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Predation is a major evolutionary driver of animal adaptation. However,
understanding of anti-predator evolution is biased toward vertebrate taxa.
Cephalopoda, a class in the invertebrate phylum Mollusca, are known for
their diverse anti-predator strategies, characterised by their behavioural
flexibility. While ancestral cephalopods were protected by a hard outer shell,
extant cephalopods have greatly reduced their reliance on physical defences.
Instead, cephalopods have evolved highly developed senses to identify
potential threats, cryptic skin patterns to avoid detection, startle responses to
deter attack, and elaborate means of escape. While cephalopod anti-predator
repertoires are relatively well described, their evolution, and the selective
pressures that shaped them, have received much less attention. This is
despite their potential relevance, in turn, to elucidate evolution of the
remarkable cognitive abilities of cephalopods. Here, we review cephalopod
anti-predator evolution, considering four key aspects: (i) shell reduction and
loss; (i) the skin patterning system:; (iii) the ecological context accompanying
the evolution of advanced cognit.ive abilities; (iv) why the evolutionary
trajectory taken by cephalopods is so unique among invertebrates. In doing
so, we consider the unique physiology of cephalopods and discuss how this
may have constrained or aided the development of their anti-predator
repertoire. In particular, cephalopods are poorly equipped to defend
themselves physically and escape predation by fish, due to a lack of
comparable weaponry or musculature. We argue that this may have selected
for alternative forms of defence, driving an evolutionary trajectory favouring
crypsis and complex behaviours, and the promotion of sensory and cognitive
adaptations. Unravelling the complexities of cephalopod anti-predator
evolution remains challenging. However, recent technological developments
available for cephalopod field and laboratory studies, coupled with new
genomic data and analysis approaches, offer great scope to generate
novel insights.
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1 Introduction

Excluding a small number of apex predators, individuals of
most species face a constant threat of predation. Consequently,
predation and the acquisition of defences to avoid it, are a major
driver of evolution (Vermeij, 1978; Dawkins and Krebs, 1979;
Langerhans, 2007). The range of anti-predatory adaptations that
have arisen during animal evolution are extremely diverse and
varied (Edmunds, 1974; Vannier et al., 2006). These range from
relatively simple defences, such as the use of protective shells and
refuges, to the evolution of complex anti-predator warning
systems in group-living mammals (Palmer, 1979; Bednekoff,
2015). While the use of complex behavioural strategies to
protect against predation has received much attention among
vertebrates, invertebrate taxa are less well studied. Vertebrates
share much evolutionary history and many underlying biological
traits that separate them from other animal taxa. Thus, to
improve understanding of predator avoidance among animals
more generally, it is necessary to expand consideration of
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invertebrate lineages. A particularly interesting invertebrate
group to examine anti-predator strategies is Cephalopoda,
given evolutionary transitions from shelled lineages towards
shell reduction and loss, with accompanying investment into
larger brains, more advanced neurological systems, and the
expression of complex behaviours.

Cephalopoda is an ecologically diverse class of molluscs
containing ~1,000 described species, which occupy varied
marine habitats from intertidal rockpools to abyssal thermal
vents (Roper et al., 1984; Horton et al., 2019). Cephalopods are
divided into two subclasses, Nautiloidea and Coleoidea
(Figure 1). Nautiloidea thrived during the early Palaeozoic, but
most taxa in the subclass are now extinct, and today it contains
just six extant species in the genera Nautilus and Allonautilus.
Thus, the subclass Coleoidea contains the vast majority of extant
cephalopod species. Coleoidea is divided into two superorders,
Octopodiformes, including octopuses and vampire squid, and
Decapodiformes, including squid and cuttlefish. Considerable
phylogenetic uncertainty surrounds relationships among orders
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Phylogenetic tree illustrated with shell structures and buoyancy mechanisms exhibited by cephalopods. The shell is an important character in the
evolution of anti-predator strategies in Cephalopoda. There has been a transition from a protective outer structure to a buoyancy device, or loss in
some groups, corresponding with major transitions in lifestyle and the way that different cephalopod lineages interact with predators. Nautiluses,
cuttlefish and ram’s horn squid possess a shell containing gas filled chambers used to modify buoyancy, that is either: external in nautiluses, or
internal in cuttlefish and ram’s horn squid; Decapod squid and the vampire squid possess a greatly reduced shell called a pen (or ‘gladius’) and use
either: (i) low density fluid or (i) hydrodynamic lift generated by finning to modulate buoyancy; Octopuses and bobtail squid have completely lost
the ancestral cephalopod shell and have either: (i) adapted to a benthic lifestyle, (iv) evolved to use a swim bladder (in the ‘football octopus’), or (v)
evolved use of the egg case to generate buoyancy (in ‘paper nautiluses’). (Illustrations from Jatta, 1896; Chun, 1910 & Meyer, 1913). Icons on the
right of the figure represent the following: black shell — presence of an external shell; white shell within black oval — presence of a reduced internal
shell; pen — presence of a pen or gladius; cross — complete absence of a shell; balloons — neutral buoyancy achieved via gas filled chambers or
spaces; fins— neutral achieved via hydrodynamic lift; water droplets — neutral buoyancy achieved via low density fluid filled chambers; benthic
octopus — evolved a benthic lifestyle. Cephalopod illustration credits are as follows: Nautilus, Lee R Berger, CC BY-SA 3.0, https://en.wikipedia.org/
wiki/File:Nautilus_profile jog; Ocythoe tuberculata, Eledone aldrovandi, Argonauta argo, Jatta, 1896; Rossia mastigophora, Mastigoteuthis glaukopis,
Vampyroteuthis infernalis, Cirruthauma murrayi, Spirula spirula, Chun, 1910; Sepia officianalis, Loligo vulgaris, Meyer, 1913.
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in the Decapodiformes (Sanchez et al, 2018; Anderson and
Lindgren, 2021). In particular, use of the term ‘squid’ is
taxonomically problematic, since the superorder
Decapodiformes contains cuttlefish (Sepiida), but the
remaining orders are not consistently recovered as a
monophyletic group (Anderson and Lindgren, 2021) (Figure 1).

All cephalopods share a distinctive bauplan consisting of a
mantle, which comprises a muscular body wall that encloses the
visceral mass, and a ring of tentacles surrounding the mouth.
Yet, cephalopods show great variability in size and in
morphology, ranging from ~8mm to at least 10m in length,
and from shelled nautiluses with their numerous cirri to
completely shell-less eight-armed octopuses (Hanlon and
Messenger, 2018). As with other bilaterian animals,
cephalopods share certain fundamental underlying
physiological traits with vertebrates (Willmer et al., 2009;
Carroll et al., 2013). However, given that cephalopods diverged
from other molluscs ~530 million years ago (Kroger et al., 2011),
the group represents a deeply divergent lineage, that is distantly
separated from even their closest living molluscan relatives.
Since their ancient divergence from other molluscs,
cephalopods have evolved highly complex nervous systems
comparable to those of vertebrates, from an ancestral state
where the ‘brain’ consisted of a simple ring of paired ganglia
(Shigeno et al., 2018). This semi-independent evolution of
sophisticated brains and eyes and accompanying behavioural
complexity provides an evolutionary contrast to the vertebrates,
and adds significant interest to the evolution of anti-predator
behaviour in cephalopods.

From a predator’s perspective, cephalopods can be
considered a high reward food source, being rich in proteins,
minerals, and omega-3 fatty acids (Mouritsen and Styrbaek,
2018). Additionally, excluding nautiluses, cephalopods are
relatively easily to process as a prey item by predators, given
the lack of a hard external carapace or the shell that serves to
protect their similarly nutritious bivalve and gastropod relatives.
Cephalopods also lack substantial physical weaponry, such as
hard and sharp teeth, fangs, or claws. Instead, cephalopods
depend heavily on their highly sophisticated brains and
sensory systems to avoid predation, possessing a level of
behavioural complexity otherwise unseen outside of
vertebrates (Young, 1988; Grasso and Basil, 2009; Bush, 2012).
Recent reviews have examined many aspects of cephalopod
biology including anatomy, behaviour and cognition (Derby,
2007; Marini et al., 2016; Mather and Dickel, 2017; Villanueva
et al., 2017; O’Brien et al,, 2018; Schnell and Clayton, 2019;
Schnell et al., 2020). However, relatively limited attention has
been given to the evolution of anti-predator adaptations among
cephalopods. Here, we explore the evolution of anti-predator
adaptations and strategies in cephalopods. The primary strategy
of defence in the major lineage of extant cephalopods, the
coleoids, is a reliance on crypsis and vigilance, followed by
behaviourally complex secondary defences if the cephalopod is
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detected (Hanlon and Messenger, 2018). A hallmark of these
anti-predatory strategies is their dependence upon highly
developed nervous systems and cognitive abilities.
Consequently, we focus on four fundamental outstanding
questions regarding the evolution of advanced cognitive
abilities in cephalopods and their significance for
predator avoidance:

1. Was shell loss linked to cognitive evolution in
cephalopods, and if so, how?

2. Did evolution of the cephalopod skin patterning system
facilitate further cognitive advances?

3. What was the ecological context leading to the evolution
of advanced cognitive abilities in cephalopods?

4. Given that other invertebrate groups have not undergone
similar cognitive evolutionary trajectories, what is
special about cephalopods?

Ecological pressure arising from the diversification of bony
fish (teleosts) is postulated to have provided an important
context for the evolution of cognitive advances in modern
cephalopods (Packard, 1972; House et al, 1988). Thus, we
divide question three further, to provide a detailed
examination of competing hypotheses regarding the role of
bony fish in cephalopod anti-predator evolution. Specifically,
we ask if adaptations during this period enabled cephalopods to:
(i) compete more effectively for prey items with fish; (ii) avoid
predation by fish; (iii) predate upon fish; or, (iv) potentially all
three of these ecological pressures acting in concert.

We discuss each of the above questions in turn below, and
end by considering the future outlook for research into
cephalopod anti-predator biology.

2 Was shell loss linked to cognitive
evolution in cephalopods,
and if so, how?

Tough external body coverings such as shells and
exoskeletons are a basic form of passive, physical defence
against predation (Palmer, 1979). Consequently, an obvious
question is why was the protective shell lost in most extant
cephalopod lineages? The earliest known fossil cephalopods had
shells, as did their most closely related mollusc relatives, and the
resemblance between cephalopod and shelled gastropod
embryos also suggests that ancestral cephalopods had shells
(Kroger et al,, 2011). Yet, only the six extant species of
nautiloids retain an external shell. No cephalopod shells are
known to show the complex spines or nodes present on many
gastropod shells, which serve to deter, gape-limit, and generally
resist predation (Palmer, 1979; Bertness and Cunningham, 1981;
Lowell et al., 1994). Instead, coleoid cephalopods have greatly
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reduced their reliance on a shell, with three main variants
existing today: the cuttlefish cuttlebone, the squid pen, and
complete shell loss in octopuses (Figure 1; Box 1). Without the
protection of a hard outer shell, cephalopods are physically
vulnerable to predation. Consequently, key questions in
exploring the evolution of anti-predator avoidance in
cephalopods are when, why, and how did they evolve shell
reduction and internalisation?

Cephalopods are considered to have evolved from
monoplacophoran molluscs, similar to the fossil Knightoconus
antarcticus from the Antarctic Cambrian Minaret Formation
(Yochelson et al., 1973; Webers and Yochelson, 1989). The
earliest unambiguous cephalopod fossil is the Cambrian
nautiloid Plectronoceras cambria, from the lower Fengshan
Formation, North China (Walcott, 1905; Hildenbrand et al,
2021). P. cambria was a very small cephalopod with an external
horn-shaped shell (Fang et al., 2019), which shares greater
similarity with the shells of gastropod and monoplacophoran-
like molluscs than with modern cephalopods. In line with this,
the proposed ancestral state for cephalopods is a benthic lifestyle
(Kroger et al., 2011). However, in contrast to other molluscs and
in common with extant nautiloids, early cephalopods possessed
a phragmocone; a shell structure composed of a series of simple
partitions (septa) separating hollow chambers (camerae)
(Kroger et al, 2011). A thin tube of body tissue (the
siphuncle) extends through the partitions of the phragmocone,
allowing gas to diffuse into the chambers for buoyancy
adjustment via osmotic control.

It is debated whether P. cambria could regulate its buoyancy.
Some authors suggest the chambers of the shell of P. cambria
contained liquid (Webers and Yochelson, 1989), while others
argue for nautilus-type buoyancy regulation based on shell
morphology (Kroger et al., 2011). Nevertheless, it is generally
agreed that buoyancy almost immediately became a feature of
cephalopod biology, and was present in younger species of
Plectronoceras and other Cambrian cephalopods (Webers and

Box 1 Variants of the shell in modern coleoids.

10.3389/fmars.2022.909192

Yochelson, 1989; Kroger et al., 2011). This adaptation of the
phragmocone into a buoyancy device greatly aided energy-
efficient mobility and ultimately enabled cephalopods to
ascend from the sea floor, opening up life within the water
column (Kroger et al., 2011). Thus, while the cephalopod shell
most likely fulfilled an important defensive role during the very
early stages of cephalopod evolution, a key difference between
cephalopod shells compared to other mollusc shells is their
function as a flotation device.

Fossil evidence suggests that cephalopod shell morphology
diversified rapidly after P. cambria, resulting in a radiation of
small cephalopod species with tall curved shells (Landing and
Kroger, 2009). Subsequently, in the early Ordovician,
cephalopod shell shape evolved substantially, and long
straight-shelled orthocerids and coiled-shelled nautiloids
appeared (Kroger et al, 2011). Later, during the Devonian,
ammonites independently evolved coiled shells (Kroger, 2005).
It is unclear whether coiling enabled the shell to withstand
higher pressures, such as those applied by predators, or those
exerted hydrostatically under greater depths, or if it provided
greater buoyancy control and mobility (Lewy, 2002; Kroger,
2005; Perez-Claros et al.,, 2007). In contrast, belemnites
possessed elongated linear shells that had an inorganic lining
which increased their strength, enabling them to exploit deep
ocean habitats (Doguzhaeva et al., 2014), which probably
contained lower predator densities. By the Early
Carboniferous, stem group coleoids had internalized their
shells (Kroger et al., 2011).

Fossil evidence concerning early coleoid evolution is sparse,
but the available record suggests that the transition from an
external to an internal shell led to an adaptive radiation in
cephalopods during the later Palaeozoic (Young et al., 1998;
Kroger et al., 2011). Recent molecular clock-based estimates
have corroborated this hypothesis, implying that crown group
coleoids emerged during the final stages of the Palaeozoic,
followed by diversification during the ‘Mesozoic Marine

Frontiers in Marine Science

Among modern coleoids, the main shell conditions are possession of a cuttlebone, squid pen, or loss of the shell altogether. The cuttlebone is an internalised shell
present in all cuttlefish and is primarily composed of the crystal form of calcium carbonate, aragonite. It retains a buoyancy control function and possesses both the
ancestral phragmocone and a highly modified siphuncle on the ventral surface (Packard, 1972). Hydrostatic pressure acting on the gas filled chambers of the
cuttlebone limits the depth to which cuttlefish can descend to <200m (Sherrard, 2000). Ram’s horn squid (Spirula spirula) also possess an internal open coiled
mineralized shell that acts to control buoyancy in a similar manner (Lindsay et al., 2020).

The squid pen is an internalised leaf-like vestige of the former shell and is composed primarily of chitin. The pen is present in many species within the superorder
Decapodiformes, and a single species in the superorder Octopodiformes (the vampire squid, Vampyroteuthis infernalis) (Bizikov, 2004; Clements et al., 2017). In most
species the pen no longer serves as a flotation device, instead providing muscle attachment points and support for the mantle (Young et al.,, 1998). Consequently,
cephalopods with a pen must either fin or jet to generate hydrodynamic lift (Packard, 1972). Certain bathypelagic squid (e.g. Cranchiidae: glass squid) have specialised
ammonia filled tissues, which, since ammonia is less dense than water, counteract their bodyweight (Clarke et al., 1979).

The remaining extant coleoids, composed primarily of octopuses and sepiolids (bobtail squid), lack a shell and possess no buoyancy control device, apart from
football octopuses (Ocythoe tuberculata), and argonauts (Argonauta spp.) which are pelagic octopuses also known as paper nautiluses. Like fish, football octopuses
possess a gas-filled swim bladder (Packard and Wurtz, 1994). Meanwhile, female argonauts secrete a thin shell-like egg case composed of calcite (the crystal form of
calcium carbonate) from greatly expanded dorsal tentacle tips, which functions as a brood chamber and floatation device (Packard & Wurtz, 1994; Finn and Norman,
2010). Apertures at the top of the egg case trap an air pocket at the ocean surface, allowing the argonaut to descend to a depth where the compressed gas provides
neutral buoyancy, conserving energy otherwise required to maintain a constant depth (Finn and Norman, 2010). While fragile and not a true cephalopod shell, the
argonaut egg case facilitates descent to a safe distance below the water’s surface to avoid detection and shallow dives by avian predators (Finn and Norman, 2010).
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Revolution’ in the Jurassic and Cretaceous (Tanner et al., 2017).
Thus, there are postulated to have been three main ecological
phases of cephalopod shell evolution: 1. Molluscan-like shells
accompanying a benthic lifestyle; 2. Adaptation of the shell into
a buoyancy device, resulting in free-swimming forms escaping
the sea floor; 3. Internalization and reduction of the shell leading
to expansion into alternative ecological niches among coleoid
cephalopods (Kroger et al., 2011; Tanner et al., 2017) (Figure 2).

It is unclear if coleoids lost their shells before or after
evolving their advanced neurological and behavioural
complexity. Loss of an external shell may have strongly
selected for cognitive evolution in cephalopods, providing a
need to cope with challenging novel environments because of
dramatically increased predation pressure, while simultaneously
allowing colonisation of a wider variety of ecological niches
(Amodio et al,, 2018). However, a ‘post-adaptive’ hypothesis for
cognitive advancement has faced criticism, since it implies that
cephalopods were left relatively defenceless before evolution of
alternative strategies of predator avoidance (Mollo et al., 2019).
The alternative ‘pre-adaptive’ hypothesis for shell loss postulates
the evolution of advanced sensory, motor, and cognitive abilities
in cephalopods prior to shell loss (Mollo et al., 2019), in turn
reducing the need for armoury. A potential defence of the post-
adaptive hypothesis invokes internalisation of the shell while
cephalopods occupied deep offshore waters, where predation
pressure is considerably lower than in shallow waters, with jet-
propulsion (which evolved prior to shell loss) providing a means
of escape in higher predation habitats (Amodio et al., 2019).

3 Did evolution of the cephalopod
skin patterning system facilitate
further cognitive advances?

One of the most remarkable features of cephalopod biology
is an ability to modify skin colouration and patterning rapidly,
dynamically, and at very fine scale (Box 2). In modern coleoids,
skin patterning is used: (i) for camouflage to ambush prey and
hide from predators, (ii) in startle displays to confuse or scare off
predators (i.e. deimatic displays, see section 3.3.1 below), and,
(iil) as a means of communication (Moynihan and Rodaniche,
1982; Hanlon and Messenger, 1988; Palmer et al.,, 2006).
Additionally, octopuses and cuttlefish can also change their
skin texture from smooth to ridged or spiky to further modify
their appearance, using circular muscles just under the skin’s
surface (Panetta et al., 2017). Below we review aspects of skin
patterning used by cephalopods for crypsis, which forms the
primary anti-predatory strategy utilised by the group (Mcfall-
Ngai, 1990; Hanlon et al., 1999; Staudinger et al., 2011; Amodio
et al., 2018).

Crypsis in cephalopods is well-studied and is particularly
prevalent in shallow water species (Marshall and Messenger,
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1996; Zylinski et al., 2009; Buresch et al., 2011; Staudinger et al.,
2011; Murali et al., 2019). Perhaps the most familiar means of
avoiding detection in cephalopods is matching the surroundings.
One of the best studied species displaying the incredible
flexibility of cephalopod background matching is the common
octopus (Octopus vulgaris), which uses papillate textures and
mottle patterns to imitate a wide variety of substrates, rocks,
corals and other objects (Hanlon et al., 2009).

Even where an animal’s colouration provides a near-perfect
match to a background, an outline may persist that can give-
away a hiding individual. To counteract this, many animals
adopt disruptive patterning to break up outlines and distinctive
features by including bold patterns at the body periphery
(Stevens and Merilaita, 2009). Octopuses have an advantage in
this regard due their highly flexible body, meaning their ‘typical
outline’ is more varied than many other animals. The common
octopus takes this even further and has been observed to pick up
rocks and lumps of coral with their arms to further break up
their outline (Norman et al., 2001). In contrast, common and
pharaoh cuttlefishes (Sepia officinalis, Sepia pharaonis) are
known to display bold square patterns which act as disruptive
components on pebbly substrates. The common cuttlefish has a
particularly noteworthy display on sandy substrates with
sparsely dispersed black and white pebbles, featuring a mottle
pattern over most of its body and a large white square in the
middle of its back (Hanlon et al., 2009).

Some cephalopods make use of their flexible bodies to
further enhance their camouflage. The Caribbean reef squid
(Sepioteuthis sepioidea) is frequently observed to hide amongst
seaweeds whilst displaying a ‘plaid’ pattern of stripes and bars,
orientating its body to be parallel with the direction of the
seaweed growth and waving its arms in the water current
(Moynihan and Rodaniche, 1982). This alignment of body
parts with background stimuli has also been observed in the
two-toned pygmy squid (Idiosepius pygmaeus) and
experimentally tested in the European common cuttlefish
(Sepia officinalis), which preferentially holds its arms parallel
with stripes of varying orientations (Moynihan, 1983; Barbosa
et al., 2012).

For many organisms, especially those inhabiting three
dimensional environments, countershading is a common basic
form of crypsis (Ferguson and Messenger, 1991; Cuthill et al.,
2016). By darkening the dorsal surface, and lightening the
ventral surface, animals can negate a dark outline against the
sky from below, and a light outline against the sea or seafloor
from above (Ferguson and Messenger, 1991). Through the
capacity for fine-scale neurally controlled polymorphism over
their body surface, many cephalopod species are able to take this
a step further, and alter their countershading according to their
orientation in the water column (Ferguson and Messenger, 1991;
Ferguson et al., 1994). Thus, rather than their dorsal side always
appearing darker, they can ensure that the surface of their body
closest to the water surface is darkest. Another particularly
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FIGURE 2

Transition from ancestral benthic shelled molluscs to modern cephalopods with a reduced and internalised or absent shell: (1A). The ancestor of
cephalopods is generally considered to be a monoplacophoran mollusc, similar to fossil Knightoconus antarcticus from the Anarctic Cambrian
Minaret Formation (image shows a reconstruction of Knightoconus antarcticus, image credit: HannahMoss, CC BY-SA 4.0); (1B). Subsequently,
the first cephalopods appeared, with the earliest currently accepted cephalopod fossil being Plectronoceras cambria (image shows a
reconstruction of Plectronoceras cambria, image credit: Entelognathus, CC BY-SA 4.0); (2A). From the Late Cambrian, cephalopods had
achieved buoyancy and could ascend from the sea floor, coinciding with a radiation of small cephalopod species with tall, curved shells (image
shows a reconstruction of Cyrtoceras, image credit: Nobu Tamura, CC BY-NC-ND 3.0); (2B). From the Early Ordocivian, shell morphology
diverged considerably, with the emergence of long straight shells in orthocerids, and coiled shells, firstly in nautiloids and later in ammonoids
(image shows a reconstruction of Orthoceras regulare, a middle Ordovician orthocerid, and Dactylioceras commune, an early Jurassic
ammonoid, image credit: Nobu Tamura, CC BY-NC-ND 3.0); (3A). From the Early Carboniferous, stem group coleoids internalized their shells
(image shows a reconstruction of Youngibelus tubularis, a Jurassic belemnite, image credit: Nobu Tamura, CC BY-NC-ND 3.0); (3B). The
majority of modern coleoids originated during the Jurassic and Cretaceous, after which the shell was further reduced or lost entirely (image
credit: see Figure 1).
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Box 2 Cephalopod skin patterning.

The complex system of skin patterning in cephalopods is produced primarily by three layers of cells at the surface of the skin (Osorio, 2014). The layer closest to the
surface is composed of pigment containing sacks called chromatophores, that can expand and contract under muscular control. Each chromatophore contains either
red, yellow, or brown pigment, and coordination of the system can alter the overall colour and patterns present on the skin extremely rapidly. When the
chromatophores are retracted, the pigment containing area is reduced to the extent that the tissue becomes translucent, allowing light to pass through the animal
(Mithger and Hanlon, 2012). Below the chromatophores are a layer of iridophores, which are pigment containing cells that refract light to enable iridescent displays,
or reflect light to match complex backgrounds (Messenger, 2009). The third layer is composed of a further type of diffuse white pigment containing cells called
leucophores, which are used to control the brightness and contrast of the display (these are generally not found in squid, with the exception of several Sepioteuthis
spp.) (Mithger et al., 2009).

Surprisingly given their remarkable colour changing capabilities, cephalopods are generally thought to be colour blind, due to only possessing a single visual
pigment (the firefly squid (Watasenia scintillans) is the only cephalopod known to possess more than a single visual pigment (it has three) (Messenger, 1977; Seidou
et al,, 1990; Marshall and Messenger, 1996; Kroger and Gisléen, 2004). This is not necessarily a problem for startle displays, provided that the display causes the
predator to recoil. However, an inability to detect colour presents challenges for achieving camouflage by background matching (Messenger, 2009). One apparent
solution is that cephalopods use their iridophores to reflect incoming light to match their surroundings. Relaxing circular muscles around the chromatophore reduces
the area of pigmentation and reveals the reflective cells underneath. These cells reflect ambient light enabling cephalopods to display colours on their skin.

Another explanation is that cephalopods may use light intensity rather than wavelength to estimate background colour. Experimental evidence suggests that
cuttlefish are capable of detecting differences in the intensity of light emitted from different parts of a substrate and using this information to produce an adaptive
cryptic display (Marshall and Messenger, 1996). It has also been proposed that cephalopods may see colour using a phenomenon known as chromatic aberration
(Gagnon et al.,, 2016; Stubbs and Stubbs, 2016, b). Cephalopod pupils are irregularly shaped, allowing light to enter the eye in several places. This results in a slight
loss of visual acuity, but may enable the distinction of different wavelengths of light (Stubbs and Stubbs, 2016b).

Finally, there is some evidence that cephalopod skin possesses photoreceptors which are sensitive to different wavelengths of light. Chromatophores from the
two-spot octopus (Octopus bimaculoides) have been shown to expand in response to light in a phenomenon termed ‘light-activated chromatophore expansion’
(LACE) and was fastest in response to blue light (Desmond Ramirez and Oakley, 2015). By combining some or all of these mechanisms, cephalopods may be capable

10.3389/fmars.2022.909192

of detecting colour in their surroundings to some extent, despite possessing only a single visual pigment.

noteworthy example of shadow concealment is seen in the
Hawaiian bobtail squid (Euprymna scolopes), which light up
their ventral surface via a mutualism with an endosymbiotic
bioluminescent bacterium, Vibrio fischeri, that creates counter-
illumination, which has an analogous effect to countershading
(Jones and Nishiguchi, 2004).

It is worth noting that adaptations which disguise an animal
from potential predators can also serve to disguise it from
potential prey (Pembury Smith and Ruxton, 2020). This is
undoubtedly true in cephalopods, which make use of their
abilities to blend in with their surroundings to ambush prey
(Moynihan and Rodaniche, 1982; Roper and Hochberg, 1988).
From an anti-predator perspective, the ability to blend in with
their surroundings was presumably of key value to cephalopods
once they had begun to internalise their shells. The
internalisation of the shell meant that cephalopods were not
only more vulnerable to attack physically, but also that their
entire body surface was now available as a substrate for crypsis.
Further, the dynamic nature of cephalopod skin pigmentation
meant that this crypsis could be highly plastic, offering the
potential to hide from predators across varied backgrounds.
While much is known about the components of cephalopod skin
patterning and how they function individually (Gilmore et al.,
2016), remarkably little is known about how and when it
evolved. Extant nautiloids do not possess the ability to change
their skin patterning, and presumably the ability evolved
subsequently to the internalisation of the shell, but beyond this
the situation is unclear.

An improved knowledge of the evolution of cephalopod skin
patterning has implications for our understanding of
cephalopod cognitive evolution, and its involvement in anti-
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predator strategies. The different mechanisms used to control
the various components of cephalopod skin patterning systems
necessitate the integration of different forms of visual
information (Gilmore et al., 2016; Hanlon and Messenger,
2018). This requirement to process complex information
regarding the appearance of their surroundings and to
coordinate this with an appropriate cryptic response is
neurologically costly (Zylinski and Osorio, 2011), and
presumably strongly selected for improvements in visual and
cognitive systems (if improved abilities increased fitness). In
song birds, it has been suggested that the complexity of song
repertoire is linked to cognitive evolution (Boogert et al., 2008;
Searcy and Nowicki, 2019; Williams and Lachlan, 2022).
Similarly, it is possible that the evolution of the complex
cephalopod skin patterning system was linked to the evolution
of larger and more sophisticated brains, able to cope with the
challenges of deploying crypsis and other anti-predatory
behaviours effectively (as well as various forms of interspecies
communicative displays).

Additionally, the switch from a reliance on external
mechanical defences towards advanced forms of crypsis
accompanied by vigilance, is likely to have selected for further
cognitive advances. Specifically, a strategy of crypsis and
vigilance promote ‘wait-and-see’ assessments of predators
(Moynihan and Rodaniche, 1982; Hanlon and Messenger,
2018). Under such a strategy, more accurate assessments of
the type of predator and level of threat it poses, coupled with
selection of the most appropriate response, would lead to higher
survival. Consequently, evolutionary pressure to enhance anti-
predatory judgements made while employing crypsis and
vigilance may have contributed to the evolution of cognitive
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development in Cephalopods, potentially giving rise to an
evolutionary arms race with the predators seeking to detect
and consume them.

4 What was the ecological context
leading to the evolution of advanced
cognitive abilities in cephalopods?

Modern cephalopods face a great diversity of predators (Box 3),
partially reflecting the wide variety of habitats that they inhabit. Of
these, fish are considered the most important, and are hypothesized
to have played the greatest role in shaping cephalopod evolution,
during two main phases (Randall, 1967; Clarke and Stevens, 1974;
Staudinger et al., 2013; Hanlon and Messenger, 2018): (i) Firstly,
during the Devonian ‘age of fish’, which saw a considerable increase
in fish diversity, following the rise of nekton (actively swimming
organisms, as opposed to those carried passively by ocean currents)
(Near et al, 2012); (ii) Secondly, during the Jurassic/Cretaceous
‘Mesozoic Marine Revolution” (Vermeij, 1977), concomitant with
the radiation of the majority of modern bony fish groups (Near
et al,, 2012; Tanner et al., 2017). The first period is considered to
have coincided with a major shift in predator-prey dynamics in the
world’s oceans, which saw an increase in higher-metabolism
predation and the predation of hard-shelled organisms, and
coincided with the appearance of the cephalopod beak (Tanner
et al, 2017). Meanwhile, the second period accompanied further
reduction of the cephalopod shell and the emergence of the majority
of modern coleoid lineages (Tanner et al., 2017).

While it is generally agreed that the powerful jaws, keen
eyesight, and muscular bodies of fish presented strong selective
pressures on cephalopod evolution (Packard, 1972; Klug et al.,
2010; Bush and Bambach, 2011; Tanner et al., 2017), it is not
obvious what form of selection exerted the dominant effect.
Major cognitive advances and the complex behaviours present in
modern cephalopods were presumably selected for because they
enabled cephalopods to: (i) compete more effectively for prey

Box 3 Modern predators of cephalopods.

10.3389/fmars.2022.909192

items with fish; (ii) avoid predation by fish; (iii) predate upon
fish; or (iv) potentially all three of these ecological pressures
acting in concert. Below we consider anti-predator strategies in
cephalopods (Figure 3), examining primary and secondary
defences in detail, and we examine how ecological pressure
from fish may have acted on their evolution. We argue that
constraints on cephalopod physiology limited the potential for
flight or physical confrontation to be dominant strategies in
cephalopods. Instead, primary defences to avoid detection and
secondary responses to startle or confuse predators were selected
for, driving the evolution of the complex anti-predator
repertoires present in extant coleoids.

4.1 An emphasis on primary defences —
not getting seen in the first place

In general, cephalopods rely on primary defences as a
strategy to avoid predation. Primary anti-predator defences
involve attempting to avoid the attention of predators
(Staudinger et al., 2011). This is typically achieved by either
using aspects of the environment for concealment (Box 4), or
actively attempting to resemble the environment or other
organisms within it. Adaptations which help animals to ‘blend
in” with their surroundings, also known as camouflage, can take
three main forms (Stevens and Merilaita, 2009): (i) crypsis,
whereby animals attempt to avoid being noticed at all, (see
section 2 above); (ii) masquerade, whereby animals attempt to
resemble other objects in their environment so that they are
categorised incorrectly; (iii) motion camouflage, whereby
animals attempt to disguise their normal movement patterns
(rather than just their bodies), to avoid recognition by a potential
predator. Cephalopods have been observed to employ all three
strategies (Zylinski et al., 2009; Buresch et al., 2011; Panetta et al.,
2017), and camouflage is a major anti-predatory strategy in
many cephalopods (Figure 4). While these behaviours are also

Sea birds predate cephalopods using their keen eyesight, including king penguins (Aptenodytes forsten) which can hunt squid at depths of 250m, and albatrosses
which forage for squid at the ocean surface (Imber, 1973; Berruti and Harcus, 1978; Kooyman et al., 1982). Many mammals frequently predate cephalopods using
diverse strategies. The sperm whale (Physeter macrocephalus) is a voracious hunter of squid, and is estimated to catch 150 million tonnes per year; nearly three times
the catch of human fisheries (Clarke, 1977; Clarke, 1983; Clarke, 1996). Both pinnipeds and mustelids regularly predate cephalopods. For example, elephant seals

(Mirounga sp.) regularly dive below 1,000m to catch octopuses, cuttlefish, and squid, while sea otters (Enhydra lutris) search out octopuses within their dens

(McCleneghan and Ames, 1976). Interspecies predation and intraspecies cannibalism are both reportedly widespread in cephalopods (Boyle, 1983). Sharks, rays and

skates use olfactory and electrical cues to prey on cephalopods in many habitats with some species, such as the sicklefin weasel shark (Hemigaleus microstoma)

specialising on them over other prey items (Clarke and Stevens, 1974; Stevens and Cuthbert, 1983; Smale, 1996). However, it is the great diversity of bony fish, with

which cephalopods share many of their habitats, which are considered to be the greatest predators of cephalopods (Randall, 1967; Smale, 1996; Staudinger et al., 2013;

Hanlon and Messenger, 2018). Cephalopods form part of the diet of most carnivorous reef fish from eels flushing octopuses out crevices to barracuda and jacks

hunting reef squid (MacGinitie and MacGinitie, 1968; Moynihan and Rodaniche, 1982). Decapitated heads of pelagic squid species have been found in the stomachs
of swordfish (Xiphias gladius) from which it has been inferred that cephalopods form a large part of their diet (Scott and Tibbo, 1968; Bello, 1991; Bower and Ichii,
2005). Pelagic squid and argonauts are hunted by many scombrid and gadid fish, with tuna in particular preying on a wide range of species (Royer et al., 1998;

Staudinger et al., 2013). One study found that cephalopods made up more than 50% of the diet by mass of adult Cape dory (Zeus capensis) (Meyer and Smale, 1991).

Groupers such as dusky groupers (Epinephelus marginatus) hunt cuttlefish, octopuses and squid across their range (Smale, 1996).
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Cephalopod Antipredator Behaviour
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FIGURE 3

A summary of the main types of anti-predator behaviour seen in cephalopods.

beneficial for hunting, their frequency across coleoid diversity,
and their adoption outside of foraging activities, suggest a
dominant role in avoiding predation. Below we provide an
overview of masquerade and motion camouflage in
cephalopods (we describe crypsis in section 2 above, when
discussing the cephalopod skin patterning system), and the use
of mimicry to avoid detection by predators.

Masquerade is particularly useful when an organism
attempts to ‘blend in’ with an otherwise homogenous
environment. Imitating objects in the environment rather than
trying to match the background substrate makes an animal more
likely to be detected as an object, but can reduce the likelihood of
being correctly recognised as prey (Stevens and Merilaita, 2009;
Buresch et al.,, 2011). For example, common cuttlefish (Sepia

officinalis) will preferentially disguise themselves as a
conspicuous but inanimate object rather than attempt cryptic
behaviour when in low contrast environments (e.g. sandflats),
but will revert to cryptic behaviour in high contrast
2011). Indeed,
common cuttlefish have been documented masquerading as

environments (e.g. reefs) (Buresch et al,

pebbles, coral and other inanimate objects against otherwise
uniform backgrounds (Hanlon et al., 2009; Panetta et al., 2017).
Juvenile Caribbean reef squid have also been observed imitating
coral, as well as seaweed and even their own ink (Moynihan and
Rodaniche, 1982).

If an animal attempting camouflage moves, it will often give
away its position (Hall et al., 2013). Motion camouflage is where
an animal moves in a particular manner or whilst displaying

Box 4 Use of environmental features for concealment.

Many cephalopods make use of their environment to hide and so avoid being detected by predators. The relative lack of solid internal structures (aside from the beak
and eye lenses) in octopuses enables them to squeeze through and into small spaces, helping them to both hide from predators and capture prey (Young et al., 1998).
Many octopus species are known to use dens, which they habitually return to, in some cases for more than five months (Ambrose, 1982; Ambrose, 1983; Hartwick

et al.,

1984). The den can take many forms, from ‘wells’ dug in the sand, to carefully constructed structures of coral rubble or even discarded cans or other

anthropogenic waste, and are often marked by middens of discarded shells (Ambrose, 1983; Katsanevakis and Verriopoulos, 2004). Certain octopus species plug the

entrance of their den with a rock or lump of coral once inside (Woods, 1965). The mimic octopus (Thaumoctopus mimicus) and the Atlantic longarm octopus
(Macrotritopus defilippi) have both been observed burrowing into sand and then tunnelling horizontally before surfacing over 50cm away several minutes later
(Hanlon et al., 2008; Hanlon and Messenger, 2018). Being largely pelagic, most squid do not generally exhibit hiding behaviour. However, bobtail squid (Order:
Sepiolida) bury themselves in the sand, and some species, such as Hawaiian bobtail squid (Euprymna scolopes) secrete a mucous coat which causes sand to stick to
their body surface, further enhancing their cover (Shears, 1988). Meanwhile, as noted above, Caribbean reef squid conceal themselves among coral and seaweed to

hide from potential predators. Young fourhorn octopus (Pteroctopus tetracirrhus) still in their pelagic phase are thought to gain some level of protection from hiding

inside the cylindrical tunicate Pyrosoma atlanticum (Villanueva et al., 2020). Additionally, several species of octopus use objects that they find on the seabed as tools to

hide from predators. Tool use is defined as “the use of an external object as a functional extension of mouth or beak, hand or claw, in the attainment of an immediate
goal” (Van Lawick-Goodall, 1971). Consistent with this, the veined octopus (Amphioctopus marginatus) has been observed to carry empty coconut shells, and to hide
inside these when predators approach, while similar use of clam shells has been observed in the common octopus (Octopus vulgaris) (Mather, 1994; Finn et al., 2009).

Cephalopods commonly display nocturnal or crepuscular activity patterns, which may reduce the likelihood of attracting predators (Hanlon and Messenger,

2018), but could also aid hunting. Cephalopod activity patterns vary throughout the day with many species active primarily at night, or at dawn and dusk (Meisel

et al., 2006; Schaffeld et al., 2016). The timing of maximum activity throughout the day can be influenced by a variety of factors including intra- and interspecific

competition, light intensity, tidal state and, perhaps the most influential factor, food availability (Meisel et al., 2003; Hanlon and Messenger, 2018). Reduced diurnal

activity has the added benefit of making primary defences more effective during the peak activity time of many visually orientated predators, although nocturnal

predation still appears to be a key selection pressure, as many cephalopods continue to display cryptic behaviours in very low light levels (Allen et al., 2010).
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FIGURE 4

Cephalopod camouflage (L-R) Bigfin reef squid (Sepioteuthis lessoniana) masquerading as seaweed, Octopus sp. background matching against coral, and
broadclub cuttlefish (Sepia latimanus) displaying sand-like coloration. Image credits in order are: Nick Hobgood, CC BY SA 3.0, https://commons.wikimedia.
org/wiki/File:Sepioteuthis_lessoniana_(Bigfin_reef_squid).jog; Alana Barthel, CC BY 4.0, https://commons.wikimedia.org/wiki/File:Camouflage_octopus.jpg;
Lakshmi Sawitri, CC BY 2.0, https://commons.wikimedia.org/wiki/File:Lembeh81_5-12-11_-_43_cuttlefish_1_looking_like_sand_%286569438067%29 jpg.

certain patterns, such that it avoids detection whilst travelling.
This is distinct from crypsis in that it is specifically the movement
of the animal which is disguised. However, motion camouflage is
often combined with cryptic behaviour to enhance the overall
effect. For example, the veined octopus (Amphioctopus
marginatus) has been observed ‘walking’ bipedally along the
seabed with its other arms tucked in under its body (Huffard,
2006). By moving in this way, the animal apparently resembles
objects such as coconut shells, rocks and sponges being pushed
around on the seabed by currents and wave action and is thus able
to escape the vicinity of a predator without detection. Underwater
caustics are particularly helpful in camouflaging movement in
marine environments (Cuthill et al., 2019). For example, the big
blue octopus (Octopus cyanea) may slowly crawl across open
spaces while curled up to resemble a rock, with movement barely
distinguishable from the pattern of light refracting through ripples
on the water’s surface (Hanlon et al., 1999).

Cephalopods also use mimicry to avoid recognition. Animals
attempting to imitate other organisms are said to be employing
mimicry. The majority of defensive mimicry in cephalopods is
categorised as Batesian mimicry, whereby a harmless organism
mimics a dangerous model (Bates, 1981). The mimic octopus
(Thaumoctopus mimicus) famously mimics several venomous
species, such as sea snakes, eels, and lionfish, not only by
changing colour, but also by mimicking body postures and
movement of the model (Norman et al,, 2001; Hanlon et al.,
2010). Both the mimic octopus and the Atlantic longarm octopus
(Macrotritopus defilippi) mimic local species of flatfish to disguise
their movement (Norman et al., 2001; Hanlon et al., 2010). This
likeness is thought to deter gape-limited predators that would be
unable to successfully attack a larger target such as a flatfish. The
pharaoh cuttlefish (Sepia pharaonis) has been observed to mimic
hermit crabs in captivity, with Smith’s cuttlefish (Sepia smithi)
showing the same behaviour in the wild, presumably to present a
less appealing target to potential predators, especially in flat,
homogenous environments (Okamoto et al, 2017; van Elden
and Meeuwig, 2020). Cephalopods also use mimicry to assist in
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prey capture, mimicking benign species such as parrotfish or
crustaceans to approach their prey closely without causing alarm
(Moynihan and Rodaniche, 1982; Nakajima and Ikeda, 2017).
Consequently, many behaviours where cephalopods appear to be
utilising mimicry require further research, as it is not always clear
whether the behaviour is primarily defensive or aggressive (i.e.
used for prey-capture).

4.2 The significance of the ‘wait and
see’ strategy

As described above, many cephalopods exhibit cryptic
behaviour, and they often employ a ‘wait and see’ strategy
regarding their response to potential predators (Moynihan and
Rodaniche, 1982; Hanlon and Messenger, 2018). This involves
selecting an appropriate secondary defence only once it is
apparent that they have been detected by a potential predator,
and sometimes delaying further until the predator approaches
within a certain distance (Moynihan and Rodaniche, 1982). This
can involve careful observation of the potential predator and
complex neurological calculations based on previous experience,
facilitated by cephalopods’ well-developed eyes and brains
(Amodio et al, 2018; Mezrai et al., 2020). Thus, memory and
learning are important traits for predator avoidance in
cephalopods (Box 5), to remember and recognise predator
types and learn correspondingly effective means of response.

The role of predators in driving the evolution of behavioural
complexity in cephalopods is potentially supported by detailed
observations of reef squid. Reef squid (Sepioteuthis, a genus of
pencil squid) live in clear-water predator-rich reef
environments, and have one of the highest predator encounter
rates, and also some of the most sophisticated anti-predator
responses, recorded among cephalopods (Moynihan and
Rodaniche, 1982; Hanlon and Messenger, 2018). Caribbean
reef squid (Sepioteuthis sepioidea), are typically found in shoals
of 4-30 individuals of mixed sexes and sizes, with remarkably

frontiersin.org


https://commons.wikimedia.org/wiki/File:Sepioteuthis_lessoniana_(Bigfin_reef_squid).jpg
https://commons.wikimedia.org/wiki/File:Sepioteuthis_lessoniana_(Bigfin_reef_squid).jpg
https://commons.wikimedia.org/wiki/File:Camouflage_octopus.jpg
https://commons.wikimedia.org/wiki/File:Lembeh81_5-12-11_-_43_cuttlefish_1_looking_like_sand_%286569438067%29.jpg
https://doi.org/10.3389/fmars.2022.909192
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jaitly et al.

Box 5 Memory and learning in cephalopods.

All cephalopods (including nautiluses) possess long-term memory, with octopuses in particular possessing learning capabilities that are often described as ‘vertebrate-
like” (Basil et al., 2011; Gutnick et al., 2021; Schnell and Clayton, 2021). Associative learning mechanisms are common across coleoids, with octopuses, cuttlefish and
squid all capable of discriminating between the cause and effect of different stimuli, and even re-learning associations when patterns are reversed (discrimination
reversal) (Schnell et al., 2020). For example, embryos of pharaoh cuttlefish (Sepia pharaonis) reduce their ventilation rate and activity levels in response to either visual
or chemical stimuli of a potential predator, or conspecific ink, but not to that of a non-threatening species of clownfish (Mezrai et al., 2020). However, when clownfish
are presented alongside conspecific ink, subsequent trials with only clownfish stimuli elicit a defensive response, demonstrating a capacity for associative learning
(Mezrai et al., 2020).

Some coleoid cephalopods appear capable of social learning (Amodio and Fiorito, 2013; Sampaio et al., 2020). In one experiment, common octopuses learnt to
discriminate between two coloured balls faster after having viewed a demonstration by a conspecific (Fiorito and Scotto, 1992). Further experimentation with both
octopuses and cuttlefish have confirmed that the capacity to learn socially is present in cephalopods (Sampaio et al., 2020). The asocial nature of many cephalopod
species will restrict opportunities for social learning, however, in species such as Caribbean reef squid (Sepioteuthis sepioidea), where individuals regularly congregate
in groups and perform complex anti-predator behaviours together, it is certainly plausible that social learning could play an important role in behavioural
transmission of strategies to avoid predation.

Memory may help to categorize predatory species by threat level, and even potentially behavioural syndromes (i.e. animal personality) displayed by individual
predators within a species. Cephalopods may also utilise differences in fish face shape to help identify predatory species, although this requires experimental validation
(Karplus and Algom, 1981). However, alternative possibilities exist: The common octopus (Octopus vulgaris) is able to recognise conspecifics with which it has
previously come into contact (Tricarico et al., 2011), whilst male blue-ringed octopuses recognise and retreat faster from females with which they have previously

10.3389/fmars.2022.909192

mated (Morse and Huffard, 2022).

limited evidence of cannibalism (Moynihan and Rodaniche,
1982). Observations suggest that these shoals respond to
predators collectively as a group, and that they may be able to
identify the level of threat posed by the approach of different
predators, and alter and coordinate their defensive responses
accordingly (Moynihan and Rodaniche, 1982). The detection of
high threat predators results in flight, while deimatic responses
are shown to medium or low threat predators, including
chromatic displays and defensive line formations, which have
been described as being similar to fighter jet formations
(Moynihan and Rodaniche, 1982).

It has been suggested that individuals in Caribbean reef
squid shoals act as sentinels for the group, that keep watch for
predators (Hanlon and Budelmann, 1987). Sentinel behaviour is
defined by having a high level of coordination; i.e. the sentinel
individual will change according to regular ‘shifts’, and provide
an alarm signal to the rest of the group when a predator is
detected, which would not be given if the individual were alone
(Bednekoff, 2015). Sentinel behaviour is often associated with
mammals, especially meerkats (Suricata suricatta), although it is
also present in many bird species and a few species of fish
(Bednekoff, 2015). If Caribbean reef squid do make use of
sentinels, they would be the first species of invertebrate
currently known to do so. Whilst this would be a remarkable
discovery, it would not necessarily represent evidence of
cooperation, as sentinel behaviour can evolve entirely through
selfish motivations (Clutton-Brock et al., 1999; Ridley et al,
2013). The system of predator detection and defence in
Caribbean reef squid is so effective that many small fish
(especially goatfish — Family: Mullidae) and some other squid
species such as the slender inshore squid (or arrow squid,
Doryteuthis plei) have been observed to actively associate with
shoals of Caribbean reef squid, purportedly to benefit from the
added protection (Moynihan and Rodaniche, 1982; Nunes
et al., 2007).
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Most cephalopods appear to lack the complex
communication systems that typically accompany animals
with elaborate social structures. However, there is evidence of
what may be syntactic communication (where separate elements
are combined into complex structures, enhancing their
meaning) in at least three species of cephalopod, the
Caribbean reef squid (Sepioteuthis sepioidea), the bigfin reef
squid (or oval squid, Sepioteuthis lessoniana) and the Humboldt
squid (Dosidicus gigas) (Moynihan and Rodaniche, 1982; Lin
et al., 2017; Burford and Robison, 2020). These communication
systems appear to be used in a variety of contexts, from mating
behaviour to coordinating anti-predator responses, but much
research remains to elucidate this.

4.3 Secondary defences — strategies to
escape predation once detected

Secondary defences involve any form of defence employed
after recognition by a potential predator. Secondary induced
defences can be split into four main categories in cephalopods:
(i) deimatic responses, (ii) protean responses, (iii) flight
responses, and (iv) retaliatory responses. We discuss these in
turn below.

4.3.1 Deimatic responses — startling predators
to facilitate escape

Deimatic responses aim to startle or surprise a predator,
making it recoil or abort an attack (Umbers et al., 2017). This
provides time for the prey to escape and potentially prevents
further predation attempts. Cephalopods show a vast range of
deimatic displays which include combining neurally controlled
chromatophore elements with tentacle displays, changes in skin
texture, and formation swimming in social species (Byrne et al.,
2003; Macia et al., 2004). The common octopus (Octopus
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vulgaris) pales completely when threatened whilst ‘puffing up’ its
web (the skin between the base of the arms) to give an illusion of
increased size, which is typical of many cephalopod deimatic
responses (Hanlon, 2007). Meanwhile, the flamboyant cuttlefish
(Metasepia pfefferi) is renowned for its striking colouration,
which is usually employed during mating behaviour, but is
also used as a deimatic response (Hanlon and McManus,
2020). The vampire squid (Vampyroteuthis infernalis) has
organs at the tips of its arms capable of bioluminescence,
which may function both to startle a predator and act as
deflective marks, directing the attack away from the centre of
the body towards the arms, which can be regenerated (Robison
et al., 2003).

Some cephalopods, including the common cuttlefish (Sepia
officinalis) and the Atlantic white-spotted octopus
(Callistoctopus macropus), include distinctive mantle spots in
their deimatic displays which are directed towards attackers
(Hanlon and Messenger, 2018). Spots like this, found in many
taxa across the animal kingdom, are often termed ‘eyespots’ due
to their resemblance (at least to human observers) to eyes
(Stevens and Ruxton, 2014). It is hypothesised that this
resemblance causes predators to falter or desist in an attack
(Stevens, 2005; Kodandaramaiah et al., 2009). However, whilst
eyespots have a demonstrated deimatic effect, the exact
mechanism behind this is not always clear (Stevens, 2005;
Stevens and Ruxton, 2014).

Deimatic responses represent a gamble since the time they
take to perform could instead be spent fleeing. Therefore, as a
strategy deimatic displays should only be performed to predators
they are effective against, which appears to be the case in
cephalopods. For example, the common cuttlefish (Sepia
officinalis) has been shown to preferentially display deimatic
responses to low threat predatory teleost fish, whilst fleeing from
larger predators (Langridge, 2009), and Caribbean reef squid

10.3389/fmars.2022.909192

(Sepioteuthis sepioidea) are known to make similar distinctions
(Moynihan and Rodaniche, 1982; Hanlon and Messenger, 2018).

4.3.2 Protean responses — confusing predators
to facilitate escape

Protean responses prevent or impede predators from
tracking or predicting the position or actions of their prey
(Humphries and Driver, 1970). For example, protean
responses include fleeing in zigzags rather than in a straight
line. Perhaps the best-known cephalopod defence, inking, is also
considered to be a protean response (Wood et al., 2008;
Staudinger et al., 2011) (Box 6). Another protean response
used by cephalopods is autotomy (Wood and Wood, 1932;
Fleming et al., 2007; Bush, 2012), whereby an animal
deliberately sheds part of its own body, usually to elude attack
(Emberts et al., 2019), such as tail loss in lizards. The oceanic
squid, Octopoteuthis deletron, has several well defined fracture
planes along the length of its arms, although it is able to
autotomise its arms anywhere along their length (Bush, 2012).
This makes it the only cephalopod known to exhibit ‘economy of
autotomy’, where an individual possesses multiple fracture
planes and will selectively autotomise the smallest segment
necessary to escape (Emberts et al, 2019). The autotomised
arm of the oceanic squid also bioluminesces, and in some cases
even attacks the predator, heightening its distracting effect
(Bush, 2012). Cephalopods are able to regrow both
autotomised arms and tentacles (Aldrich and Aldrich, 1968;
Bello, 1995; Shaw et al., 2016; Imperadore et al., 2017). For
example, common and pharaoh cuttlefishes (Sepia officinalis and
Sepia pharaonis respectively) are able to regenerate 95% of an
autotomised arm within 39 days (Tressler et al., 2014). Another
notable protean defence in cephalopods is interference
colouration, whereby an animal’s colour appears to change
with the angle of illumination or observation (Osorio and

Box 6 Inking in cephalopods.

Nearly all coleoid cephalopods produce a melanin-based ink, which they often eject in a cloud or in strands when startled (Bush and Robison, 2007; Wood et al.,
2008). Inking may obscure the cephalopod from view, enabling them to make their escape, or may distract the predator’s attention and even deceive them into
attacking the ink cloud instead (Hanlon and Messenger, 2018). Almost all coleoid cephalopods are able to produce ink composed of mucus secretions from the funnel
organ combined with pigment compounds, particularly melanin, from the ink sac (Derby, 2014). The composition of cephalopod ink can be altered by the individual:
Ink with a high mucus content forms long strung-out ‘ropes’, whilst ink with a low mucus content results in a large cloud (Derby, 2014). Cephalopods are also able to

produce ‘pseudomorphs’, blobs of ink of similar size and shape to their body (Derby, 2014). Some deep water cephalopods, such as deep-sea bobtail squid

(Heteroteuthis spp.), expel a luminous ink visible in poor light conditions (Herring, 1977).

Experiments on French grunts (Haemulon flavolineatum) have demonstrated that the presence of squid ink between the fish and a food item significantly
delayed capture time compared to an uncoloured control (Wood et al., 2010). Additionally, inking of live longfin inshore squid (Doryteuthis pealeii) caused bluefish
(Pomatomus saltatrix) to startle and abandon attacks, while summer flounders (Paralichthys dentatus) misdirected attacks towards ink pseudomorphs (Staudinger

et al, 2011). Ink also appears to be unpalatable to some predators. In both summer flounders and sea catfish (Ariopsis felis), palatability of otherwise identical food

pellets decreased with the addition of squid ink, suggesting that inking continues to be an effective defence even if a cephalopod is captured (Derby et al., 2013).

Additionally, inking serves a secondary function in schooling species as a visual, but notably not chemical, alarm to other individuals (Wood et al., 2008). However,

melanin and other protein components, which comprise over 20% of the mass of cephalopod ink, are energetically expensive and time consuming to produce (Derby,

2014). Consequently, despite its efficacy, cephalopods cannot rely on inking as a frequent means of defence, especially in environments with high predator interaction

rates such as coral reefs.
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Ham, 2002). This occurs with the components of cephalopod
colouration created by multilayer reflectance (Mithger et al,
2009). Thus, as a predator approaches, the organism appears to
constantly change colour, causing the predator to lose their
search image, sometimes resulting in prey effectively
disappearing against the background (Pike, 2015).

4.3.3 Flight responses — a limited ability to
outswim attack

Flight is a commonplace anti-predator response across the
animal kingdom (Edmunds, 1974). As with many fish adapted to
bursts of speed, locomotor and ventilator processes are linked in
cephalopods, whereby the increased rate of mantle contractions
that occurs during jetting (Box 7), also increases water flow over
the gills (Wells, 1990). Internalisation and reduction of the shell

Box 7 Jetting in cephalopods.

10.3389/fmars.2022.909192

in coleoids permitted expansion of the mantle cavity, providing a
major boost to jet propulsion (Wells and O’Dor, 1991; Kroger
et al,, 2011). But generating speeds necessary to outmanoeuvre
fish, even over short distances, put high energetic demands on
the underlying molluscan physiology of cephalopods. To
support increased oxygen demands required for greater
mobility, cephalopods evolved a considerable expansion of
their circulatory system. Unlike many invertebrates,
cephalopods possess a closed circulatory system, and
enlargement of the mantle cavity was coupled with
supplementation of the systemic heart through the addition of
twin accessory branchial (gill) hearts, originating from the
nautilus pericardial glands (Bourne et al., 1977; Wells, 1992),
resulting in the advanced circulatory system present in modern
coleoids. Together with efficient oxygen uptake through gills and

The primary flight mechanism in cephalopods is jetting. Cephalopods with mantle fins (decapods, cirrate octopuses, vampire squid) can propel themselves by

‘finning’, but this is primarily used for slower movements rather than rapid propulsion (Aitken and O’Dor, 2004). Indeed, cephalopods were the originators of the

world’s first jet propulsion system (Wells and O’Dor, 1991). To jet, cephalopods use their circular mantle muscles to draw water into the mantle cavity, which is then

forcibly expelled through the siphon, generating thrust (O'Dor, 2002). Cephalopods can alter the direction of thrust by changing the position of the siphon, making

jetting a highly manoeuvrable form of locomotion. To generate impulses that travel along their unmyelenated nerves rapidly enough to facilitate jetting as a response

to danger, cephalopods have evolved nerve axons with a very large diameter (see Box 8 below). But while jetting can provide a rapid escape from immediate danger, it
is energetically costly, and can result in bodily damage or arrival into even greater danger.
Some cephalopods are capable of jetting into the air to temporarily avoid predators (Muramatsu et al., 2013). This may involve simply flopping back down into

the water without travelling very far (Macia et al., 2004), although some oceanic squid species are capable of more sophisticated aerial gliding. There are reports

suggesting that certain oceanic squid can glide for considerable distances, with observations of the common clubhook squid (Onychoteuthis banksii) gliding more for

than 40m (Macia et al., 2004; Muramatsu et al., 2013).

Box 8 The eyes, nerves, and brains of cephalopods.

The eyes of cephalopods famously bear great structural and functional resemblance to those of vertebrates, and provide high visual acuity, which is an extremely
important aspect of cephalopod anti-predator responses (Sweeney et al., 2007). Most cephalopods are also visual predators, and as such, investment in energetically
expensive eyes has a two-fold benefit. Cephalopod eyes are often larger than those of an equivalently sized vertebrate (Packard, 1972). This is partially an adaptation to

low light levels, as cephalopods lack the tapetum lucidum present in many nocturnal vertebrates. However, there is evidence that large eyes may have evolved to

facilitate predator detection. Experiments on giant squid suggest that their huge eyes enable the detection of a large predator, such as a sperm whale (Physeter

macrocephalus), from over 120m away, providing valuable additional time for escape (Nilsson et al., 2012).
Another famous component of the cephalopod nervous system is the squid giant axon (Young, 1938; Hodgkin and Huxley, 1939). Cephalopods, like other
molluscs, lack myelin or equivalent myelin-like sheaths found in certain other invertebrates. Consequently, the conduction velocity of cephalopod nerves is much

lower than equivalently sized nerves in vertebrates. To counteract this and enable conduction velocities equivalent to those observed in myelinated vertebrate nerves,

cephalopods have evolved axons with a very large diameter. Since action potentials travel much faster in axons with a larger diameter, these giant axons improve the

speed of cephalopod responses, and are important in permitting a fast escape response from fish predators.
Like vertebrates, cephalopods have complex multi-lobed brains. Indeed, among invertebrates cephalopods possess the most complex and centralized brains,
which show a variety of ‘vertebrate-like’ adaptations (Gutnick et al., 2021). In particular, coleoid cephalopods have the largest brain to body size ratio of any

invertebrate, and their relative brain size is larger than that of many reptiles and fish (Packard, 1972; Schnell et al., 2020), while the hundreds of millions of neurons in

the octopus brain rivals the size and complexity of many mammalian brains (Katz, 2016). The large size of cephalopod brains is reflected by their high level of

behavioural flexibility, with octopuses and cuttlefish demonstrating the most vertebrate-like intelligence among invertebrates (Katz, 2016). Octopuses are famously

capable of solving complex mazes and being able to open closed jars, but cephalopod cognition extends beyond problem solving (Amodio and Fiorito, 2013; Schnell

etal., 2020). For example, cuttlefish understand object permanence (i.e. just because an object ceases to be detectable, it does not cease to exist), which is an important

precursor to many more complex processes (Schnell et al., 2020).

Cephalopods also possess a lateral line system, analogous to that used by fish to detect vibrations in the water (Budelmann and Bleckmann, 1988). This enables

them to detect both predators and prey in conditions where vision may be compromised.

Despite the many similarities between cephalopod and vertebrate nervous systems there are also some key differences. For example, in octopuses, the peripheral

nervous system is so well developed that more than half of octopus neurons are found outside of the brain (Young, 1971). This devolved nature of octopus nervous

systems enables octopuses to ‘delegate’ control of processes such as crawling to the arms themselves freeing the brain from needing to coordinate this computationally

complex process (Levy et al., 2015; Zullo et al., 2019). Severed octopus arms will even continue to exhibit natural movement patterns when stimulated artificially

(Sumbre et al., 2001).
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skin (Birk et al,, 2018), these adaptations pushed back the
respiratory limitations of cephalopod‘s molluscan ancestry,
facilitating a shift towards a more active lifestyle (Seibel, 2016;
Hochachka 1994). Thus, concerted physiological adaptations
facilitated an ecological transition in cephalopods from heavy-
shelled relatively cumbersome organisms to more streamlined
forms, with greatly reduced or completely absent shells, better
tailored for agility and speed (Klug et al., 2016). As noted above,
these changes coincided with a general shift from Palaeozoic
ecologies, towards higher-metabolism predation and durophagy
(predation of hard-shelled organisms), in particular due to the
success of the jawed fishes, and a general escalation of predator-
prey interactions (Klug et al., 2010; Bush and Bambach, 2011;
Tanner et al., 2017).

Ultimately, physiological limitations constrained the
potential of cephalopods to engage in sustained flight when
compared to fish. Oxygen transport and carrying capacity is
lower in cephalopods compared to fish, due to their smaller
hearts relative to body size, and their use of the copper-based
respiratory pigment haemocyanin (as for other molluscs) rather
than haemoglobin (the equivalent protein in vertebrates)
(O’Dor, 1988; O’Dor, 2002; Seibel, 2016). Haemocyanin has a
much lower oxygen carrying capacity than haemoglobin (<50%
of the O,% by volume), and it is extracellular in cephalopods and
so limited to low blood concentrations due to viscosity
constraints (Seibel, 2016). Cephalopods also have little or no
venous oxygen reserves (Seibel, 2016). Thus, under conditions of
high oxygen demand, cephalopods must make maximal use of
blood-borne oxygen at every circulatory cycle, as facilitated by
increased gill ventilation, heart rate and stroke volume (Seibel,
2016). Jet propulsion is also highly inefficient relative to the
caudal fin swimming of fish. For example, tunnel respirometry
experiments suggest that short finned squid (Illex illecebrosus)
use six times as much energy per unit distance, and have a
Froude efficiency (a ratio of power output compared to energy
input) three times lower than sockeye salmon of a similar size
(Oncorhynchus nerka) (Webber and O’Dor, 1985; O’Dor and
Webber, 1986). Meanwhile, since most cephalopod predators are
larger fish (Randall, 1967; Staudinger et al., 2013), these
limitations mean that cephalopods are not well suited to out-
swimming fish. Thus, while flight can be effective over short
distances to escape immediate threat, in cephalopods it is
typically used in tandem with other anti-predator responses
(particularly protean responses) and is generally reserved for the
most dangerous predators or where other strategies have failed
(Hanlon and Messenger, 2018).

4.3.4 Retaliatory responses — a last resort
Cephalopods possess several forms of weaponry that can be

used in retaliation. However, these defences appear to be of

limited effectiveness for fighting off determined, larger fish
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predators, and generally appear only to be used as a last resort
against attack, once other options have been exhausted (Hanlon
and Messenger, 2018). We review the physical defences of
cephalopods below.

Coleoid cephalopods possess muscular arms lined with
suckers, and in many cases, sharply toothed chitinous sucker
rings, which can be used for defence. For example, scarring
found on the heads of many sperm whales is believed to be
caused by giant squid (Architeuthis dux) defending themselves
against predation (Roper and Boss, 1982). Reports of similar
markings on an oceanic whitetip shark (Carcharinus
longimanus) may have been caused by flying squid
(Thysanoteuthis spp.), glass squid (Megalocranchia spp.), or
giant squid (Papastamatiou et al., 2020). The colossal squid
(Mesonychoteuthis hamiltoni) has hooks along the length of its
arms and larger, revolving ‘club hooks’ at the tips of its tentacles,
which are believed to be used in prey capture, but may also be
used in self-defence (Rosa et al., 2017).

Cephalopods lack rigid skeletal elements and instead depend
on a form of bodily support called a muscular hydrostat,
whereby muscles provide both force generation and the
support for movement (Kier, 2016). This system allows
incredible flexibility, aiding the ability of the arms to grasp an
attacker. Many species of octopus have been observed to fold
their arms back around themselves in defensive postures,
presenting their suckers as a physical defence against attack
(Mather, 1998). When captured in the mouth of a pyjama shark
(Poroderma africanum), common octopuses (Octopus vulgaris)
have been observed to force their arms into the shark’s gills,
disrupting breathing, and facilitating release (Jeffs and
Brownlow, 2017).

Cephalopod beaks appear in the fossil record during the
Devonian period, coinciding with the radiation of jawed-
vertebrates and the Devonian Nekton Revolution (Klug et al.,
2010). Cephalopod beaks are composed of chitin, and together
with the radula and salivary glands, form part of the buccal mass
(Uyeno and Kier, 2007). The beak comprises an upper and lower
mandible and is articulated by four muscles in a flexible joint,
which lacks a rigid anchor point for muscle attachment, and so
constrains bite strength. In combination with the relative
softness of chitin, this may explain why cephalopods do not
commonly bite in self-defence, unlike vertebrates, which possess
enamel coated teeth and powerful jaws.

Many cephalopods use venom during the capture of prey
(Fry et al., 2009; Cooke et al., 2017). For example, blue ringed
octopuses (Hapalochlaena spp.) possess an extremely potent
tetrodotoxin venom (TTX), similar to that of pufferfish, that
causes paralysis when injected via a bite (Whitelaw et al., 2019).
The threat is signposted to potential predators by an aposematic
display featuring 40-60 bright blue rings or stripes (Roper and
Hochberg, 1988; Kawashima et al., 2019). Yet despite the
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prevalence of venom for predation among cephalopods (Fry
et al., 2009; Cooke et al., 2017), there is limited evidence, as with
the cephalopod beak and arms, that venom is a common
defensive strategy in most cephalopod species. However, some
cephalopods make use of venom borrowed from other species to
ward off threats. For example, the blanket octopus (Tremoctopus
violaceus) has been observed collecting and carrying venomous
tentacles from the Portuguese man o’'war (Physalia physalis) in
its arms, which it presents to incoming threats by curling its
arms over its head (Norman et al., 2002).

In summary, since modern cephalopods share considerable
niche overlap with fish (Packard, 1972; House et al., 1988), and
both widely predate upon and are predated by fish, it is likely
that all three forms of ecological pressure mentioned above
played roles in cephalopod evolution. However, the
diversification of large, fast, fishes with strong teeth and jaws
and keen eyesight, may have resulted in predation providing the
strongest selection pressure, with intense predator-prey arms
races driving coleoid cognitive evolution. Specifically, a relative
deficiency in mechanical defences and the limitations of
cephalopod aerobic capacity compared to fish, cut off roads to
outright confrontation and the option to out-swim many fish
predators, and so may have favoured cognitive adaptations to
avoid predation, rather than other forms of defence. However,
we add the caveat that defensive behaviours, such as fighting
predators off, remain relatively overlooked in cephalopods, and
have not been widely analysed in explicit study designs across
cephalopod diversity. Thus, in contrast to the large body of
literature on cephalopod cognitive abilities, knowledge of the
frequency and distribution of cephalopod defensive behaviours
remains relatively scarce.

5 Given that other invertebrate
groups have not undergone similar
cognitive evolutionary trajectories,
what is special about cephalopods?

There is a great diversity of invertebrate lineages, yet only
cephalopods possess anything like the advanced cognitive
abilities and nervous systems (Box 8) of vertebrates. This
raises the major outstanding question, what is special about
cephalopods? Like many invertebrates, cephalopods have a fast
life history, and relatively simple social environments, with the
opposite states (i.e. long life history and/or complex social
environments) being implicated in vertebrate cognitive
evolution (Amodio et al., 2019). The answer is also unlikely to
be disproportionate predation pressure, as many other
invertebrate lineages experience similar or higher levels of
predation to cephalopods. Meanwhile other invertebrate
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groups lack shells or hard exoskeletons but have not evolved
the advanced cognitive abilities of cephalopods. For example,
multiple lineages of sea slug (Order Opisthobranchia) have
independently lost a protective shell, but none have undergone
pronounced cognitive evolution (Amodio et al., 2018; Mollo
et al., 2019).

Timing may have played an important role in the unique
cognitive evolution of cephalopods, considering a two-step
model, involving initial cognitive priming resulting from the
need to navigate three dimensional environments, followed by
secondary augmentation under intense predator-prey
coevolutionary dynamics (Grasso and Basil, 2009; Amodio
et al,, 2019). According to this model, ascension from the sea
floor selected for a first suite of sensory, motor, and cognitive
adaptations in early cephalopods at a time when the water
column remained relatively free from predators. These initial
adaptations laid the foundation for subsequent neurological
advances during intense co-evolution arms races with bony
fishes. Indeed, nautiluses, a lineage of primitive shelled
cephalopods, possess a centralised brain, relatively complex
eyes, and basic cognitive abilities (Young, 1965). Consequently,
cephalopods may have been in the right place at the right time
and with a sufficient degree of existing cognitive abilities, to
experience a form of cognitive runaway selection imposed by
evolving teleost predators.

We argue that vigilance and a wait-and-see strategy of
avoiding predation likely provided a favourable context for
further sensory and cognitive advancements in cephalopods. We
also suggest that this trajectory was directed by constraints on
cephalopods that prevented them from using flight or physical
confrontation as the main form of defence against fish predators.
Such an emphasis may have favoured advanced learning abilities
to respond appropriately to different types of predator and classes
of threat, and sensory abilities to detect predators and hide.
Meanwhile, the effectiveness of the wait-and-see strategy was
likely facilitated by the skin patterning system, the control and
deployment of which could have provided a further favourable
context for cognitive advancements. Under this scenario, initial
steps towards crypsis following the internalisation of the shell
provided a platform for the selection of adaptations that enhanced
camouflage, predator recognition, memory, and in some cases the
expression of context-specific anti-predatory behaviours
depending on perceived threat-levels judged from past experience.

6 Future research directions

A major outstanding challenge to gain an improved
understanding of the evolution of anti-predator strategies in
cephalopods is disentangling the extent to which different anti-
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predatory responses evolved directly due to predation pressure,
versus other forms of selection. Most important among these is
the evolution of the complex cognitive and sensory systems
of cephalopods.

Increased cognitive capabilities are often attributed to either
the ecological hypothesis, whereby individuals must contend
with varying types and availability of food, or the social
hypothesis, whereby group-living individuals must maintain,
monitor, and react to their own relationships and those of
their groupmates (DeCasien et al., 2017; Johnson-Ulrich, 2017;
Rosati, 2017; Ashton et al., 2018). While most cephalopods do
not have to contend with the challenges of a social environment,
they certainly do have to overcome patchiness in prey
distribution and a large diversity of potential prey (and so
often require diverse prey capture and handling techniques),
which frequently occur within structurally and ecologically
complex environments (Schnell et al., 2020). Cephalopods also
frequently have challenging reproductive systems, which can
pose significant risks to fitness (Amodio et al., 2018). Thus,
selection for increasing survivability against predator attack
likely occurred concurrently with several other pressures
(Amodio et al., 2019). Predation pressure is less frequently
considered as a driver of the evolution of complex cognition,
and yet, predation risk can provide strong selective pressure due
to the high fitness cost of being caught (van der Bijl and Kolm,
2016; Amodio et al., 2018). Meanwhile, there is a need to further
disentangle the role of competition for prey with other
predators, including fish and other cephalopods (Amodio
et al,, 2020; Schnell et al., 2020), in shaping the evolution
of cephalopods.

Comparative phylogenetic analyses, offer a means of teasing
apart correlations among complex anti-predator traits and other
ecological traits, to access general questions relating to the
evolution of anti-predator behaviour in cephalopods. However,
at present such analyses remain hampered by uncertainty
regarding the relationships among many higher-level
cephalopod lineages. Greater taxon sampling and utilisation of
genome-level datasets offers a potential way forward to resolve the
taxonomy of the group and facilitate detailed analyses. Meanwhile,
genomic approaches also offer alternative perspectives from which
to study cephalopod behaviour. Such methods are likely to offer
considerable scope over coming years, given the dense taxonomic
sampling and high quality genomes being rapidly generated by
projects such as the Darwin Tree of Life Project (Blaxter, 2022)
and the Earth Biogenome Project (Lewin et al.,, 2022).

Skin patterning plays a major role in many cephalopod
behaviours and further research is required to examine the
evolution of the skin patterning system, the extent to which
cephalopods can interpret skin patterning, and how the
displays they employ are interpreted by potential predators.

Frontiers in Marine Science

16

10.3389/fmars.2022.909192

The impact of colouration in many terrestrial organisms has
been tested by artificially manipulating the organisms
themselves or by employing realistic models (Cuthill et al,
2005). The dynamic nature of cephalopod colouration has
made similar experiments complicated. However, methods of
modelling and replicating cephalopod skin have now been
developed (Sutherland et al., 2008b; Sutherland et al., 2008a;
Fishman et al., 2015), and offer potential for experimental
approaches to further explore the cephalopod skin
patterning system.

Many cephalopod behaviours have proven difficult to study in
the field, but technological advances such as remotely operated
submersibles and vastly improved and low-cost video recorders,
are greatly facilitating the study of cephalopod behaviour. New
technologies also facilitate exploration of pelagic and bathypelagic
regions of the ocean. Most of the anti-predator adaptations
discussed here are utilised best against visually orientated
predators, and in turn, visual stimuli appear very important for
cephalopods to escape predation. Consequently, it will be
interesting to examine whether cephalopods living in the deep
sea, where light is greatly reduced, exhibit alternative strategies to
their shallow water relatives. Meanwhile, the development of the
cephalopod experimental projected habitat (CEPH) which
projects a virtual habitat onto a fibreglass tank could help
replicate the cephalopod’s natural environment in situations
where field studies are restrictive (Josef, 2018). Additionally, as
mentioned above, several aspects of cephalopod anti-predator
behaviour remain poorly explored. For example, the type,
relative frequency, and phylogenetic distribution of defence
behaviours displayed by cephalopods requires further
elucidation, as well as the specific contexts in which these are
expressed to predators. Research towards this aim can make use of
both improved technology for conducting field observations and
experimental analyses.

Parallels in behavioural complexity enable comparisons to
be drawn between cephalopods and vertebrate systems,
providing a valuable semi-independent study system. From
such comparisons, further insights could be gained into the
conditions required for the evolution of behavioural and
cognitive complexity. In this respect, the potential for syntactic
communication, the use of sentinels, and cooperative or
altruistic behaviour in cephalopod anti-predator behaviour are
particularly fascinating and represent exciting opportunities for
further study.
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