tigger fish, conger 

eel, swordfish, monkfish (Le-Mao, 1985; Hernández-Garcia, 1995; Blanc and Daguzan, 

1997; Royer et. al., 1998) share one common feature – they all have keen vision. Many 

fish, for example, have color vision and are capable of good object discrimination (Muntz, 

1990; Partridge, 1990; Neumeyer, 2003). Consequently, in the evolutionary arms race 

between predator and prey, cuttlefish, and other cephalopods, have evolved highly 

versatile adaptive coloration to evade visual predators.  
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1.2.2. Vision 
 

Vision has profound effects on the evolution of organisms by affecting fitness through 

such behaviors as mating, foraging, and predator avoidance. Cephalopods, like the 

majority of vertebrates, use vision as the primary sensory system for tasks such as 

predation, camouflage and communication. Cephalopods, considered the most highly 

evolved marine invertebrate (Packard, 1972), present high levels of visual convergence 

with fish (Muntz, 1999). Cephalopod eyes are of the camera type, like that of humans, 

their optic lobes are large, and contain a sizeable fraction of the neurons in the brain 

(Messenger, 1981, 1991; Muntz, 1999). 

Along with the majority of cephalopods, cuttlefish lack color vision (Messenger, 1977, 

1981; Marshall and Messenger, 1996; Mäthger et al., 2006; see below). Cuttlefish have 

laterally placed eyes and thus see much of their world monocularly. Consequently, their 

two eyes will often see quite different things. The eye has a W-shaped pupil but how this 

might influence the extent of the visual field is unknown. In S. officinalis, the uni-ocular 

visual field is 177 degrees, the anterior binocular field is 75 degrees (Messenger, 1968) 

and the vertical field of view is approximately 70-80 degrees (L. M. Mäthger, unpublished 

data). Although these animals do not have a fixed 360 degree field of view, they can 

rapidly obtain a 360 degrees field by moving their eyes. 

One of the aspects in which the eyes of fish and cephalopods differ is in the mobility of 

their pupils. While the majority of cephalopods have pupils that respond to changes in 

illumination (Muntz, 1977), teleost fish, with a few exceptions (Douglas et al., 1998, 2002), 

have irises that remain fixed. In S. officinalis, the pupils can respond independently of light 

intensity; however, what behavioral function this may have is unknown. Douglas et al. 

(2005) reported that full contraction of the pupil in S. officinalis takes less than 1 s 

(average 0.32 s to attain half maximal constriction), indicating it is among the most rapid 

pupillary responses in the animal kingdom. For example, the pupil of Porichthys notatus, 

the teleost fish with the fastest iris response measured to date, takes around 0.75 s to 

reach half its final area, a value similar to that of humans (Douglas et al., 1998). 

Contraction of the W-shaped pupil shapes the pupil in such a way that it appears to 

consist of two small separate pupils. A fully constricted, dark-adapted pupil is close to 

circular (Douglas et al., 2005). Pupillary contraction allows regulation of the light flux 

incident on the retina and will also enhance image quality, which can be of major 

advantage for cuttlefish both in detecting prey as well as predators. Sepia officinallis visual 

acuity is 0.57 (minimum separable angle) indicating that they are able to discriminate fine 

detail (Groeger et al., 2005). Visual acuity is an important visual feature for predation and 
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camouflaging, and visual acuity increases with higher intensities of light (Groeger et al., 

2005). Nocturnal vision has not been studied in S. officinalis. Although these animals 

cannot feed in total darkness (Messenger, 1968), they are able to produce appropriate 

camouflaged body patterns at night that render them cryptic (personal observation). The 

latter suggests that nocturnal vision must be functional for camouflage, especially 

because these animals are essentially crepuscular and nocturnal, although they may be 

active during the daytime (Hanlon and Messenger, 1988). In other cuttlefish, S. esculenta 

and S. apama, vision is assumed to effectively function in a dark environment (Watanuki 

et al., 2000; Hanlon et al., 2007). Dynamic night camouflage has been demonstrated in 

cuttlefish S. apama in southern Australia implicating that cuttlefish vision at night must be 

excellent so that they can evaluate the background for proper pattern choice (Hanlon et 

al., 2007).  

Cephalopods have a rhabdomeric photoreceptor system. The rhabdomes contain the 

visual pigment – rhodopsin. Sepia officinalis possess one single type of rhodopsin 

(Bellingham et al., 1998) with maximal absorption at 492 nm (Brown and Brown, 1958) 

suggesting these animals are color-blind. The sensitivity of the eye is maximal in the 

bluish green parts of the spectrum penetrating deepest into the sea. Also, like other 

animals that have a rhabdomeric visual system with orthogonal arrangement, such as 

arthropods (Marshall, 1988; Land and Nilsson, 2002), cuttlefish differentiate the plane of 

light polarization (Hanlon and Messenger, 1996; Shashar et al., 1998, 2000). This 

polarization sensitivity allows cuttlefish, and other cephalopods, to use polarization vision 

for enhancing detection of their prey against the partly polarized underwater light field 

(Shashar and Cronin, 1996; Shashar et al., 1998, 2000) and possibly as a hidden 

communication channel (Shashar et al., 1996; Mäthger and Hanlon, 2006).  

 

 

1.2.3. Skin structures involved in body patterning  
 

Two distinguishing features of cephalopods are their eyes and skin, which together 

allow them to analyze complex visual backgrounds and change their appearance 

adaptively via skin texture and coloration (Hanlon and Messenger, 1996). The mutable 

appearance of an animal at a given time is called body pattern. Patterning is neurally 

controlled and mediated exclusively by the visual system (see Hanlon and Messenger, 

1988, 1996; Messenger, 2001). In this thesis, attention will be drawn specifically to 

camouflaged body patterns. Cuttlefish body patterning is produced by a combination of 

chromatic, textural, postural and locomotor components (Packard and Hochberg, 1977; 
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Hanlon and Messenger, 1988). These components vary in the extent of their expression, 

from barely perceptible to fully expressed and can be used in various combinations to 

create a body pattern that has a particular behavior function. Different species exhibit a 

different number of body patterns. Sepia officinalis has 34 chromatic components that 

together with 6 textural, 8 postural and 7 locomotor components are known to produce 

about 13 body patterns (Hanlon and Messenger, 1988) for both intra- and interspecific 

communication and concealment. 

On the basis of their duration, body patterns can be categorized into chronic or acute 

(Packard and Sanders, 1971). Chronic are those that are exhibited for a long time in a 

steady-state (mainly for camouflage); acute are very short, being exhibited only for a very 

small period of time (usually just a few seconds and once an animal has been detected by 

a predator). Because the skin is under neural and muscular control, cephalopod skin 

changes, both chromatic and textural, is an extremely fast process. As an example, 

octopus switch from a camouflaged to a fully conspicuous body pattern in 2 seconds 

(Hanlon, 2007). This fact alone makes cephalopods quite unique within the animal 

kingdom.  

The cuttlefish skin is a very complex and sophisticated organ. The great variety of 

cuttlefish skin colors is mediated by the dual action of thousands of chromatophores and 

light-reflecting cells – iridophores and leucophores (Fig. 1.3; Cloney and Brocco, 1983; 

Hanlon and Messenger, 1996; Messenger, 2001).  

Chromatophores are large pigment-containing organs distributed in the superficial 

layers of the skin. Sepia officinalis has three distinct color classes of chromatophores - 

yellow, orange, and dark brown - on the dorsal side of the body (Fig. 1.4; Hanlon and 

Messenger, 1988).  

Chromatophores have attached to them dozens of radial muscles that are innervated 

directly by the brain, and by contracting and relaxing these muscles, the pigmented sac of 

a chromatophore increases or decreases in area, diluting or concentrating the pigment 

granules, respectively (Florey, 1969; Hanlon and Messenger, 1988; Messenger, 2001). 

Sepia officinalis chromatophores are between 10 and 30 µm in diameter when retracted. 

Brown chromatophores are the biggest, and yellow the smallest. A hatchling has in order 

of 12 X 103 chromatophores on the dorsal mantle, whereas an adult has in the order of 2 

X 106 (Hanlon and Messenger, 1988). All chromatophores are fairly uniformly spaced form 

one another but when fully expanded, chromatophores of each color class overlap with 

chromatophores of all other color classes (e.g. browns overlap with all adjacent brown, 

oranges and yellows) (Hanlon and Messenger, 1988). Expansion and retraction of distinct 

groups of chromatophores enables cuttlefish to produce an array of skin chromatic 
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components, such as lines, bars, stripes, splotches and spots. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. A. The skin components that contribute to cuttlefish body coloration. Most 

superficially in the skin lie the chromatophores; underneath them are the iridophores and 

leucophores. B. Cuttlefish S. officinalis chromatophores (C), reflective iridophores (I) and 

light diffusing leucophores (L); scale bar 0.5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Cuttlefish S. officinalis yellow, orange and brown chromatophores. 

 
 

Iridophores are structurally reflecting cells; multi-layer stacks of thin protein platelets 

that alternate with layers of cytoplasm (Denton and Land, 1971; Hanlon, 1982; Hanlon 

and Messenger, 1996; Crookes et al., 2004; Mäthger and Hanlon, 2006, 2007). 

Iridophores reflect ambient light of certain wavelengths, mainly pink, yellow, green, blue, 
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or silver wavelengths (Fig. 1.5). Iridophore reflectance is changeable depending on 

behavioural context, and in situ it is changeable by topically applying the neurotransmitter 

acetylcholine (Cooper and Hanlon, 1986; Mäthger and Hanlon, 2007). 

 

 
  

 

 

 

 

 

 

 

 

Figure 1.5. Iridescence on cuttlefish S. officinalis skin. Note iridescence green on arms 

and iridescence blue near the fin. 

 

 

Iridophores are located in a distinct layer beneath the chromatophores (Hanlon and 

Messenger, 1996), such that the appearance of the animal depends on which skin 

elements interacts with the light incident on the skin. Light may be reflected by either 

chromatophores or iridophores, or a combination of both. In the latter case, colors that 

neither a chromatophore nor an iridophore alone is capable of producing can be reflected, 

thus enabling the skin to produce an impressive optical malleability (Mäthger and Hanlon, 

2007). The combination of the three pigmentary colors (red, yellow, and brown), combined 

with multilayer reflectors, enables squid (Mäthger and Hanlon, 2007) and presumably 

cuttlefish, to reflect almost any wavelength of visible light. Interestingly, Mäthger and 

Hanlon (2007) measured polarization aspects of iridophores and chromatophores in squid 

Loligo pealeii and showed that, whereas structurally reflecting iridophores polarize light at 

certain angles, pigmentary chromatophores do not. The polarized light reflected from 

iridophores is not depolarized even when it passes through the pigmented 

chromatophores. This suggests that the polarization patterning can be used for visual 

communication without detection by polarization-insensitive animals such as many 

predatory fish and marine mammals. This has been termed a hidden or ‘‘secret’’ channel 

of intraspecific communication (Hanlon and Messenger, 1996; Shashar et al., 1996, 2002; 

Mäthger and Hanlon, 2006). To date, no spectral data are available for the interaction 

between the skin components of cuttlefish, but the general principles reported by Mäthger 
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and Hanlon (2007) for the squid Loligo pealeii probably also apply to cuttlefish and 

octopus. 

Leucophores are light-scattering structures responsible for various white markings 

seen in cuttlefish and octopus (they are absent in most squids) (Fig. 1.6; Cloney and 

Brocco, 1983; Froesch and Messenger, 1978; Hanlon and Messenger, 1988). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Cuttlefish S. officinalis showing distinct white areas created by light-

scattering leucophores. 

 

 

When cuttlefish retract their dermal chromatophores, leucophores are exposed, 

creating white skin areas for camouflage and signaling. Leucophores contain many small 

spheres in a grape-like arrangement that are equally bright from all angles (they act as 

perfect diffusers) and reflect light from the ultraviolet into the infrared (300-900 nm) (Lydia 

Mäthger, personal communication). Leucophores have no attached nerves or muscles 

and are physiologically passive. 
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1.3. Cuttlefish camouflage 
 

Cephalopods have a great variety of morphological and behavioral devices to defend 

themselves from predation. Hanlon and Messenger (1996) summarized cephalopod 

behavior in the predator – prey context and pointed out that cephalopods have two 

general defensive strategies: primary defense and secondary defense. Their primary 

defense is camouflage, which can be achieved by six mechanisms: general resemblance 

to the background (also referred as background matching), disruptive coloration, 

deceptive resemblance, concealment of shadows (e.g. countershading), apparent rarity 

through polymorphism, and cryptic behavior and vigilance (Hanlon and Messenger, 1996).  

In this thesis, attention is drawn to two mechanisms of S. officinalis camouflage, 

general resemblance and disruptive coloration, which are described in detail in sections 

1.3.1 and 1.3.2. For deceptive or special resemblance, cuttlefish uses specific and 

complex postural and chromatic components to resemble objects in its environment, such 

as stones (Hanlon and Messenger, 1988, 1996).  

Concealment of shadows is achieved by the fin and arms, that constitute a transition 

area between the cuttlefish’s mantle and head, respectively, and the substrate (Hanlon 

and Messenger, 1988, 1996). The cuttlefish fins are usually less transparent near the 

body and more transparent near the edge. This graded translucency reduces the 

detection of shadows and edges. 

The term neurally controlled polymorphism refers to the fact that a cuttlefish can 

regulate its camouflage for each microhabitat in which it settles, and therefore select one 

kind of several patterns to achieve crypsis (when appropriate). One of the advantages of 

neurally driven polymorphism is reduction of detection or identification by a predator 

(Curio, 1976). Cryptic behavior and vigilance involves immobility or stealthy movements; 

burying and seeking refuge on the habitat (e.g. between algae); and staying alert towards 

potential predators. 

Secondary defenses are brought into play once an animal has been detected, that is 

when crypsis has failed (Hanlon and Messenger, 1996). Basically, cuttlefish either flee 

immediately or show deimatic behavior (threat, startle and acute body patterning) followed 

by some form of protean behavior (unpredictable, erratic escape). 
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1.3.1. General resemblance (uniform and mottle patterns) 
 

Hanlon and Messenger (1988) did an extensive study of young cuttlefish on various 

substrates, both in the laboratory and field, and documented the repertoire of body 

patterns used for a variety of behavioral functions, including camouflage. Cuttlefish 

camouflaged body patterns work by means of two mechanisms: general resemblance and 

disruptive coloration. General resemblance is achieved with two body patterns: 

uniform/stipple and mottle (Hanlon and Messenger, 1988, 1996; Hanlon, 2007). According 

to Cott (1940) general color resemblance includes matching the substrate in brightness, 

color, texture and pattern. 

A uniform body pattern is characterized by little or no contrast (Hanlon and Messenger, 

1988; Hanlon, 2007). In the chronic uniform pattern the overall tone is light irrespective of 

hue. In a stipple body pattern the overall tone is uniform but slightly darker than the 

uniform pattern due to the expansion of numerous small dark chromatophores across the 

body pattern (Hanlon and Messenger, 1988). Although Hanlon and Messenger (1988) 

described them separately, in practical terms, both are grouped and referred to as a 

uniform/stipple pattern. This body pattern can occur with any textural (smooth or 

papillated), postural or locomotor component. Hanlon and Messenger (1988) elicited 

uniform/stipple patterns on sand and stones (the individuals were of comparable size with 

the stones) in young cuttlefish. Figure 1.7 shows a cuttlefish on a uniform background 

(sand) achieving general resemblance. Put another way (e.g., Endler, 1978), the 

cuttlefish’s skin components represented a random sample of the very small sand grains 

in the background.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Cuttlefish S. officinalis showing a uniform/stipple body pattern. Note how 

dark skin components match the size and color of the dark sand grains. 
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Mottled body pattern have two types of distinct chromatic patches. Light patches 

include light components called “White splotches” and the dark patches correspond to the 

dark component called “Mottle” (Hanlon and Messenger, 1988). The mottle pattern can 

vary in intensity. Darker if dark chromatophores are expressed - dark mottle, and lighter if 

yellow chromatophores are expressed - light mottle. Cuttlefish generally scale their 

mottles to coincide with the size of objects in the background (although objective 

quantifications have yet to be established). In a study on camouflage of the giant cuttlefish 

S. apama in the wild, Hanlon et al. (2007) reports that the size of the mottled components 

expressed in the skin of the cuttlefish were similar to small rocks and dark algae, allowing 

the animal to general resemblance the background (Cott, 1940). The chromatic and 

spatial distribution of the mottle pattern closely resembles those of the background (Fig. 

1.8). Although Hanlon and Messenger (Hanlon and Messenger, 1988) were able to elicit 

mottle in young cuttlefish on fine brown sand, coarse yellow sand and small variegated 

stones, the exact visual cues that cause a mottle body pattern response in cuttlefish were 

largely unknown in the beginning of this research.  

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Cuttlefish S. officinalis with a mottle body pattern. The small-scale light and 

dark patches of variable size and shape roughly correspond to the particles of the 

substrate.  
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White head bar 

White square 

White mantle bar 

White arm triangle 

White posterior triangle 

Anterior head bar 

Anterior mantle bar 
Paired mantle spots 

Anterior mantle line 
Median mantle stripe 
Posterior mantle line 

1.3.2. Disruptive pattern 
 

High-contrast light and dark patches, in a non-repetitive configuration, characterize 

disruptive patterning in S. officinalis. These components, which are independent 

physiological entities, can be shown singly or in combination with each other. Disruptive 

patterning in cuttlefish consists of several individual dark and light components. The light 

components are White posterior triangle, White square, White mantle bar, White head bar 

and White arm triangle. The dark components are Anterior transverse mantle line, 

Posterior transverse mantle line, Anterior mantle bar, Median mantle stripes, Anterior 

head bar, Paired mantle spots (Fig. 1.9). These components were originally described by 

Hanlon and Messenger (1988). The first name of a skin component is capitalized because 

the standardized nomenclature adopted by Hanlon and Messenger (1998) was followed. 

Just as with the uniform/stipple and mottle patterns, the disruptive pattern can be 

expressed with or without papillae in the skin. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Chromatic components that make up S. officinalis disruptive body 

patterning.  

 

 

According to Hanlon and Messenger (1988) the principles of disruptive coloration are 

fully demonstrated in cuttlefish in breaking up the outline of the body (Fig. 1.10). The 

principle of differential blending (Cott, 1940) occurs because some chromatic components 
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blend with the substrate while others contrast with it. In this way, some body parts stand 

out strongly (e.g. White square) while others fade into the background disrupting the 

recognizable shape or orientation of the animal. Maximum disruptive contrast can also be 

achieved because adjacent components with different shapes and sizes have high 

contrast in terms of tone (e.g. White head bar and Anterior head bar). Finally, the principle 

of coincident disruptive coloration is also accomplished because some components span 

the entire width of the body (e.g. Transverse mantle lines) and because discontinuous 

surfaces can be optically united (e.g. head and mantle). Hanlon and Messenger’s study is 

a rare example of a detailed consideration of Cott’s hypotheses, with explanations why 

cuttlefish indeed has disruptive patterning and not just background matching (Stevens et 

al., 2006b). 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

Figure 1.10. Cuttlefish S. officinalis with a disruptive body pattern. Note the diverse 

shapes, orientations and contrasts of the different disruptive components. 

 

 

Holmes (1940) was the first to detail some aspects of adaptive coloration in S. 

officinalis, and demonstrated that cuttlefish would produce disruptive coloration when the 

substrate included a mixture of sand and large lightly colored shells. Subsequently, 

Hanlon and Messenger (1988) elicited disruptive coloration in small cuttlefish on small-

variegated stones. Later, Chiao and Hanlon (2001b) working with S. pharaonis showed 

that to produce disruptive components, cuttlefish cue visually on the area – not shape or 

aspect ratio – of light objects on a dark substrate. The area of the light objects in the 

background was similar in area to the animal’s White square (Chiao and Hanlon, 2001a). 
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Image opposite page. Cuttlefish Sepia officinalis showing a disruptive body 

pattern. Image courtesy, Roger T. Hanlon. 
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The body patterns that cuttlefish show for camouflage can be grouped into three main 

categories: uniform or uniformly stippled, mottle and disruptive.  

The overall objective of this study was to derive the sensory rules of body patterning 

and visual perception mechanisms for camouflage in the European cuttlefish Sepia 

officinalis. These sensory rules are expected to explain how complex sensory input from 

the environment is reduced to a few key stimuli that produce uniform, mottle and 

disruptive patterns. 

In particular, the following objectives were addressed in this study: 

1: Determine the visual cues that elicit uniform body patterns.  

2: Determine the visual cues that elicit mottle body patterns. 

3: Determine the visual cues that elicit disruptive body patterns. 

4: Determine if there is an ontogeny of disruptive body patterning in cuttlefish. 

5: Determine whether vertical structures in the background influence cuttlefish 

camouflage. 

6: Test if cuttlefish are able to match the colors of their backgrounds. 
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Image opposite page. Cuttlefish Sepia officinalis showing a uniform body 

pattern. Image courtesy, Roger T. Hanlon. 
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3.1. Color blindness and contrast perception in cuttlefish (Sepia 

officinalis) using a visual sensorimotor assay
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3.2. Visual background features that elicit mottled body patterns in 

cuttlefish, Sepia officinalis 
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3.3. Cuttlefish camouflage: the effects of substrate contrast and size in 

evoking uniform, mottle or disruptive body patterns 
 



Results 
 

 38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 3 
 

 39 



Results 
 

 40 

 
 
 
 



Chapter 3 
 

 41 

 
 



Results 
 

 42 



Chapter 3 
 

 43 



Results 
 

 44 



Chapter 3 
 

 45 



Results 
 

 46 



Chapter 3 
 

 47 



Results 
 

 48 

 



Chapter 3 
 

 49 

3.4. Disruptive coloration elicited on controlled natural substrates in 

cuttlefish, Sepia officinalis 
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3.5. Disruptive coloration in cuttlefish: a visual perception mechanism 

that regulates ontogenetic adjustment of skin patterning 
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3.6. Changeable cuttlefish camouflage is influenced by horizontal and 

vertical aspects of the visual background 
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3.7. Color matching on natural substrates in cuttlefish, Sepia officinalis 
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Image opposite page. Cuttlefish Sepia officinalis showing a disruptive body 

pattern. Image courtesy, Roger T. Hanlon. 
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The topic of this research is the sophisticated cuttlefish skin and highly developed 

visual system that enable some of the most impressive camouflage of any animal. 

Cuttlefish are a good model for the study of camouflage because sensory input - the 

visual background information - is rapidly processed and we can quantify it by observing 

the motor output - the body pattern. The experiments performed on the European 

cuttlefish, Sepia officinalis, were based on a non-invasive methodology that enables the 

study of visual perception in an unconstrained animal.  

Several experiments were conducted with the aim to determine the visual cues in the 

background that cuttlefish use to “choose” the most appropriate body pattern. The 

experiments were conducted with artificial and natural backgrounds. Considered a 

psychophysics approach, artificial substrates, such as checkerboards, provide visual 

information that is easy to control. Wherever the animal’s position in the arena, the visual 

input can be made to be the same (or highly similar). Although a checkerboard is a very 

artificial background (and in nature a cuttlefish would never encounter such a substrate), 

as a visual stimulus it is a very well defined one. It can be created to have a certain size, 

frequency and contrast, among other factors. The use of artificial substrates has also 

been applied to studies of visual behavior in other animals, and it has yielded convincing 

results (Ramachandran et al., 1996; Kelber et al., 2003; Cuthill et. al., 2005 to name a 

few), showing that artificial substrates by no means impair an animal’s behavioral 

response. Natural substrates on the other hand provide a broader insight into how the 

animals perform in the wild. In natural environments, many variables are presented 

simultaneously (contrast, brightness, color, spatial frequency, spatial arrangement, texture 

and edges) which makes controlling each variable more difficult. After determining the key 

features that stimulate cuttlefish camouflage using less complex visual stimuli, such as 

those of checkerboards, it is of interest to test if the cuttlefish responses can be replicated 

on natural backgrounds with features similar to those of artificial substrates.  

Assessing the relationship between visual input and body pattern is an important step 

towards understanding how sensory and motor systems of cuttlefish function. In this 

thesis, this relationship was studied under the central working hypothesis that the body 

patterns shown by cuttlefish for camouflage fall under three pattern types: (1) uniform (or 

uniformly stippled), (2) mottle, and (3) disruptive (Fig. 5.1). 
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Figure 5.1. Visual sensorimotor assay used to study cuttlefish perception and dynamic 

camouflage. 

 

 

Since the body patterns used by cuttlefish for camouflage can be expressed with 

varying intensities and variations, it is feasible to systematically grade these patterns. To 

evaluate the cuttlefish response, a grading scheme based on disruptive coloration was 

developed. This method allowed detailed quantification of disruptive components but 

ignored any quantification of uniform or mottle patterns. A more detailed and automated 

image analysis method was then developed to allow precise and objective differentiation 

among these three camouflaged body patterns. 

 

 

5.1. Visual cues that elicit uniform body patterns 
 

Uniform body patterns were elicited on checkerboards with low contrasting check 

shades (articles 1 and 3) independently of background objects size (article 3). In a study 

on visual cues that elicit disruptive body patterns, Kelman et al. (2007) also found that 

uniform body patterns are expressed on low-contrast checkerboards of similar size to the 

cuttlefish’s White square (WS) area, a finding that supports the original findings of article 

1. Note that the area of the cuttlefish’s WS skin component was the basis of calculation of 

the check areas likely to evoke mottle and disruptive patterns. This is a powerful method, 

since it is applicable to animals independently of their size (article 5). Although it was 

already assumed that uniform backgrounds elicit uniform body patterns in cuttlefish 
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(Hanlon and Messenger, 1988), not all only uniform substrates were found to evoke 

uniform body patterns (see below). Uniform patterns were successfully elicited with 

certain types of sand (articles 5, 6 and 7) and rock slates (article 7). Taken together the 

results from the above mentioned experiments suggest that low or no contrast is the main 

visual cue that elicits uniform patterns. This makes ecological sense because uniform 

body patterns are characterized by minimum skin contrast, which certainly helps to 

achieve general background resemblance (sensu Cott, 1940). 

According to Hanlon and Messenger (1988), chronically camouflaged uniform patterns 

are characterized by the animal being uniformly light. In this thesis, both light and dark 

uniform patterns were elicited. Given that cuttlefish are color-blind (Marshall and 

Messenger 1996, article 1), the results suggest that cuttlefish are able to regulate their 

skin color according to the intensity of the substrate. For example, on brown sand, 

cuttlefish showed a brown coloration (article 6) that visibly matched the darker sand color, 

and the same was true for lighter natural sand. These results suggest that background 

intensity (and possibly associated color) influence cuttlefish camouflage patterning. In 

article 7, it was established that the cuttlefish skin reflectance spectra closely match those 

of the backgrounds the animals were placed on. Already noted by Cott (1940), in addition 

to color match, intensity match is an important prerequisite to achieve crypsis. Indeed, 

research has indicated that long-range vision is likely to be dominated by achromatic 

cues, in both vertebrates and invertebrates (Osorio et al., 1999; Théry et al., 2005; Stuart-

Fox et al., 2006). In aquatic systems, as depth increases, the composition of daylight 

becomes increasingly restricted to the blue-green parts of the spectrum and the 

environment loses its colorful appearance (Jerlov, 1968, 1976). In this light environment, 

camouflage by intensity match may be highly effective (Denton and Nicol, 1966; Lythgoe, 

1979). How cuttlefish regulate their body patterns so that they achieve an intensity match 

with the background is unknown. Intensity perception depends on the viewer’s visual 

system and results from article 7 suggest that the percentage reflectance of animal and 

background are quite similar, so the perceived intensity match of animal pattern to that of 

its background is very likely to be good. In other animals such as anuran amphibians, skin 

color changes are also related to background intensity (Iga and Bagnara, 1975; King et 

al., 1994; Stegen et al., 2004). Physiological color change in these animals can occur 

rapidly (seconds to minutes) and is the result of pigment migration within the 

chromatophores. Generally speaking, light colored backgrounds lead to a lightening of 

the anurans’ skin and dark colored backgrounds lead to a darkening of the skin.  

Uniform/stipple patterns were also elicited on a highly contrasting background with 

large objects (i.e., contrast of 0.84 of black and white checks with check areas 400 and 

1200 % the area of the WS), although not exclusively. The uniform response to large 
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check areas suggests that the sampled visual field was just one check. On this 

background, the uniform patterns were either light beige or dark brown, implying that if a 

whole check (either black or white) predominates the immediate visual field of the 

cuttlefish, a uniform pattern (either dark or light) might be expected. To fully understand 

the effective areas of the background objects needed to elicit uniform coloration, a follow-

up study was carried out. In this experiment, animals were placed on high contrasting 

black and white checkerboards with the following check areas (relative to the animals’ 

WS area): 200 %, 400 %, 800 %, 1600 %, and 3200 %. Results indicate that on the 1600 

% and 3200 % check areas the majority of the animals (n = 13) were uniformly stipple 

(Fig. 5.2; unpublished results).  

 

 
Figure 5.2. Cuttlefish on black and white checkerboards with increasing check areas. 

As the check areas increase, less disruptive components are expressed. Check areas 

are, from left to right, 200 %, 400 %, 800 %, 1600 %, and 3200 % of the cuttlefish’s White 

square area (data obtained by C. Gambacorta, Hanlon laboratory). 

 

 

Uniform/stipple patterns were consistently elicited on the 1600 % and 3200 % check 

areas (% of cuttlefish’s White square area). As previously stated, these results suggest 

that cuttlefish preferably sample a large visual area (one black or one white check) and 

show uniform coloration. Many questions still remain unanswered, such as the exact 

visual field being sampled, which may help to understand more about the cuttlefish’s 

visual perception. Results from this experiment confirmed that both light and dark 

uniformly/stipple patterns are chronic body patterns, while previously it was thought that 

only light patterns were chronic while dark patterns were acute (see 1.2.3 on Introduction; 

Hanlon and Messenger, 1988). 

The results presented in this thesis refer to uniform and stipple patterns as a whole. 

Theoretically, stipple patterns, grouped under uniform coloration by Hanlon and 

Messenger (1988), show some very small-scale, low contrasting light and dark patches, 
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while uniform patterns show no contrast. In practical terms, such precise differentiation is 

difficult to establish, and what may seem uniform coloration to one human observer may 

look like stipple to another. Furthermore, differentiation between these patterns may 

depend upon the distance they are viewed from.  

 In this thesis only visual cues that elicit uniform/stippled coloration were investigated, 

but there are other components that complete this pattern, such as textural components 

(papillae). According to Hanlon and Messenger (1988) both uniform and stipple patterns, 

can be expressed with or without papillae (Fig. 5.3).  

 

 
 
 

 

 

 

 

 

 

 

 

Figure 5.3. The cuttlefish S. officinalis complements its chromatic components with the 

use of 3-dimensional textural components expressed by the skin papillae. 

 

 

A recent study on papillae expression by cuttlefish (Allen et al., personal 

communication) confirmed that visual - not tactile - cues drive the expression of papillae 

in S. officinalis. Interestingly, in this study it was found that the difference between 

uniform and stipple patterns may be a function of papillae expression, with no or weak 

papillae expression in uniform patterns and strong expression in stipple patterns. In this 

sense, in stipple body patterns, papillae may work to camouflage the cuttlefish by 

matching the grain size and rugosity (i.e., 3-dimensionality) of the substrate. More 

experiments are needed to establish whether there are different visual cues that elicit 

uniform or stipple patterns because the precise distinguishing factors between these two 

patterns have yet to be determined. One way to differentiate between stipple and uniform 

patterns would be to refine the automated grading method (article 3) and include several 

energy bands characteristic of uniform and stipple patterns. This may help to tell the two 

patterns apart. 
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5.2. Visual cues that elicit mottle body patterns 

 

In this study it was found that size and contrast are two visual features that cuttlefish 

cue on when showing a mottle pattern. Small black and white checks with areas of 

roughly 3-12 % of the animal’s WS component elicit mottled body patterns (articles 2 and 

3). Besides size, the frequency of light and dark objects also influences the expression of 

mottle coloration (article 2; Chiao et al. (2007); Fig. 5.4). When the background has 

objects with small spatial frequency, mottle patterns are not expressed (i.e. combinations 

of light and dark objects of 1:15, 1:63 and 1:1023 did not elicit mottle patterns). Theory 

predicts that for this body pattern to result in effective camouflage (e.g. Merilaita et al., 

2001), cuttlefish should exhibit mottle coloration if there is a match between the spatial 

frequencies of their patches with those of the background. However, whether the spatial 

frequency of the cuttlefish mottle pattern relates to the spatial frequency of its natural 

background still remains untested.  
 

 

 

 

 

 

 

Figure 5.4. Light and dark small objects in the visual background with the frequencies 

1:1, 1:3 and 3:1 elicit mottle coloration. Check areas are 12 % of the cuttlefish’s White 

square area. 

 

 

Contrast influences mottle patterning in two ways (for the same object size): i) high 

contrast drives the expression of mottle patterns, while low levels drive expression of 

uniform/stipple patterns; ii) small adjustments in skin contrast (light or dark mottle; article 

3) can be observed with increasing background contrast. In this way animals may achieve 

general resemblance by controlling the contrast on their skin relative to that of the 

background (Thayer, 1909; Cott, 1940; Endler, 1981, 1984).  

Other visual features besides contrast and spatial frequency have been proposed to 

influence cuttlefish’s mottle pattern. Kelman et al. (2007) found that a localized visual 

edge is not an important factor in eliciting mottle. In their experiment, the authors tested 

cuttlefish in two types of substrates with different contrast levels. One substrate was a 

conventional checkerboard with a check area similar to the cuttlefish’s WS and the other 
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was a phase-randomized version of the same pattern. For the same contrast level, on the 

conventional checkerboard, cuttlefish exhibited a disruptive body pattern while on the 

randomized version mottle patterning was elicited. Given that phase randomization 

removes information about the location of edges, the authors concluded that the lack of 

edges disposes the animal to produce the mottle pattern. However, mottle coloration has 

been evoked on a pebbled substrate (article 7) that is characterized by having edges. 

Nonetheless, Kelman et al. (2007) confirmed that contrast is an important visual feature 

needed to elicit mottle patterns, because increasing the contrast of the phase-randomized 

checkerboards increased the level of expression of the mottle patterns (presumably from 

light mottle to dark mottle, although the authors do not specifically state this).  

Mottle coloration is a widespread camouflage pattern throughout the animal kingdom 

(e.g., other cephalopods, fishes, crabs, reptiles, and birds, even mammals; see Fig. 1.1. 

in Introduction). Mottle coloration in flatfish is also influenced by the visual properties of 

the background and can be evoked on both checkerboards and natural substrates 

(Ramachandran et al., 1996; Kelman et al., 2006, Mäthger et al., personal 

communication). In fact, the study by Chiao and Hanlon, (2001a) was inspired by 

Ramachandran’s experiments (Ramachandran et al., 1996), in which tropical flounder 

(Bothus ocellatus) were shown to achieve pattern matching by adjusting the contrast and 

spatial frequency of three basic patterns (splotches) that seemed to match the broadband 

spectra and spatial frequency of the substrate. Plaice (Pleuroncetes platessa) have two 

basic patterns described as spots and blotches (spots are small and blotches are large 

chromatic components; Kelman et al., 2006). In plaice, the level of expression of the spot 

and blotch patterns (equivalent to the cuttlefish’s mottle patches) also varies according to 

the spatial frequency and contrast of the background (Kelman et al., 2006). Although 

flatfish achieve short-term color variation by means of melanophores that are under 

neuronal control (Saidel, 1988; Burton, 2002), flatfish patterning is less complex than that 

in cuttlefish because they are incapable of fine-tuning their patterns in the same ways as 

cuttlefish (Kelman et al., 2006, Saidel, 1988). Interestingly, not only background visual 

cues determine mottle coloration. In the treefrog Chiromantis xerampelina, mottle 

coloration is related to ambient temperature (Kaul and Shoemaker, 1989). These studies 

are extremely important because they broaden our knowledge of animal camouflage as a 

whole. Unfortunately, information about what factors elicit mottle coloration in other taxa 

is scarce.  
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5.3. Visual cues that elicit disruptive body patterns 

 

Disruptive body patterns are consistently elicited on high contrasting artificial 

backgrounds with well-defined edges, when the check area of the checkerboard is 40 - 

120 % the WS area of the cuttlefish (articles 1, 3, 5 and 6). Like with mottle patterns, as 

the contrast of the checkerboards decreases, a shift to uniform/stipple patterns occurs, 

independently of the substrate size (articles 1, 3). Contrast values equal or higher than 

0.5 (article 1) on a checkerboard with check areas similar to WS area and higher than 0.6 

on a 40 % check area (article 3) elicit strong disruptive patterns. Interestingly, the higher 

the background contrast, the stronger (and more contrasting) the disruptive pattern. 

The findings of this thesis have been supported and extended by other studies. Chiao 

et al. (2005) investigated camouflage in S. officinalis on both natural substrates of rocks 

and laminated images of the substrate. First, the cuttlefish showed disruptive patterning 

on both the true three-dimensional substrate but also on the laminated images, showing 

that visual cues (rather than tactile) are the main cues for producing the appropriate body 

pattern, as demonstrated by Hanlon and Messenger (1988). Furthermore, the animals’ 

responses to manipulations of the digital image showed that cuttlefish require both edges 

and local contrast to recognize background objects. Indeed, having object edges without 

contrast between the objects is not enough to evoke disruptive coloration. Kelman et al. 

(2007) also suggested that cuttlefish probably have edge detectors that control the 

expression of disruptive patterns. The Chiao et al. (2005) study revealed that substrate 

three-dimensionality is another important background feature.  

In a series of different experiments, Chiao et al. (2007) explored the idea that multiple 

visual features may interact and influence camouflaged body patterns. A central finding of 

their study was that mean substrate intensity plays an important role in influencing 

disruptive response strength: substrates with lower overall intensities tend to evoke 

stronger disruptive responses.  

Holmes (1940), Hanlon and Messenger (1988), Chiao et al. (2005), Langridge (2006) 

and Shohet et al. (2007) already showed that disruptive coloration could be elicited on a 

natural substrate, however these authors did not discuss the exact details of objects size, 

contrast, brightness and edges. In article 4, these factors previously obtained through a 

psychophysics approach were taken into account and quantitative data were obtained 

using natural backgrounds. Furthermore, in article 4 it was shown that an important 

background feature eliciting disruptive patterning is not the presence of dark objects on a 

light background but rather the presence of light objects on a dark background. This 

phenomenon has also been reported for S. pharaonis but on artificial substrates (Chiao 
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and Hanlon, 2001a). Dark rocks alone, even with contrasts relative to the background 

similar to those of light rocks on that same background, did not evoke disruptive 

coloration in S. officinalis, showing that disruptive responses are dependent on the 

intensity of light elements in the substrate.  

In summary, size, contrast, edges, intensity, and configuration of objects are known 

visual cues that influence the expression of disruptive pattern in cuttlefish. However, how 

and why certain visual features elicit disruptive body patterns remains unanswered.  

 

 

5.4. Ontogeny of disruptive body patterns 
 

The question of whether animals of different sizes are able to adjust the expression of 

skin components according to the same visual input revealed that cuttlefish of all ages 

scale their cryptic patterns appropriately to diverse backgrounds (article 5). Furthermore, 

although cuttlefish are known to change rapidly between particular camouflaged body 

patterns, the question of whether the expression of different skin components is flexible 

during different life stages was addressed, with a specific emphasis on disruptive 

patterning. Although cuttlefish of all sizes respond with disruptive patterns to a size-

specific cue in the visual background (checks that are 40 and 120 % of the area of the 

cuttlefish’s WS component) an ontogenetic decrease of the degree of disruptiveness was 

observed. The results from this study revealed that disruptive patterning in S. officinalis 

appears to undergo three main changes during ontogeny: (i) the degree of disruptive 

coloration decreases with age; (ii) the types of components change, with some 

components shown more frequently in one age group, and less so in other age groups 

(e.g. White posterior triangle and Median mantle stripes are shown mostly in hatchlings 

and juveniles but not in adults); and (iii) the combinations of disruptive components 

expressed also change with age of animal. In summary, this article showed that a single 

sampling rule evokes disruptive coloration throughout the life cycle of cuttlefish.  

Even though this study focused on disruptive coloration, cuttlefish of different ages 

also showed consistent responses to the visual cues that elicit mottle patterns (4 and 12 

% check areas). Unfortunately, since a precise grading method allowing quantification of 

the mottle pattern was lacking at the time this study was conducted, a comparison among 

different animal size classes was not possible, so it is not possible to say if there is an 

ontogenetic shift for this body pattern. Future experiments could investigate if and how 

mottle and uniform body patterns vary throughout the life history of cuttlefish. 
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 This study shed light on how cuttlefish scale their cryptic patterns appropriately on 

diverse backgrounds, although the neural mechanisms responsible for ontogenetic 

changes in the motor output are not truly understood. At least for mottle and disruptive 

coloration, cuttlefish seem to determine the size of white objects by visually integrating 

the area of light objects (but also see Chiao et al., 2005). When looking at the cuttlefish 

body shape, the position of its head relative to the mantle and the location of WS and 

other components, it seems physically impossible for the animal to see its own body 

components. It would require the animal to lift its head above the mantle and turn it to 

scan the mantle skin. It is important to note that the mantle shape is curved, so that even 

when the animals do lift the head above the mantle, it seems unlikely that they can see 

the WS component. The WS is commonly used to assess disruptive camouflage, but 

there are other skin components that play a crucial role, such as the White head bar and 

Anterior head bar. These are invisible to the animal because they are placed in a 

depression on top of the head, between the eyes. It is known that cuttlefish do not need 

visual confirmation of their body patterns in determining what camouflage pattern to show 

(see Fig. 34 on Messenger, 2001), thus it seems logical to argue that cuttlefish do not 

look at their own body patterns when deciding what camouflage patterns to show. Indeed, 

blocking their posterior field of view by placing a plastic ruff around the head does not 

seem to prevent cuttlefish from showing an appropriate camouflage body pattern (Fig. 

5.5; Messenger, 2001).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Visual feedback is not involved in the regulation of body patterns. A plastic 

ruff placed around the head prevents it from seeing its own mantle but does not preclude 

it from showing a camouflaged body pattern. Image courtesy of John Messenger. 
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For the majority of the life cycle S. officinalis is concerned with predator evasion and 

prey capture and most of the patterns are directed towards these ends. However, 

ontogenetic color changes are also associated with sexual signaling. Upon reaching 

sexual maturity, males exhibit high contrasting zebra stripes during sexual displays. For 

other animals, body coloration is frequently subject to significant ontogenetic change 

associated with changes in size, sexual activity, vulnerability or habitat (Booth, 1990). For 

example, in snakes ontogenetic color changes and foraging behavior appear to be 

correlated as a mechanism for defense against predation, and both traits change 

significantly during ontogeny (Creer, 2005; Wilson et al., 2007).  

Any animal whose appearance and behavior facilitate the avoidance of predators or 

facilitate escape when attacked will clearly have a greater opportunity of surviving to 

reproduce and produce offspring (Lind and Creswell, 2005). Unfortunately, the 

evolutionary value of anti-predator behavior (primary and secondary defenses) during 

different life stages in Sepia has never been studied. 

 

 

5.5. Vertical background structures influence cuttlefish camouflage 

 

Cuttlefish S. officinalis live in a variety of temperate environments with different 

structural complexities and arrangements of visual structures and are known to position 

themselves according to substrate orientation (Holmes, 1940, Hanlon and Messenger, 

1988, 1996; Shohet et al., 2006). To better understand what aspects of the visual world 

cuttlefish are sensitive to, it was examined if - and to what extent - cuttlefish cue visually 

on vertical background information for camouflage. In the wild, they are often seen near 

rocks and vegetation. 

The results show that cuttlefish respond to visual background stimuli both in the 

horizontal and vertical plane. This adaptation may be advantageous to cuttlefish crypsis 

because it may allow it to be less conspicuous in complex habitats and prevent detection 

against predators positioned in different viewing angles.  

Although the exact details of the cuttlefish’s visual field and of how vertical or horizontal 

stimuli in the animal’s visual field evoke a certain body pattern are still not fully 

understood, this finding contributes to our understanding of how cephalopods use visual 

background information to regulate and fine-tune skin patterns.  
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5.6. Background color match in cuttlefish 
 

The color match of cuttlefish to natural backgrounds appears to be excellent to the 

human eye, and considering that many of their predators have highly developed chromatic 

vision, this would appear to be a crucial advantage. This feature is especially intriguing 

since cuttlefish are known to be monochromats (presence of only one visual pigment) 

(Bellingham et al., 1988; Marshall and Messenger, 2006; article 1) which means that they 

will see the world in light and dark shades, rather than in color (for which at least 2 visual 

pigments are necessary). Because the human visual system is quite different from that of 

cuttlefish predators (e.g. fishes), extreme caution is needed in interpreting the colors of 

animals with our own eyes (Marshall, 2000; Marshall et al., 2006). To study the 

background matching ability of cuttlefish (article 7), spectral measurements of cuttlefish 

and substrate were taken and it was showed that cuttlefish can closely match the colors of 

the background. Although these are non-subjective measurements this study is 

incomplete. Even though this study revealed that the variation in skin and substrate colors 

is very similar, assessment of the functional significance of the different colored cuttlefish 

was not performed because this requires quantification of the color signals from a 

receivers’ perspective (e.g. Endler and Basolo, 1998; Endler, 2000). This is extremely 

pertinent, given that cuttlefish predators have excellent vision (Muntz, 1990). Actively 

matching the colors of visual backgrounds has been demonstrated in several groups of 

organisms, including arthropods (Endler, 1984; Théry et al., 2005; Cummings et al., 

2008), fish (Barry and Haweyshyn, 1999; Aragoni et al., 2002; Marshall et al., 2003), 

amphibians and reptiles (Storfer et al., 1999; Garcia and Sih, 2003; Garcia et al., 2004; 

Stuart-Fox et al., 2003, 2004, 2006), but only a few biologists have measured crypsis by 

using a model of the predator’s visual system (Storfer et al., 1999; Marshall, 2000; Chittka 

2001; Théry and Casas 2002; Stuart-Fox et al., 2003, 2004; Théry et al., 2005; Marshall et 

al., 2006; Cummings et al., 2008; Heiling et al., 2005; Hemmi et al., 2006; Théry, 2007). 

This approach is planned in a follow-up study (Mäthger, Barbosa et al., personal 

communication).  

Considering that the substrates used are likely to be a good representation of the 

substrates that cuttlefish could encounter in nature, it appears that many substrate spectra 

can be matched reliably with three-color classes of chromatophores (yellow, orange, dark 

brown) in the skin of the dorsal side of S. officinalis. In addition to chromatophores, 

cuttlefish (and cephalopods in general) have various structural reflectors (leucophores and 

iridophores) lying subjacent to chromatophores that complement color production. 

Leucophores reflect the ambient wavelengths of light and iridophores reflect specific 
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wavelengths and their reflectance can alter the appearance of chromatophores (Mäthger 

and Hanlon, 2006, 2007). In other words, this match seems possible through the 

combined action of chromatophores, iridophores and leucophores.  

There are many other colors that are adopted by animals for camouflage and 

communication (Théry and Casas, 2002; Heiling et al., 2005; Hemmi et al., 2006; Stuar-

Fox et al., 2006, 2008). For example, the bright blue and yellow colors of reef fish, which 

seem extremely conspicuous to human observers, may be good for camouflage or 

communication depending on the background they are viewed against (Marshall et al., 

2006). 

 

 

5.7. Concluding remarks 

 
The ecological and evolutionary success of many organisms depends, among other 

factors, on their ability to avoid predation.  

The cephalopods’ ability to generate patterns and conceal themselves through neurally 

controlled camouflage is the result of natural selection. During the course of evolution, 

cephalopods have evolved from a common ancestor by reducing the shell, gaining fast 

locomotion, and developing a complex nervous system, and highly sophisticated skin. 

These evolutionary changes are thought to coincide with the development of superior 

sense organs of their predators.  

Cuttlefish have no physical external defences and are vulnerable to attack. This 

vulnerability implies that, when exploring different environments, a cuttlefish has to 

camouflage effectively to avoid predation. Although cuttlefish are genetically and 

behaviorally driven to camouflage themselves, it is difficult to imagine how they “decide” 

so fast what body pattern to show in natural environments, where many visual features 

are presented simultaneously and predators are lurking. It is unlikely that a cuttlefish 

processes large amounts of visual information from complex visual backgrounds, it may 

take too long to process so much information while ensuring rapid adaptive coloration. 

Instead, it is much more plausible to think that cuttlefish are using a few select visual cues 

to evoke just three camouflage patterns: uniform, mottle or disruptive (Hanlon, 2007).  

While most animals have fixed patterns that fall into one of three camouflage 

categories (uniform, mottle and disruptive; Hanlon 2007), cephalopods can adaptively and 

rapidly change between these three categories, which makes these animals a perfect 

model organism for studying the complex interactions between the visual environment and 

camouflage.  
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While this thesis looked in detail at many visual cues involved in cuttlefish camouflage 

(such as size and contrast of objects), this field of study is by no means exhausted. 

Future studies should emphasize on underwater spectrometry, mathematical modelling 

techniques and assessment of natural behaviors in the field to acquire a full 

understanding of the principles of camouflage. 
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Image opposite page. Cuttlefish Sepia officinalis showing a uniform body pattern. 

Image courtesy, Roger T. Hanlon. 
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