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PReSTO’Cog — Effets de stress prénatals sur le développement précoce des comportements et des
capacités cognitives

WM — Wild Mothers

SM — Stressed Mothers

UM — Unstressed Mothers

UM-C — Unstressed Mother-Control (eggs or offspring)

UM-PE — Unstressed Mother-Predator-Exposed (eggs or offspring)

UM-LE — Unstressed Mother-Light-Exposed (eggs or offspring)

HI — Heterogeneity Index, a measure of body patterning disruptiveness; higher values mean a more
disruptive body pattern

PIT test — Prawn in a tube test (the standard method of measuring learning in cuttlefish)

DML — Dorsal mantle length (the standard measure of cuttlefish size); distance between forward edge of
mantle and posterior tip of mantle (excludes head and tentacles)

PVF — Perivitelline Fluid (substance that surrounds developing cephalopod embryos)

CREC — Le Centre de Recherches en Environnement Cotier (marine station of the Université de Caen
located in Luc sur Mer)

SMEL - Synergie Mer et Littoral (marine research facility located in Blainville sur Mer)

VL — Vertical Lobe

OL — Optic Lobe (Left (L) or Right (R))

HPA axis — Hypothalamic—Pituitary—Adrenal axis

5-HT — Serotonin (a monoamine)

5-HiAA — 5-Hydroxyindoleacetic Acid (the main metabolite of serotonin)

NA — Noradrenaline (a monoamine)

DA — Dopamine (a monoamine)

DOPAC - 3,4-Dihydroxyphenylacetic Acid (the main metabolite of dopamine)

LTP — Long Term Potentiation (the increase of synapse strength following stimulation)

ISAE — International Society for Applied Ethology (a pool of independent experts for governments,
International bodies, industry organizations, and NGOs)
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l. General Introduction:

Ethology and Stress

In 1963, Niko Tinbergen outlined an investigative framework for behavioral analysis, identifying
four guiding analytical perspectives: mechanistic (i.e. the physiological and molecular processes that
cause a behavior), ontogenetic (i.e. the events during development that affect behavior), adaptive (i.e.
the ways in which a behavior augments survival or reproduction) and phylogenetic (i.e. the degree to
which behavior is shaped by ancestry). These four perspectives form the foundation of ethology, the
study of animal behavior (Tinbergen 1963). Originally, ethologists were mainly interested in basic
research documenting animal behavior. Since the 1970s, however, with the establishment of the
International Society for Applied Ethology (ISAE), ethologists have become more and more interested in
the overarching processes which can explain general trends in animal and human behavior. At the same
time, one of the primary goals of ISAE and the ethological community is to improve the welfare of
captive species in zoos, aquariums, laboratories and agricultural facilities by our increasing our ability to
balance human needs with the needs of animals, whether physiological or behavioral. For this reason, a
great deal of attention has lately been focused on the study of stress. Though the exact definition of
stress is sometimes controversial, it here refers to a suite of physiological, morphological and behavioral
changes that occur in the face of external challenges in an attempt to re-establish homeostasis or to
lessen the impact of the offending stressor.

Stress can have both “positive” and “negative” effects on organisms. When the stressor is short-
term and one that has been encountered during the evolutionary history of the species, the stress
response should be able to mitigate its negative effects and increase overall fitness. However, when the
stressor is chronic or novel, the organism’s own stress response may actually have more of a detrimental
impact on health and fitness than the stressor itself. This is well-illustrated in our own species: when
facing immediate danger, such as a predator or an oncoming automobile, the hypothalamic—pituitary—
adrenal (HPA) axis will initiate a suite of automatic physiological changes (“fight or flight response”) that
enable one to escape the situation as quickly as possible (Cannon 1939). Over the long term however,
the continuous activation of the same HPA axis can damage various body systems (e.g. the immune
system), degrade health (e.g. impaired sleep) and reduce quality of life (e.g. anxiety). Likewise, many
health and societal ills result from a mismatch between our evolved stress responses and modern
challenges. Such health issues have broad societal implications, resulting in huge expenditures on

healthcare and social services, as well as lost productivity and lower workplace performance (Greenberg



et al. 1999). Growing awareness of these negative effects of stress has spawned a large body of work
concerned with better-understanding these effects in ourselves and on the evolution of species (Seyle,

1976).

Prenatal stress

In the study of stress, the period of reproduction, spawning and embryonic development is
particularly interesting due to its importance in establishing patterns of future physiology, morphology
and behavior (Gottlieb and Wagner 1991; Bremner, Lewkowicz, and Spence 2012; Houdelier et al. 2013).
Indeed, stress during this time (referred to as “prenatal stress”) can have profound effects not seen
when the same stimulus occurs elsewhere in the lifecycle. While prenatal stress often enables organisms
to predict and adapt to challenges present in the postnatal environment (Gluckman and Hanson 2004),
it can also result in a lifetime of problems. Prenatal stress in humans has been linked to disorders in
behavior, cognition and emotion, such as attention deficit hyperactivity disorder (ADHD), post-traumatic
stress disorder (PTSD), depression, anxiety and schizophrenia (Charil et al. 2010).

There are three potential avenues by which prenatal stress can exert its effects: 1) on the
mother herself (by affecting fecundity, mating behavior or egg-laying), 2) through the mother to the
offspring (e.g. via hormone transmission or perhaps sperm selection) or 3) direct perception of and
reaction to the stressor by the embryo (Fig. 1). Understanding the relative contribution of these three
potential paths of stress and their interactions is necessary to comprehending the ways that stress can
impact health, society, behavior and the evolution of organisms. For instance, stressors applied to
females during the reproductive period (“maternal stress”) have been shown to affect offspring survival,
behavior, learning and anxiety in diverse groups such as primates, rodents, birds and fish (reviewed in
Braastad 1998; Schreck, Contreras-Sanchez, and Fitzpatrick 2001; Henriksen, Rettenbacher, and
Groothuis 2011). These effects could either result from a direct stress reaction by the mother herself
(affecting the number of or the genetic composition of her embryos) or the result of transfer from
mother to offspring via provisioning or hormones in the placenta or egg yolk (Groothuis et al. 2005;
Hayward and Wingfield 2004; Lemaire et al. 2000; Weinstock 2008). Embryos themselves may also
perceive and react to stressors (“embryonic stress”) applied to spawning or brooding females. In order
to distinguish between maternally-mediated effects and direct perception, embryos must be isolated
from the female and have the stressors applied directly to them. However, it is currently difficult or
impossible to separate a mother from her developing offspring in species with internal development

(but see Roberts 2017) or maternal care of offspring after birth. However, oviparous species—those in



which embryos develop outside the female—allow separation of mother from offspring as soon the eggs

\

Reproducing Female Developing Eggs

l

are laid.

[k

Reduced or Transmission of Reaction by
altered stress effects developing
reproduction? from mother to embryos?
offspring?

Figure 1. The three potential avenues of prenatal stress transmission.

There is also the question of the ecological relevance of particular stressors to the embryos.
Naturally-occurring stressors, such as the odor of a predator, should, in theory, prompt an evolved,
adaptive response. Indeed, when predator cues are applied to juvenile and adult animals, it often
induces a change in phenotype or behavior that is adaptive in the face of this predator. A well-known
example of this occurs in water fleas of the genus Daphnia; when a predator is detected, they develop
spines and spikes that reduce the predator’s ability to easily consume them (Walls and Ketola 1989). By
contrast, an artificial stimulus not naturally encountered, such as bright light or loud noises, applied
directly to developing embryos (“artificial stress”) should confound the species ability to respond,
resulting in maladaptive responses. For instance, exposure to high levels of anthropogenic noise has
been linked to both stress responses and behavioral changes in cetaceans, which can have

consequences as dire as stranding and death (Weilgart 2007).

PrestoCog, a comparative study of prenatal stress effects in oviparous species

This thesis is part of a larger ethological study called “Effets de stress prénatals sur le
développement précoce des comportements et des capacités cognitives”, or “PReSTO’Cog” for short.
PReSTO’Cog is a collaboration between five labs across France. Each lab studies a different animal
model: the domestic chicken, the Japanese quail, trout, the zebrafish and the European cuttlefish. These

species represent a diverse range of animal groups: invertebrates (cuttlefish) and vertebrates (fish,



birds) as well as wild (cuttlefish), and domesticated species (chicken) and both poikilotherms (cuttlefish,
fish) and homeotherms (birds). All are oviparous and precocial, allowing offspring to be experimentally
isolated from the female during embryonic development and free of the post-natal influence of
maternal interaction. Finally, they are also relatively self-sufficient at birth, permitting immediate
behavioral testing of the offspring. By comparing such phylogenetically-distant species, we address the
topic of prenatal stress from Tinbergen’s third and fourth perspectives—the adaptive and
phylogenetic—uncovering clues to the evolutionary pressures and family history that led to the behavior
we see in these species today. Ultimately, such insights could be applicable to other animal groups,
including mammals, leading to improvements in human and animal welfare.

The unifying theme of this project is to determine if prenatal stress induces changes in offspring,
and whether the type of prenatal stressor experienced affects the manner in which the offspring reacts.
Do the effects of maternally-applied stressors on offspring differ from those of stressors applied directly
to the embryos themselves? Does the response to an artificial stressor differ from that occurs in
response to a naturally-occurring one? The effects of prenatal stress are assessed through a range of
physiological, behavioral and learning tests of young offspring. We also search for clues as to the
mechanisms of such effects, especially endocrinological evidence for the transfer of stress hormones
from mother to offspring and changes in brain growth and morphology. These questions probe behavior
from Tinbergen’s first two perspectives—the mechanistic and ontogenetic—parsing the innate biological
processes and external influences which interact to produce a particular behavioral repertoire.

Some definitions used in this thesis should be clarified. “Chronic stress” refers to stress induced
by a stressors experienced continuously or repeatedly over an extended period of time. By contrast,
“acute stress” is experienced after a single occurrence of a stressor. This thesis is predominantly focused
on chronic stress, since it is generally associated with stronger and more long-term effects with greater
implications for fitness. Note also that in the literature, many studies do not make the distinction
between maternally-applied and direct embryonic stress, and refer simply to prenatal stress regardless

of whether it was applied to the mother, to her offspring or to both.

Presentation of the study animal

Many invertebrates are both oviparous and precocial, making them potential candidates to
study the ways that stress can affect a species as discussed above. Moreover, invertebrates represent
97% of the species on earth, live in nearly every part of the planet and demonstrate an awesome
diversity in modes of life and behavior. Next to arthropods, the invertebrate molluscs are the second

most populous phylum, and like arthropods, have successfully colonized sea, freshwater and terrestrial

4



habitats. Certain molluscs have also evolved in many ways that are convergent with vertebrates (e.g. the
“lung” of terrestrial gastropods), making them good comparative models. The cephalopoda is a group of
molluscs comprised of about 700 extant species (Hanlon and Messenger 1998), divided into four main
groups: octopus, squid, cuttlefish and nautilus (Fig. 2A-D). They are exceptionally sophisticated,
demonstrating advanced perceptual abilities, learning, memory, problem-solving and plasticity
(Hochner, Shomrat, and Fiorito 2006). Cephalopods have nervous systems that are highly-centralized
(Budelmann 1995) and uncharacteristically large, with brain to body weight ratios exceeding those of
fish and reptiles and approaching those of mammals and birds. The nervous system has been well-
studied over the last century, with specific cognitive tasks localized to specific brain lobes (summarized
in Dickel et al. 2013). Cephalopods display both convergent (e.g. the cephalopod and vertebrate eye)
and divergent (e.g. cephalopod jet propulsion versus the muscle-powered propulsion of fish)
adaptations to evolutionary challenges as other animal groups (Packard 1972; Hochner, Shomrat, and
Fiorito 2006). Their sophistication and their position as invertebrates means that cephalopods have
much insight to offer as counterpoints to more traditional vertebrate models, and their unique and
extraordinary behaviors often challenge our notions of the general principles underlying animal
behavior. It has even been posited that competition between fish and cephalopods shaped the

evolution of numerous traits in both groups during the Mesozoic (Packard 1972).

B) Lacking Copyright Permission

C) Lacking Copyright Permission D) Lacking Copyright Permission

Figure 2. A) The giant Pacific octopus, Enteroctopus dolfleini (photo by C.E. O’Brien); B) the giant squid (Architeuthis dux (photo
by Brian J. Skerry, National Geographic); C) the common cuttlefish, Sepia officinalis (photo by Hans Hillewaert); D) the
chambered nautilus, Nautilus pompilius (photo by William Cho).



Like the other PReSTO’Cog models, the common cuttlefish Sepia officinalis (Linnaeus 1758) (Fig.
2C), is an excellent model for studying the effects of prenatal stress because it is oviparous and
precocial. S. officinalis is also a species that is important both commercially and scientifically: fisheries
exist in both the Atlantic and Mediterranean (Dunn 1999) and it is cultured in several laboratories and
aquaculture facilities (Pascual 1978; Forsythe, DeRusha, and Hanlon 1994; Domingues, Sykes, and
Andrade 2002). Indeed, along with Octopus vulgaris, it is one of the most commonly-studied species of
cephalopod. Most importantly, cuttlefish and other cephalopods have the advantage of being
phylogenetically-distant from more typical animal models like rats and monkeys: they are an
invertebrate group separated from vertebrates by hundreds of millions of years of distinct evolution,
allowing them to serve as a reference point to determine whether the stress effects that we observe in
different species are products of shared ancestry or separate evolutionary developments (Tinbergen’s
third and fourth questions). Ultimately, a better understanding of the effects of prenatal stress in S.
officinalis will yield general insight into the processes and strategies by which organisms survive.

Additionally, this research will help fill gaps in knowledge about the specific biological needs of
cuttlefish, particularly those regarding housing, reproduction and behavioral markers of welfare.
Hopefully, insight from this work will improve the ability of aquaculturists and researchers to set
standards of care and standard practice. This is particularly necessary due to the recent inclusion of
cuttlefish and other cephalopods in European animal welfare legislation (Directive 2010/63/EU)
governing the use of animals in experimental procedures. It may also help with future captive-rearing
and release efforts, which sadly may become increasingly necessary with growing food demands and
climate change. For instance, Sepia apama, the giant Australian cuttlefish, was recently designated as
“near threatened” due to intensive fishing of breeding aggregations in specific locations and is facing a
projected 20% decrease in population levels if current catch rates continue (IUCN 2017). And alarmingly,
local British newspapers report that fishermen are taking advantage of lax regulations and are
harvesting cuttlefish in the south west of the United Kingdom at unprecedented rates in response to
demand in Asia (Jones 2017; Payne 2017). If this trend continues, we may soon have greater ecological
and economic incentives to augment natural stocks artificially. One particularly economic strategy would
be to recover and culture the eggs laid on cuttlefish traps and normally lost when the gear is cleaned at
the end of the harvest season (Blanc and Daguzan 1998). Already, pilot efforts to culture cuttlefish eggs
and hatchlings in large, outdoor ponds have been undertaken with moderate success (Roussel and

Basuyaux, 2016). The work presented here will hopefully inform these efforts.



Thesis overview

In this thesis, prenatal stress is investigated from the four ethological perspectives that
Tinbergen (1963) outlined through a broad spectrum of physiological, behavioral, cognitive and
neurobiological tests to determine if and how prenatal stress affects cuttlefish. Two major kinds of
stress were investigated: stressors were applied to both reproducing females (maternal stress) and
developing embryos (embryonic stress). Two types of embryonic stressors were applied: a naturally-

occurring one and an artificial one (Fig. 3).

‘ Prenatal Stress ‘

Maternal Stress | ‘ Embryonic Stress ‘

‘ Natural Stressor ‘ ‘ Artificial Stressor

Figure 3. Schematic representation of the categories of stress investigated.

In Chapter 1, data is reported showing that stress affects the quantity and quality of the eggs of
reproducing females. Chapter 2 examines the two other potential means of stress effects: the transfer
of non-genetic material (e.g. hormones) from mother to offspring and direct embryonic perception.
First, it provides detailed background information on the early development and sensory abilities of this
species in two review papers. Next, it overviews the effects of maternal and embryonic stress on
offspring behavior and learning observed in a number of experiments. Chapter 3 reports some related
experiments concerned with some of the practical implications of prenatal experience and its effect on
behavioral research. Finally, the main findings are reviewed in the discussion and conclusion, with a

prospective on the future of cephalopod research and suggestions for further research.
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Chapter 1: Stress and Reproduction in Cuttlefish

This chapter presents a brief overview of reproduction, followed by an article outlining the
effects of stress on cuttlefish reproduction and finally, an account of a “mesocosm” experiment which

provides anecdotal support for the conclusions of the article.
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I. Article #1: “Effects of Maternal and Embryonic Stress on Egg Production and Offspring in the
Cuttlefish, Sepia officinalis”

In the English Channel, Sepia officinalis has a one to two year life cycle (Gauvrit, Goff, and
Daguzan 1997) spent mostly living in deeper offshore waters. Towards the end of their life, they migrate
to shallower coastal waters to mate, lay eggs and die soon thereafter (Boletzky 1987). Each female can
lay dozens to thousands of eggs fertilized by stored sperm from one or more males (Hanlon, Ament, and
Gabr 1999). Depending on the temperature, these eggs hatch 2-3 months later as autonomous benthic
hatchlings about 1cm in total length (O’Brien, Mezrai, et al. 2016). While we were primarily interested in
qguantifying the effects of prenatal stress on cuttlefish offspring, the data collected in the course of
testing the effects of maternal stress on hatchling cuttlefish also demonstrated the effects of stress on

cuttlefish egg production. These results are reported in the following manuscript.

Effects of Maternal and Embryonic Stress on Egg Production and Offspring in the
Cuttlefish, Sepia officinalis

Caitlin E. O’Brien?, Cécile Bellanger?, Christelle Jozet-Alves®, Nawel Mezrai®, Anne-Sophie Darmaillacg®
and Ludovic Dickel®*

*Normandie Univ, UNICAEN, CNRS, NECC, UMR EthoS 6552, 14032 Caen cedex, France
*Corresponding author (ludovic.dickel@unicaen.fr)

Key words: handling, egg-laying, hatching rate, fecal corticosterone, predator cues, LED light

Abstract

Stress has been shown to have profound effects on animals, particularly if it occurs during reproduction or
embryonic development. Invertebrate mollusc cephalopods offer unique points of comparison to typical
vertebrate models in the study of stress. We investigated the effects of stressors applied to reproducing and
developing cuttlefish, Sepia officinalis, by comparing the number of eggs produced by females in a typical captive
setting with females subjected to moderate stress during egg-laying (confined space and repeated removal from
the water). We also subjected their eggs to naturally-occurring (predator cues) and artificial (random bouts of
bright LED light) stressors during development in order to gauge the impact of direct stress on embryos. We found
that stressed females produced fewer eggs and that fewer of those eggs hatched. Simultaneous attempts to
identify a simple proxy for stress levels (fecal corticosterone or unused reproductive material) in reproducing
females were unsuccessful, although we found that a few stressed mothers laid mostly transparent eggs lacking
the dark pigment typical of this species. In contrast to maternal stress, stressors applied directly to developing
embryos had no effect on hatching rate. Neither stress type was associated with differences in hatching size. Our
results suggest that reducing stress during egg-laying may increase aquacultural egg yields in S. officinalis and that
developing embryos are less affected by stress applied directly to them than to their mother.
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Introduction

Organisms have evolved to react to unexpected phenomena in their environment (e.g.

predators, changes in environmental parameters, unfamiliar sensory stimuli) or to anticipated pain or
suffering with a physiological or behavioral response. Such responses are referred to as “stress”
(occurring in response to “stressors”), and involve a variety of physiological changes with which the
organism attempts to avoid death (Schreck, Contreras-Sanchez, and Fitzpatrick 2001). For example, in
numerous species of the freshwater crustacean genus Daphnia, early exposure to odor cues from
predators induces the development of defensive features—including defensive spines and changes in
body size and shape—that deter consumption (e.g. Krueger and Dodson 1981; Tollrian 1995). However,
while these responses have evolved to enhance fitness in the face of predators, they divert resources
away from other life functions. In this way, stress can reduce overall fitness, especially if exposure to the
stressor is recurring, continuous, or if the response is poorly-adapted to the situation (McEwen and
Wingfield 2003). In D. pulex, a species that develops spines in response to predator cues for instance,
predator exposure usually delayed sexual maturity by one full growth stage (instar), reducing the
likelihood of survival until reproduction (Walls and Ketola 1989). In this case, it appears that the
resources diverted to the predator stress response detract from growth and maturation.

When stress is experienced during reproduction or embryonic development, its effects may be
especially profound. In some cases, stress may increase reproductive output or offspring success by
inducing adaptive responses on the part of the mother or her offspring. For instance, when spawning
female sticklebacks sense predators, their offspring exhibit stronger anti-predator behavior (tighter
shoaling) than offspring from unstressed females (Giesing et al. 2010). But the preponderance of
literature (primarily regarding fish) suggests that stress reduces reproductive output (reviewed in
Braastad 1998; Schreck 2010). In catfish for instance, the stress induced by human handling of females
was associated with reduced egg production (Soso et al. 2008).

In fish, birds and mammals, “stress hormones,” including adrenal glucocorticoids, are thought to
be the mediator of the stress response (Moberg 1991). When exposed to stressors, animals secrete
these hormones, which induce changes in behavior, metabolism and physiology. There are numerous
studies associating maternal stress with changes in offspring, and it seems likely that stress hormones
are being transferred from mother to her offspring via the placenta or egg yolk and mediating some of
these changes (Braastad 1998; Welberg and Seckl 2001; Henriksen, Rettenbacher, and Groothuis 2011).
However, the embryos of many of these species are capable of sensing the environment outside the egg

or placenta to some degree (Gottlieb 1976) and could potentially experience stress directly from
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environmental stimuli during development (we refer to this as “embryonic stress”). Thus, it is sometimes
unclear if stress reactions observed in offspring are due to the transfer of maternal hormones or to a
stress response by the embryos themselves, especially in animals in which fetuses or eggs develop
within the female. Comparing the effects of maternal and embryonic stressors is necessary, but since
this separation is not possible in viviparous and ovoviviparous animals, inferences must be drawn from
animals with different reproductive habits.

Along with fish, reptiles and amphibians, many invertebrate species are good candidates for this
kind of investigation since they are oviparous (the embryos typically develop separately from the
mother), allowing them to be experimentally isolated from the female for testing the effects of
embryonic stress. Testing both maternal and embryonic stress in a complementary and concurrent way
allows general comparisons to be made between the stress types. Among invertebrates, cephalopod
molluscs are particularly good comparative models, since their physiology and behavior converge with
that of vertebrates in many instances (Grasso and Basil 2009). Comparisons of phylogenetically distant
species that have features demonstrating convergent evolution allow us to infer whether the
adaptations to ecological challenges that we observe represent novel evolutionary “solutions” or are
dictated by ancestry. Stress responses have scarcely been investigated in cephalopods, but there are
preliminary indications that there is at least some similarity to the stress responses of vertebrates. In
one study, elevated levels of the stress hormone corticosterone were measured in the feces of the giant
Pacific octopus after injection of adrenal hormone (ACTH) or saline solution (Larson and Anderson
2010). Similarly, an acute instance of air exposure has been shown to elevate noradrenaline in the
hemolymph of the octopus Eledone cirrhosa (Malham et al. 2002). As in vertebrates, these stress
hormones are thought to influence various aspects of cephalopod biology, including the secretion of
reproductive hormones (Di Cosmo and Polese 2016).

The cuttlefish Sepia officinalis is a cephalopod mollusc inhabiting the Mediterranean and the
Atlantic coasts of Europe and North Africa. A well-established fishery and aquaculture industry make it
economically important and it is a model species in biological research (Bloor et al. 2013). S. officinalis
reproduces only once at the end of life and dies very soon after, though egg-laying may last for several
days or weeks (Boletzky 1987). In captivity, females typically lay up to 1500 eggs each (Domingues,
Sykes, and Andrade 2002, 2001; Correia et al. 2005; Sykes et al. 2009; Sykes et al. 2013). Embryonic
development lasts between 40 and 90 days, with higher temperatures accelerating embryogenesis

(Bouchaud 1991; Bouchaud and Galois 1990; Bouchaud and Daguzan 1990) but usually yielding smaller

13



hatchlings (Gauvrit, Goff, and Daguzan 1997). Eggs develop outside the mother and there is no direct
parental care during embryonic development or after (Bloor et al. 2013).

Despite interest in culturing cuttlefish, there are few studies on the effects of stress on female
reproduction or embryonic development in this species to date. Moreover, there are very few studies
that allow for a comparison between the effects of maternal and embryonic stress in any animal. We
designed an experiment to test for effects of maternal stress on egg output, embryonic survival and
growth, as well for effects of embryonic stress on embryonic survival and growth in S. officinalis. Since
confined tank space and occasional brief removal from the water are often unavoidable aspects of
cuttlefish capture and aquaculture, we used these factors as chronic and repeated acute stressors to
investigate maternal stress. We expected that such treatment would reduce egg laying, since females
would likely be forced to expend resources in reacting to the stressors. In a second experiment, we
examined the effects of embryonic stress. Since stress responses of embryos are poorly understood, we
tested both a naturally-occurring and an artificial stressor in order to represent a range of potential
sources of stress present in the natural environment and in captive settings. As a natural stressor, we
selected a fish common in the English Channel that preys on small cuttlefish. As an artificial stressor we
selected bouts of bright artificial (LED) light timed randomly throughout the day over the course of
embryonic development. Importantly, previous experiments have shown that late-stage cuttlefish
embryos react to both predator odor and bright light with changes in mantle contraction rate (Romagny
et al. 2012), indicating a definite ability to perceive these stimuli. In comparing the two kinds of stress,
we predicted that embryonic stressors would have a stronger negative impact on hatching rate and
hatching size than maternal stressors since the limited resources of embryos would need to be diverted
away from growth in order to mount a stress response.

Finally, we also attempted to find a simple way to measure stress in cuttlefish, a tool that would
allow us to assess the suitability of captive conditions for spawning females. Since measurement of fecal
glucocorticoids is used in many species as a non-invasive way to quantify stress (e.g. Tempel and
Gutiérrez 2003; Metrione and Harder 2011), we tested whether or not fecal corticosterone could be
used to assess stress levels in S. officinalis. (Attempts were also made to test corticosterone levels in
embryos directly, but the values obtained fell below the quantification limit of the detection kit.) We
also examined the amount of unused reproductive material (oocytes) remaining in the females at death,
reasoning that stress could reduce the utilization of reproductive capacity. We predicted higher levels of

corticosterone and more unused reproductive material in stressed females than in control females.
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Methods
2.1 Females

2.1.1 Collection and Housing:

In May, 2015, and on May 10, 2016, 39 female cuttlefish (S. officinalis) approximately two years
old were captured from the English Channel and transported to the Centre de Recherches en
Environnement Cotier (CREC) in Luc-sur-Mer, France. They were maintained in a semi-open flow-
through seawater system with a light/dark cycle matched to day length (about 14:10h) with a mean
temperature of 15+1°C. Female cuttlefish were mated with males caught concurrently or already
present at the CREC, and likely also possessed sperm stored after mating with males in the field. (Female
cuttlefish can store sperm for up to five months (Hanlon, Ament, and Gabr 1999)). Each female was fed

one large or two medium-sized Carcinus maenas (Linnaeus 1758) per day.

2.1.2 Stress Treatments:

Females were partitioned into two groups. “Unstressed mothers” (UM, n = 19) were maintained
in large (1000L), round tanks enriched with stones, artificial algae, floating objects and shaded areas. In
2015, seven UM were housed individually in these conditions, and in 2016, due to a large number of
females captured in one day, UM were housed in four groups of three (Table 1). Statistical tests found
no difference in the number of eggs laid per UM between 2015 and 2016.

In both 2015 and 2016, “stressed mothers” (SM, n = 20) were housed singly in small, unenriched
square grey bins (65 L) with a water depth of 20 cm. In addition, these animals were subjected to daily
“handling” stress; they were gently lifted from the water using a specially-made mesh platform for 10 s
three times a day (30 s day™ total) between 09h00 and 18h00 with randomized intervals between
handling. These stress treatments were applied from the day after capture until natural death. During
removal from the water, females would usually eject water from their siphon several times in an
attempt to reenter the water. Often, they would also ink, but usually in small amounts and decreasingly
as time progressed. On average, females from both groups survived for 15 £ 6.15 days after capture,
with no difference in survival time between the stress treatment groups.

The number of females that produced eggs was recorded both by direct observation of egg-
laying and by the presence of eggs within the tank. The number of eggs was counted every morning, and
the viability of eggs assessed by visual inspection. The presence of some translucent eggs (membrane
lacking ink) was noted. Some of the eggs produced were too small to be fertilized or showed obvious

malformations. Previous experience had shown that such eggs do not develop and these were
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discounted. We incubated the eggs (see next section) and measured the hatching rate and hatching size
of offspring. Only eggs that were part of a cohort of at least 50 eggs laid after at least one week of
treatment were used in assessments of hatching success and size in order to ensure sufficient

manifestation of any treatment effects (Table 1).

Table 1) Composition of female stress groups by year. Data from the two years were pooled. The sample size used
in the different comparisons of females and their offspring vary between tests for several reasons, including
whether any individuals did not lay eggs, whether females were housed individually or separately, and whether
any egg-layers laid fewer than 50 eggs.

Unstressed Mothers Stressed Mothers
2015 7 captured 6 captured
4 Egg-Layers 3 Non-Layers 4 Egg-Layers 2 Non-Layers
4 laii
3 laid > 50 eggs after a ffé(rj;fg:lg g;
1 week of treatment
treatment
2016 | 12 captured (divided into 4 groups, consisting 14 captured
of three females each)
11 Layers* 1 Non-Layer* 8 Egg-Layers 6 Non-Layers
4 grou;.a means (total 6 laid > 50 eggs
eggs +3or2) >50
after 1 week of
eggs after 1 week of
treatment
treatment

*Directly observed daily.

2.1.3 Fecal Corticosterone Assays:

In May and June of 2016, feces from the spawning females were collected daily from the bottom
of every tank using a hand net. Fecal strands were separated from other detritus and placed in 1ml vials.
These were frozen and stored at -80°C for five to six months (depending on collection date). In
November 2016, fecal samples were thawed, weighed (0.3-1.2 g wet feces) and dried (65°C, overnight)
to obtain a dry powder. Twelve consecutive days of samples from the 24 individuals tested in 2016 were
pooled into four replicates per treatment group (means calculated from feces of two to four individuals)
and into six time points (feces from two subsequent days) in order to achieve a usable amount of
sample. Extraction was achieved via a specially-developed protocol: 90% methanol was added to the
dried sample (1 ml 100 mg™ dried feces), followed by vortexing (20 min) and centrifugation (20 min,
2800 rpm). Methanol was allowed to evaporate from the resulting supernatant and the sample was
subsequently re-suspended in a steroid diluent and stored at 4°C until assay (1 week). After
homogenization in an ultrasonic bath (37kHz, 15min), an ImmuChem Double Antibody

CorticosteroneTM 1251 RIA kit (MP Biomedicals, LLC) was used to quantify the corticosterone present in
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the feces of each treatment group. A gamma counter measured relative radioactivity of the samples and

corticosterone concentrations were calculated via comparison to a standardized curve.

2.1.4 Ovary Dissections:

“Lifespan after capture” is the number of days between capture and natural death in the facility.
At death, we measured female Dorsal Mantle Length (DML, cm) and weight (kg) after water was drained
from the body cavity and the outer surface gently dried. The bodies were then frozen in a -20°C freezer.
In August, 2016, the bodies were thawed and dissected in order to count the number of oocytes

remaining in the pallial cavity.

2.2 Eggs
2.2.1 Egg Collection:

For the first three weeks of incubation, eggs were maintained in floating baskets in the maternal
treatment tank in which they were laid (up to 250 eggs per basket). After a suitable number was
collected (about three weeks after the first eggs were laid), eggs were moved from these conditions and
acclimatized over the course of a day to a mean seawater temperature between 17 and 19°C. In order to
ensure that any potential stress effects had time to manifest and that they were represented by
adequate sample sizes, only eggs from mothers that had laid at least 50 eggs after one week of
treatment were used to calculate hatching success and hatching size (see Table 1). Eggs were
maintained until hatching in floating trays in 65L tanks constantly renewed by seawater from a flow-

through system, with aeration from an air stone and exposure to the natural light cycle.

2.2.2 Stress Treatments:

Eggs from SM were allowed to develop without any further treatment (Fig. 4a), while eggs from
UM were randomly divided into three groups to test the effects of stress applied directly to cuttlefish
eggs (Fig. 4b). “Predator-exposed” (UM-PE) eggs were placed in a tank with three European sea bass
(Dicentrarchus labrax Linnaeus, 1758), continuously exposing them to the chemosensory, and
potentially vibrational and visual, cues emitted by the fish, though they were physically separated by
mesh. Throughout development, “light-exposed” (UM-LE) eggs were exposed to LED light (18 Watts) for
15 min six times a day at random intervals for a total of 90 min day™. The third group, UM from the
maternal stress part of the experiment, was used as the “control” (UM-C) group in this phase of the

experiment as well. Hatching occurred between June 29 and August 5, 2015 and from July 2-24, 2016.
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Fig. 4) Schematic representation of experimental design. A) Maternal Stress Effects, B) Embryonic Stress Effects.
The arrows between panels A and B indicate that the eggs of UM were subdivided to create the embryonic
treatment groups and that the same control group was used in both phases of the experiment.

2.3 Hatchlings

Hatchlings were counted at 08h00 each morning and used to calculate hatching rate. Each
hatchling was then gently moved from the hatching tank to a shallow, uniform grey container and
photographed with a Panasonic HDC-SD60 camera. Using Imagel, DML (the tip of the mantle to the edge
just behind the eyes) was measured in two photos and averaged. If these two values differed by more
than 5%, a third photo was measured and the mean DML calculated from these three measurements.

Sex discrimination is not possible at this age.

2.4 Ethical Note

This research was conducted in accordance with Directive 2010/63/EU, under the approval of
the Comité d’Ethique NOmandie en Matiére d’EXperimentation Animale (CENOMEXA) #54 (agreement
number A14384001).

2.5 Statistics

All statistical analyses were conducted in StatXact®7 (Cytel Inc.) and R. Because the trends from
2015 and 2016 only differed in a single instance (hatching size following maternal stress), samples were
pooled in order to achieve a usable sample size for statistical analysis. All values are reported as mean +

standard deviation.
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To compare the number of females that laid eggs, as well as the number of females that laid
translucent eggs with those that laid normal eggs, chi-squared exact tests were used.

The number of eggs per female was calculated from laying females only. In 2016, UM were
housed in groups of three, and thus individual counts per female were not possible. Instead, the total
number of eggs produced by each tank was divided by three (or two in one case) to yield a mean value
for each tank (11 of 12 UM were directly observed by experimenters laying viable eggs in 2016). These
were combined with the individual UM egg counts from 2015, and compared to the eggs per female of
SM using exact permutation tests for independent samples. We also compared the eggs per female of
UM between years with an exact permutation test to test for any effect of housing singly or in groups.

The data for female size (weight and DML), lifespan after capture and the number of remaining
oocytes (2016 only) were not normally distributed, so means were compared using exact Pearson
permutation tests for independent samples. We also tested for a correlation between the number of
eggs laid and lifespan after capture of UM and SM with canonical correlation analysis. The sample sizes
used to calculate these values varied since some measurements were not possible in certain individuals.

Fecal corticosterone measurements were logit transformed and fitted with logit-log linear
regression (logl10(corticosterone concentration) ~ treatment + (1 | testing.days)) using the “Ime4”
package in R.

The hatching rate for SM was calculated as the number of live hatchlings divided by the total
number of eggs laid. Due to the large number of eggs laid, not all the eggs from UM were measured for
this experiment. Instead, a large subset of the eggs was partitioned into three embryonic stress groups
(UM-C, UM-PE and UM-LE eggs). Females that produced fewer than 50 viable eggs after one week of
treatment (one UM in 2015 and two SM in 2016) were excluded. 2x2 chi-squared tests were used to
compare UM and SM, and a Cochran-Mantel-Haenszel chi-squared test was conducted to compare UM-
C, UM-PE and UM-LE eggs.

Hatching DMLs were normally distributed and there was equal variance between treatment
groups, enabling parametric analysis. UM and SM were compared using an independent T-test, while C,

PE and LE eggs were compared using a two-way ANOVA with stressor type and mother as main factors.
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Results

3.1 Females
3.1.1 Egg-laying:

The proportion of SM (60%) that produced eggs did not differ from UM (78.95%) (two-tailed chi-
squared exact test: X*=1.64, UM n =19, SM n = 20, p =0.3; Table 2). 15 UM laid a total of 6567 eggs
while 12 SM laid a total of 1831 eggs.

No significant difference existed in DML, weight at death, lifespan after capture or the amount
of remaining reproductive material at death (remaining oocytes) between UM and SM (Table 2). For
UM, there was a strong correlation between lifespan after capture and eggs per female (canonical
correlation test: R =0.90, n =12, p < 0.0001; Table 2), and only a weak correlation for SM (canonical

correlation test: R =0.34, n = 20, p = 0.14).

Table 2) Proportion of egg layers, size (DML and weight), lifespan after capture (days), the correlation between
lifespan after capture and number of eggs laid and remaining oocytes (mean % s.d.) of female cuttlefish. UM: n =
19 females housed individually or in four groups of three; SM: n = 20 females housed individually. The proportion
of egg layers was tested with a Fisher exact test, all others with exact permutation tests (these calculations include
both egg-layers and non-layers).

Unstressed Mothers Stressed Mothers Comparison
. 78.95% 60.0% p=0.3
Proportion of Egg Layers n=19 n =20 2= 1.642
23.29 £ 3.25, 23.03 £1.89, p=0.81
DML (cm) n=17* n=17* t > 396
. 1.29 £ 0.30, 1.31+0.25, p=0.84
Weight at death (kg) =17 =16 t> 2185
Lifespan after Capture 15.63 +7.21, 14+5.0, p=0.38
(days) n=19 n=20 t>297
Corre.latlon: I.\lumber of Eggs b < 0.0001 =014
Laid and Lifespan after
n=12 n=20
Capture
Remaining Oocytes 108.33 £ 33.26, 117.5 £ 48.64, p=0.65
(2016 only) n=12%* n=12%* t>1300

*Accurate body measurements were not possible for some specimens.
**For technical reasons, dissection was not possible for some specimens.
3.1.2 Fecal Corticosterone:
The mean corticosterone concentration over six days in UM was 0.70 + 0.36 ng mg™* dry feces
and 0.79 + 0.56 ng cort mg™ dry feces in SM. No significant difference existed between treatment groups
(GLMM: X* 2 0.07, n = 4 (means calculated from the pooled feces of one to four individuals over two

days), p = 0.79; Fig. 5).
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Fig. 5) Fecal corticosterone concentration (mean ng corticosterone mg'1 dry feces t s.d.) over time, measured
from fecal samples collected in 2016. No significant difference exists between groups (GLMM: X*20.07,n per
data point = 4 (means calculated from the pooled feces of one to four individuals over two days), p = 0.79). Data
are displayed as group means (dots) + standard deviation (whiskers).

3.2 Eggs

Egg-laying occurred from May 15 to June 9, 2015 and from May 14 to 29, 2016. UM produced a
significantly higher number of eggs per female than SM (UM = 505.23 + 373.30 per female, n = 8 (four
individuals from 2015 and four group means from 2016—see Table 1 for details); SM = 152.58 + 96.93
per female; n = 12; two-tailed exact permutation test: t > 4042, p < 0.001; Fig. 6). Among UM, there was
no difference in eggs per female between years (exact permutation test: t 2 2675, p = 0.69), supporting
our choice to pool these groups despite the differences in housing conditions (individual in 2015, groups

of 3 in 2016).
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Fig. 6) Mean number of eggs per female (mean t s.d.). Among the females that laid eggs (“layers”), significantly
more eggs (two-tailed exact permutation test: t > 4042, p < 0.001) were laid by UM (505.23 + 373.30 per female; n
= 8 (four individuals and four group means—see Table 1 for details)) than SM (152.58 + 96.93 per female; n = 12).

In addition to our planned measurements, we also noted that 25% of laying SM (n = 12)
produced eggs with little or no ink in the egg capsule (Fig. 7). This was not significantly different from
laying UM (n = 15) which did not produce any viable translucent eggs (two-tailed chi-squared exact test:

X*=4.22, p = 0.08) but constitutes a statistical trend.

Fig. 7) A normal (ink-stained) S. officinalis egg (left) and a translucent egg laid by one of the SM (right). Both eggs
are in the final stage of embryonic development (Stage 30) and hatched a few days after the photograph was taken
(July, 2016). External embryo (a) and yolk sac (b) are visible in both specimens. Bar in upper right corner = approx.
lcm.

3.3 Hatchlings
3.3.1 Hatching Rate:

Significantly more (two-tailed chi-squared test: X* > 453.50, p < 0.0001; Table 3) UM eggs
(57.14%, n = 1876) produced live offspring than SM eggs (22.27%, n = 1724).

Among the embryonic treatment groups, there was no significant difference in hatching rates
between groups (Cochran-Mantel-Haenszel chi-squared test: X* > 0.84, p > 0.99; Table 4): 57.14% of
UM-C eggs (n = 1876), 59.33% of UM-PE eggs (n = 1876), and 63.38% of UM-LE eggs (n = 1876) produced

live offspring.

3.3.2 Hatching Size:
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At hatching, the mean DML of UM offspring (8.56 + 0.75 mm, n = 72) was not significantly
different from SM offspring (8.41 £ 0.92 mm, n = 97) (two-tailed independent T test: t = 1.13, p = 0.26;
Table 3).

Table 3) Hatching rate and mean hatching size (dorsal mantle length (mm), mean * s.d.) of eggs and offspring
from the maternal stress experiment. Hatching rates were compared with a chi-squared test, while hatching sizes
were compared with a two-tailed independent T-test.

Unstressed Mother Stressed Mother Comparison
. 57.14% 22.27% p <0.0001,
Hatching Rate n = 1876 n=1724 X > 453.50
. . 8.56 £ 0.75 8.41+0.92 p =0.26,
Hatching Size (mm) n=72 P t=113

Likewise, no significant difference existed between UM-C offspring (8.56 £ 0.75 mm, n = 72),
UM-PE offspring (8.64 + 0.73 mm, n = 85) and UM-LE offspring (8.71 £ 0.69 mm, n = 74) in hatching DML
by stress treatment (two-way ANOVA: F = 1.54, p = 0.22; Table 4), although individuals were found to
differ significantly by mother (F = 4.49; p < 0.001).

Table 4) Hatching rate and mean hatching size (DML, mean % s.d.) of eggs and offspring from the embryonic
stress experiment. Hatching rates were compared with a Cochran-Mantel-Haenszel chi-squared test, while
hatching sizes were compared with a two-way ANOVA.

Control Predator-Exposed Light-Exposed Comparison
. 57.14% 59.33% 63.38% p >0.99,
Hatching Rate n=1876 n=1876 n=1876 X2 > 0.84
Stress: p=0.22,
Hatching Size (mm) 8.56+0.75 8.64+£0.73 8.71 £ 0.69 F=1.54,
n=72 n=2385 n=74 Mother: p < 0.001,
F=4.49
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Discussion
The purpose of this study was to determine whether maternal and embryonic stressors affect

cuttlefish reproduction, hatching rate and hatching size. Using an oviparous species also allowed us to
compare the relative impact of maternal versus embryonic stressors. In parallel, we attempted to
determine whether fecal corticosterone levels (a commonly-used and noninvasive measurement of
stress levels in many animals) or the number of unused eggs remaining at death (a proxy for unused
reproductive potential), would correspond to any reproductive effects of maternal stress observed in
cuttlefish.

Maternal stress clearly reduced egg-laying in cuttlefish. This difference could not be explained
by female size or survival time: There was no difference in mean weight or DML between the stress
groups, and females from both groups survived for a little over two weeks after capture before they
died naturally, with no difference in lifespan between groups (Table 2). One potential explanation for
the reduction in the number of eggs laid by SM might be that stress responses depleted energy reserves
necessary to sustain egg laying activity. Since cuttlefish generally do not eat during this time (Boletzky
1986), the energy for egg laying and basic life processes is derived from the set amount of body reserves
remaining to the female. Thousands of immature oocytes are stored in the ovary, and released into the
genital tract in batches of a couple hundred to be fertilized, encapsulated and laid (Bernay 2005). Once a
batch of eggs has been laid (usually over a relatively short period of hours or days), another batch can be
recruited from the ovary. Thus, egg-laying appears not to be limited by the total number of oocytes
available, but by time and energy stores. Reacting to stressors may accelerate energy consumption, and
could therefore deplete the resources that females would otherwise use to lay eggs, whereas favorable
conditions may permit multiple bouts of oocyte maturation from the ovary, resulting in the intermittent
laying over the course of weeks or even months that is sometimes observed (Boletzky 1987; Boletzky
1988). This hypothesis is supported by the positive correlation between the lifespan after capture and
eggs per female for UM (Table 2), suggesting that for this group, the number of eggs produced was
largely a function of how long a female survived. By contrast, the weaker correlation between these
factors for SM suggests that another factor is responsible for the reduced egg output.

Interestingly, 25% of SM and none of the UM that produced viable eggs laid partially or entirely
translucent ones (Fig. 7). In most cases, the egg membrane of S. officinalis is impregnated with dark ink
from the mother, although translucent eggs are occasionally seen in both aquaculture and in the wild
(Fig. 8). In our experiment, the ratio of SM displaying this trait did not differ significantly from UM, but it

constitutes a statistical trend and we believe that it may be related to the stress treatment. It is possible
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that these transparent eggs were the result of ink depletion as a result of inking in response to stress
treatments. However, females did not appear to deplete their ink supply during stress treatment, since
all those examined (2016) still contained ink in their ink sacs at death. Ink staining occurs during the
secretion of oviducal jelly around the eggs by the oviductal and nidamental glands, and our results
suggest that stress can somehow disrupt this process (Boletzky 1986; Cornet et al. 2015). Ink in the
membrane is thought to play a protective role during embryogenesis by deterring consumption by
predators and microbial attacks (Cornet et al. 2015) and by blocking excess light that could interfere
with normal development (Bassaglia et al. 2013). Since S. officinalis lays large clutches in the open, it
seems likely that ink is important for egg survival in this species as camouflage or protection from light.
It is known that transparent S. officinalis eggs reared in captivity hatch earlier than their darker
counterparts (Paulij et al. 1991), and this could result in smaller hatchlings (Bouchaud and Daguzan
1990). However, the female that produced only translucent eggs in 2015 had a hatching rate 10% higher
than the overall group mean as well as a slightly larger hatching DML, so it does not seem that the lack
of ink is detrimental to survival or growth in captivity. Still, the lack of ink may be a severe disadvantage
in the natural environment due to the presence of predators and parasites. Alternatively, it could be
adaptive by enabling greater access to visual information about the surrounding environment (e.g. what
predator and prey species are present at the hatching site). Regardless of the reasons for this
phenomenon, if the trend is substantiated by other experiments and observations, the presence of
translucent eggs in a clutch could serve as a marker of the presence of stressors during the laying
process, giving indirect indications of laying conditions in the wild or the suitability of a captive rearing

environment.

Fig. 8) Transparent S. officinalis eggs (center) surrounded by normal ink-stained eggs with embryos visible
within. Collected from the English Channel and photographed on June 19, 2014. Long axis of eggs = approx. 3.5
cm. Bar in upper right corner = approx. 1 cm.
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In addition to reducing the number of eggs laid by SM, fewer of the SM eggs hatched. The
hatching rate of UM (57.14%) fell mid-range of hatching rates reported in the aquaculture literature
(e.g. 1—98% in Forsythe, DeRusha, and Hanlon 1994; 32—80% in Hanley et al. 1998; 30—85% in Sykes
et al. 2013), while the SM rate was very low (22.27%). Such a difference in hatching rate was not seen in
embryonic stress groups, suggesting that stressors applied to mothers may have a stronger impact on
hatching than stressors applied directly to offspring. Because S. officinalis lays its eggs in clusters that
are sometimes subject to predation (e.g. Guerra and Gonzalez 2011), one possibility that merits further
testing is that females intentionally lay unfertilized eggs to serve as decoys or physical barriers to
predators. A SM would be expected to lay more of these protective eggs, which could explain the
dramatically reduced hatching rate in this group.

Neither maternal nor embryonic stress was associated with significant differences in hatching
size, suggesting that stress does not affect egg provisioning or embryonic metabolism, both factors that
could potentially affect hatchling DML. The lack of maternal stress effect in our experiment may be
understandable in light of the fact that the amount of yolk fueling embryonic growth is determined at
least five months before mating (Boucaud-Camou and Boismery 1991). We had also expected stressors
applied directly to developing embryos to accelerate growth or to speed metabolism, and thus impact
hatching size. Instead, we found no significant difference between treatment groups, while the mother
factor was highly significant. The lack of difference between treatment groups might also be explained
by habituation to the stressors or may indicate that cuttlefish were simply not influenced by the stimuli
we applied. In our experiment, embryos experienced several days of continuous or repeated exposure
to stressors and it is possible that sensory habituation occurred. However, this seems unlikely in the case
of predator odor since the ability to habituate to predator cues would be maladaptive, and continuous
exposure to seabass odor during incubation has been shown to mediate traits like brain lateralization in
cuttlefish embryos (Jozet-Alves and Hébert 2013).

In addition to testing for stress effects on reproduction, we also sought a simple indicator of
stress in laying females. In many other animals (e.g. birds, mammals, fish), cortisol and/or
glucocorticoids are secreted in response to stress and mediate many of its effects (Moberg 1991).
Preliminary assays by our lab had detected corticosterone but not cortisol in the hemolymph of S.
officinalis (C. Bellanger, unpub. data), so we selected this hormone for quantification by
radioimmunoassay. In order to minimize disturbance to the animals, we collected and tested fecal

samples rather than hemolymph. However, we were unable to detect significant differences between
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groups, despite the strong effect on egg laying and hatching rate. The values detected were also larger
and more variable than those observed in giant Pacific octopus: 0.146 to 3.28 ng mg™* vs. 0.010 to 0.022
ng mg " dry feces (Larson and Anderson 2010). Thus, it appears that fecal corticosterone levels were not
a particularly good indicator of stress in this species (at least during reproduction), while the number of
eggs per female and hatching rate are simpler and more reliable. A similar conclusion was reached in an
experiment examining corticosterone levels in mice after surgery; while plasma corticosterone
concentration was correlated with higher stress levels, fecal levels did not (Sundbom et al. 2011).
Indeed, in rats, weak group differences in circulating corticosterone that can be detected in blood
plasma sometimes cannot be identified in fecal assays (Chaby et al. 2015). Alternatively, the
endocrinology of the stress response in cephalopods may be more complex than a simple increase in
corticosterone. Existing studies of the endocrine system in cephalopods suggest complex interactions
with both the nervous and immune systems (Di Cosmo and Polese 2016).

We also attempted to relate the unused reproductive material of deceased females with stress
levels. Eggs ready for fertilization, encapsulation and laying are stored in the pallial cavity, which at
death, may contain up to 500 oocytes (Boletzky 1988; Laptikhovsky et al. 2003). Since unused oocytes in
the pallial cavity of deceased females indicates unused reproductive potential, we examined the number
remaining at death, hypothesizing that there would be more remaining in SM at death. However, there
was no difference between the two groups (Table 2, “remaining oocytes”), and so this trait cannot be

used as a proxy for stress levels.
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Conclusion
It appears that stress has a very strong impact on reproducing female cuttlefish (demonstrated

by the total number of eggs and hatchlings produced). By contrast, there was no change in hatching rate
when stressors were applied directly to eggs. Though maternal stress treatment clearly affected
reproduction, it did not result in a measurable difference in fecal corticosterone concentration (a
method used commonly in other species) or unused reproductive material, nor did stress have any
discernable effect on the hatching size of offspring. Unfortunately, this leaves us without any simple
marker of maternal stress in cuttlefish besides a reduction in the number of eggs and the occasional
absence of ink.

As global demand for protein increases with human population, understanding the effects of
rearing conditions and external factors on reproduction in cuttlefish and other farmed species is critical
to optimizing yields and animal welfare (Villanueva et al. 2014; Xavier et al. 2015). Our results suggest
that providing adequate tank space and minimizing handling of female cuttlefish may increase the
number of eggs laid and the hatching rate in aquaculture. In particular, catching females well before
copulation in order to allow them time to recover from the stress of capture and acclimate to an
artificial setting may result in higher offspring yields. (On the other hand, it may interfere with other
processes such as yolk reserve formation (which occurs months before) or even the proclivity to
copulate.) While we found that maternal stress had mostly negative effects in this experiment, the
possibility remains that stress conveys an advantage to offspring through some unknown means. Stress
has been hypothesized as a potential inducer of phenotypic plasticity that enables offspring to tailor a
response targeted to a particular threat (e.g. the presence of predators elicits defensive morphology)
present in the environment through physiology or behavior (Sheriff and Love 2013). This possibility was

tested in concurrent studies and will be discussed in forthcoming work.
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Il. Supplementary data

The following experiment provides further evidence that maternal stress reduces reproductive
output in cuttlefish. It was conducted in collaboration with Dr. Olivier Basuyaux, and with the assistance

of the SMEL.

Laying Site Choice Experiment

As the goal of PReSTO’Cog is to assess the effects of prenatal stress, we wanted to test the
relevance of this topic in the real world. In May and June of 2017, we conducted a pilot experiment
addressing the question of whether or not females make choices about where they lay their eggs. If
given the opportunity, would females select a site that would be more advantageous for their offspring?
Hatchling cuttlefish are small and highly vulnerable to predation, especially fish, so it seems logical that
females would select sites with lower predator density if at all possible. In this experiment, we provided
females with two potential laying sites consisting of old fishing traps with six ropes attached. We
thought that these would offer attractive egg-laying substrate to females, since cuttlefish eggs are often
found laid on cuttlefish traps and since similar ropes lashed to the seabed can be used to collect
cuttlefish eggs. Conveniently, the traps could also be easily modified to encage a predatory fish, in this
case, a gilt-head sea bream (Sparus aurata). The experiment was conducted in large (600m>*—
75x10x0.8m) unused oyster ponds (Fig. 9) at the Cabanor (Cooperative Aquacole de Basse Normandie)

Ill

for aquaculture and shellfish in Blainville sur Mer. These old ponds were ideal “mesocosms” in which to
conduct experiments, being refreshed by high tides twice per month through channels connecting to the

sea and naturally containing numerous crustaceans, fish, algae and small invertebrates.

a) ! = b)

Figure 9. Large ponds once used for oyster aquaculture at the CABaNor Aquaculture Cooperative (Blainville sur

Mer, Normandy). a) Overhead view, note the channels connecting the ponds to the sea at high tide (photo by O.
Basuyaux). b) Close-up view of an experimental pond (photo by C. E. O’Brien).

LS
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In these ponds, we created a two-way choice test, placing a laying site with the predatory sea
bream in one half of the pond, and an identical but predator-free laying site on the opposing end (see
Fig. 10). We hypothesized that if females make a choice in where to lay their eggs, they would choose
the laying site least dangerous to their offspring, the one without the potential predator. Alternatively, if
they may simply lay at the first minimally-suitable location, and in that case, the distribution of eggs
should be evenly divided between laying site type. Five ponds were used, and the placement of the
laying sites was randomized. Cuttlefish were introduced to the pond by placing them in the water close
to the middle of one side. Only one female was housed in each pond at a time, and was kept there until

it died naturally. The laying sites were visually inspected daily for the presence of eggs.

cage

egg-laying rope

carhivorous
fish

Figure 10. Schematic of the egg-laying site choice test: two modified cuttlefish traps were provided. One contained
a potential hatchling predator, and both had six ropes, of a type and diameter known to “attract” cuttlefish eggs in
the wild, affixed to them.

Unfortunately, a paucity of gravid females and unforeseen behavior resulted in a sample size
too low for analysis. Of the eight females placed in the oyster ponds, only three eventually laid eggs.
Moreover, only one of these females actually laid eggs on a designated laying site. The two other
females, instead of laying eggs on the modified cuttlefish traps as we had hoped, laid eggs on plants that
encircled the edge of the ponds.

While the intended goal of this experiment was not achieved, it did provide some anecdotal
support for the proposition of the preceding manuscript that stress to spawning females results in egg
reduction and white eggs. The two females that laid eggs on plants each laid hundreds of black eggs
(662 and 756). By contrast, the single female that laid on a designated laying site produced only 71 eggs,
all of which were transparent. In retrospect, it seems likely that an inadvertent difference between
experimental ponds might be linked to the explanation for this. The pond containing the two more
prolific egg-layers had many square meters of floating yellow filamentous algae (Enteromorpha sp.) at
both ends, while the single more modest egg-layer was in a pond without any algae. Because of the
algae, the females in these ponds were able to lay their eggs from a well-concealed vantage point, while

the other female laid without the same level of cover. It may be that laying while exposed was
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“stressful”, resulting in the lower number of eggs and their transparent membranes. Methodologically, if

this particular experiment is repeated, it should be conducted in ponds with the algae removed.
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IV. Chapter Summary

The work presented here demonstrates that stress can influence cuttlefish via at least one of the
three potential pathways by reducing females’ total reproductive output and the quality of the eggs
produced (Fig. 12). This hints at the existence of tradeoffs between the female stress response and her
reproductive output. More importantly, it shows that stress may impact cuttlefish before their eggs are
even laid, a factor we must be aware of when formulating mechanistic and adaptive (Tinbergen’s first
and third perspectives) explanations for cuttlefish behavior. It also suggests a very specific guideline for

cuttlefish aquaculture: minimize the handling of reproducing females in order to maximize reproductive

output and egg quality.
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Fig. 11. Schematic summary of Chapter 1. Stress to the mother during egg-laying reduces her reproductive output and likely the
quality of her eggs as well. At the same time, a naturally-occurring and an artificial stressor applied directly to developing
embryos had no effect on hatching rate or size. The dashed arrow indicates a statistical tendency.
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Chapter 2: Prenatal Stress Effects on Offspring

This chapter explores two potential avenues of stress influence: from mother to offspring and
direct perception by the embryo itself. It is composed of two extensive reviews of cuttlefish
development and sensory abilities, followed by reports from numerous behavioral and learning tests

and neurobiological assays.
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I. Article #2: “Behavioral development in embryonic and early juvenile cuttlefish (Sepia officinalis)”

This manuscript offers an in-depth overview of cuttlefish development, providing context to the

experiments that follow.

Behavioral Development in Embryonic and Early
Juvenile Cuttlefish (Sepia officinalis)

Caitlin E. O'Brien, Nawel Mezrai, Anne-Sophie Darmaillacq, Ludovic Dickel*
'Groupe Mémoire et Plasticité Comportementale (GMPc EA 4259), Université de Caen-Normandie, Caen, France

Dev Psychobiol 2016; 9999: 1-16, DOI 10.1002/dev.21476

Though a marine mollusc, the cuttlefish Sepia officinalis possesses a sophisticated brain,
advanced sensory systems and a large behavioral repertoire. Cuttlefish provide a unique
perspective on animal behavior due to their phylogenic distance from more traditional
(vertebrate) models. S. officinalis is well-suited to addressing questions of behavioral ontogeny.
As embryos, they can perceive and learn from their environment and experience no direct
parental care. A marked progression in learning and behavior is observed during late embryonic
and early juvenile development. This improvement is concomitant with expansion and
maturation of the vertical lobe, the cephalopod analog of the mammalian hippocampus. This
review synthesizes existing knowledge regarding embryonic and juvenile development in this
species in an effort to better understand cuttlefish behavior and animal behavior in general. It
will serve as a guide to future researchers and encourage greater awareness of the utility of this
species to behavioral science.

Keywords: Common cuttlefish, defense, predation, plasticity, learning, memory, perception,
habituation, recognition learning, associative learning, welfare
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Introduction

The common cuttlefish, Sepia officinalis (Linnaeus 1758), along with other cephalopods,
possesses a centralized nervous system capable of learning and memory, advanced sensory
systems and a highly sophisticated behavioral repertoire that is comparable to that of vertebrates
(Packard 1972; Hanlon and Messenger 1998). The life history and habits of cuttlefish enables
such behavioral research to be pursued through both field and laboratory study. With this
invertebrate model, we can address questions about complex behavior and learning in a marine
mollusc, a group genetically very distant from more traditional models, such as birds and
rodents. This phylogenic distance provides an alternative perspective that is critical to
understanding the ways that natural selection, ancestral history and non-hereditary processes
interact to shape animal behavior.

S. officinalis is particularly well-suited for the study of behavioral ontogeny. Like many
fish, this species has gelatinous, semi-permeable eggs and rapidly-developing sensory abilities
that allow them exceptional sensory access to the surrounding environment during the final
stages of embryonic development (Romagny et al. 2012). Coupled with their oviparity and the
lack of direct maternal care, these characteristics allow stimuli to be applied directly to embryos
rather than being transmitted and mediated by the mother, as in rodents and birds. At hatching,
this species possesses one of the richest behavioral repertoires in the animal kingdom. This
review provides an overview of existing knowledge regarding the sensory experience, habitat,
learning and behavior of embryonic, hatchling (<1week after eclosion) and juvenile (up to 17
weeks) cuttlefish to serve as a starting point for further inquiry. In order to properly contextualize
the behavior of this less-familiar species, this review also draws insight from and parallels to
other species of cuttlefish, as well as some of their closest coleoid cephalopod relatives—

octopuses and squids.

Embryonic Development

Embryogenesis and Yolk Reserves
Spawning of S. officinalis eggs occurs in the English Channel in shallow (5-60m), well-lit
coastal waters throughout the spring and summer (Nixon and Mangold 1998; Basuyaux &

Legrand, 2013). Eggs are usually attached in clusters to objects on the seabed, such as algae,
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seagrass, previously-deposited cuttlefish eggs, cuttlefish traps, other artificial structures and
sessile organisms (Boletzky 1983; Nixon and Mangold 1998; Nixon and Young 2003; Blanc and
Daguzan 1998). The embryonic development of S. officinalis is divided into 3 periods and 30
stages: segmentation (stages 1-9), gastrulation (stages 10-17) and organogenesis (stages 18-30)
(Lemaire 1970). Development proceeds slowly at first, then dramatically increases pace towards
the very end, accomplishing the majority of growth and differentiation during the last few stages
(Fioroni 1990; Domingues, Bettencourt, and Guerra 2006). In the final stages of development,
the egg absorbs seawater, increasing the volume of the perivitelline fluid (PVF) filling the
capsule. This causes the egg to swell to almost double its original diameter (Richard 1971), and
contrasts sharply with the situation in octopod eggs, which typically remain constant in size
during development (Fioroni 1990). In addition to swelling, excretions of the epidermis digest
the inner layers of the egg membrane and, as a consequence, the formerly opaque membrane
becomes thinner and partially translucent (Richard 1971; Cronin and Seymour 2000). The

embryo within becomes visible, giving unprecedented access to late prenatal stages (Fig. 12).

)

Fig. 12. Stage 30 Sepia officinalis embryo (approx. mantle length 6mm) seen through the
transparent egg membranes. Photo by Nawel Mezrai.

Cuttlefish eggs are able to tolerate limited episodes of stress (e.g. prolonged emersion,
handling) and still hatch normally (Jones, Ridgway, and Richardson 2009), but otherwise have a
fairly narrow range of physical requirements in terms of temperature and salinity (Boletzky
1983; Nixon and Mangold 1998). Within the tolerated temperature range, higher temperatures
accelerate growth and result in shorter development times. Because of this, eggs laid during the
spring take around 90 days to develop, while those spawned in the summer, when the water
temperatures are higher, take 40-45 days, resulting in two cohorts per year (Boletzky 1983;
Bouchaud 1991).
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Throughout prenatal and early post-natal development, embryos are sustained by internal
and external yolk reserves (Lemaire 1970). Those that develop more quickly because of higher
temperatures hatch with a larger yolk reserve remaining (S. v Boletzky 1975; O. Bouchaud and
Daguzan 1990; Olivier Bouchaud 1991; Dickel, Chichery, and Chichery 1997a). However, this
more rapid development results in smaller hatchlings (Roger T. Hanlon and Messenger 1988; O.
Bouchaud and Daguzan 1990), and this has implications for survival and the onset of predatory
behavior ( Boletzky 1994; Bouchaud 1991). Water temperature varies with location, depth,
season, currents, tide and weather, so the timing and position of an egg can strongly affect its
later prospects (Bloor et al. 2013).

Sensory Systems

Embryos are buffered and protected from the external environment by their egg capsule,
but they are not entirely isolated from it. At the beginning of development, the layer of ink in the
egg membrane absorbs light and prevents most visual information from penetrating in either
direction (Paulij et al. 1991). In addition, eggs can be laid down to a depth at which only 10% of
surface light intensity remains (Bloor et al. 2013). Despite these limitations, the membrane
becomes translucent due to egg expansion, the optic lobes and lens mature during stages 20 and
21(Lemaire 1970; Lemaire and Richard 1978), and as a result, reaction to visual stimulation in
the external environment is observed by stage 25 (Romagny et al. 2012).

Likewise, S. officinalis embryos are able to perceive waterborne chemical cues that
diffuse through the egg membrane and tactile stimuli from movement in the external
environment by stage 23 (Romagny et al. 2012). Thus, the organogenesis period of embryonic
development (stages 18-30) is characterized by a progressive build-up in the amount of sensory
information penetrating the egg membrane in conjunction with a gradually-increasingly ability to
perceive this information. (It is possible that sensory perception is possible even earlier than
stage 23, but the ability to respond is not.)

Maternal Influence and the Prenatal Environment
Cuttlefish eggs are abandoned by the mother soon after laying, and thus receive no direct
parental care or protection (Darmaillacq et al. 2006). Nevertheless, offspring can be affected by

maternal influence. For instance, embryo provisioning in cephalopods affects the size, molecular
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composition, and ultimately the survival and success of eggs (“maternal effect”, Bloor et al.
2013). Nutritional stress in another cephalopod, the dumpling squid (Euprymna tasmanica), has
been shown to cause females to lay fewer eggs with less yolk that result in lower levels of
survival and success (Steer et al. 2004). Among cephalopods, S. officinalis have some of the
largest eggs, reflecting a high amount of maternal provisioning (Fioroni 1990).

More importantly, since attachment renders eggs sessile, a female’s timing and choice of
egg-laying site dictates the environmental conditions experienced throughout egg development
(Bloor et al. 2013). Ultimately, these environmental conditions can influence survival, growth
rate, hatching time and post-natal behavior. For example, extreme salinities or contamination by
pollutants (e.g. heavy metals or pharmaceutical residues), which can slow or interfere with
development, may result from being located close to shore (Paulij et al. 1990; Paulij, Bogaards,
and Denucé 1990; Bloor et al. 2013; Di Poi et al. 2014; Bidel, Di Poi, et al. 2016). As a mostly
semelparous species with only a single spawning period at the end of life (Boletzky 1987), there
is presumably strong selective pressure on females to lay eggs in an appropriate location, at a
suitable time and in appropriate densities (Bloor et al. 2013).

The revelation that perception is possible from within the egg has important implications
for the understanding of behavioral development in juveniles. It suggests that S. officinalis
embryos are developmentally and behaviorally plastic, and demonstrates that they begin adapting
to their environment long before hatching. The particular suite of prenatal stimuli experienced by
embryos will depend on their location. Field observations concerning the environment around
spawning sites are scarce. However, since S. officinalis lay their eggs on submerged objects
(Boletzky 1983), and because such objects tend to attract other marine life to the area, it is likely
that developing embryos will sense predators, future prey, as well as other species during the
course of development (Fig. 13). They can then use this information to prepare for the post-
hatching environment. Indeed, several experiments have found that predator and prey stimuli
strongly influence juvenile behavior (Darmaillacq, Lesimple, and Dickel 2008a; Guibé, Boal,
and Dickel 2010; Guibé et al. 2012; Jozet-Alves and Hebert 2012; Jozet-Alves and Hébert 2013).
Careful field observations documenting the identity and prevalence of other species at spawning
sites would be extremely useful in piecing together a picture of the sensory experience of

embryos during development.
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Fig. 13. Cuttlefish eggs (a) in situ, 26 June, 2014 at an artificial laying-site (pre-placed tethers) in
the vicinity of Blainville sur Mer, France. Note the crab, Maja squinado (b) in the foreground as
well as the presence of numerous algaes, including Ulva sp. (c), Lithophyllum incrustans (d),
various unidentified epibionts and a diversity of surrounding substrate types including sand (e),
rocks and shell debris (f). Eggs are approximately 2.5-3.0cm in length (Boletzky 1983). Photo by
Olivier Basuyaux, of the Synergie Mer et Littoral (SMEL).

One intriguing difference between S. officinalis and many other cephalopods is their dark
egg capsule. Where most cuttlefish, squid and octopus have translucent eggs, the egg membrane
in S. officinalis is stained with a layer of ink from the mother (but see next paragraph). It is
possible that this ink-staining aids in defense by camouflaging the eggs themselves or by
masking the movement of the embryo within (Guerra and Gonzalez 2011). The fact that other
cuttlefish species with translucent eggs employ alternative methods of visual camouflage
provides indirect evidence in support of this hypothesis. For instance, the pharaoh cuttlefish
(Sepia pharaonis) of the Pacific conceals its clear eggs in crevices rather than laying them out in
the open like S. officinalis does (Darmaillacq, Dickel, and Mather 2014), while Sepia esculenta
has a sticky exterior that accumulates a layer of camouflaging detritus (Hanlon and Messenger
1998). It has also been demonstrated that proteins in the outer egg membrane of S. officinalis
originating from the mother’s nidamental glands have antimicrobial properties (Cornet et al.
2015). Other compounds in the membrane may act as a chemical deterrent to predators lefish
eggs may also play a protective role (Hanlon and Messenger 1998; Boletzky 2003; Derby et al.
2007). As in other species, females may lay their eggs in clusters for protection. Eggs on the
inside of the cluster are protected from predators and the external environment by those on the
outside. Another hypothesis involves the presence of a tranquilizing compound in the PVF. Such
a compound has been identified in squid (Marthy, Hauser, and Scholl 1976). It is hypothesized to
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reduce the likelihood of detection and predation by reducing embryo movement and preventing
premature hatching (Marthy, Hauser, and Scholl 1976; Weischer and Marthy 1983). While this
agent has not yet been identified in cuttlefish, its presence is probable and the tranquilizing
compound from squid has been shown to reduce activity in cuttlefish and other cephalopods
(Weischer and Marthy 1983).

Embryonic Movement and Sleep:

Embryos exhibit a variety of movements and behaviors. Respiration is visible from
outside of the egg. In addition, mantle contractions—pumping motions involving the whole
mantle and its musculature—are also visible (Corner 1977). While the function of this behavior
is unclear, novel visual and odor stimuli will cause a more or less immediate change in the rate
of mantle contractions (Romagny et al. 2012). Finally, embryos also display periods of
unprovoked activity including movements of the arms, tentacles, fins and funnel, including
twitching, exercise of the muscles controlling the chromatophores, mantle contractions and
apparent stretching of the arms and tentacles (Corner 2013a). These recurring episodes are
analogous to REM sleep in vertebrates and are referred to as “motorically active sleep” (MAS)
(Corner 2013a). This behavior starts sometime before stage 29, and continues into postnatal life
(Corner 2013a). Other cephalopods (squid and octopus) and invertebrates (e.g. nematodes,

annelids, cnidarians, and insects) also exhibit similar prenatal or larval behavior (Corner 2013Db).
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Non-Associative Learning
Habituation

Habituation is a simple form of learning in which an organism ceases responding to a
stimulus after repeated or extended exposure to it (Bouton, 2007). The prenatal occurrence of
habituation is difficult to ascertain due to the relative inaccessibility of most developing
embryos. In species for which this type of prenatal learning has been demonstrated (e.g. superb
fairy wrens, rats, humans), inquiry has been largely restricted to chemosensory and vibroacoustic
stimuli (e.g. Goldkrand & Litvack, 1991; Smotherman & Robinson, 1992; van Heteren,
Boekkooi, Schiphorst, Jongsma, & Nijhuis, 2001; Colombelli-Négrel, Hauber, & Kleindorfer,
2014). In S. officinalis however, the partial translucence of late stage eggs enables observation of
the mantle movements of the embryo within and expands the range of stimuli that can be tested
to the visual. In response to novel visual, tactile or chemosensory stimulus, embryos will reduce
respiration and mantle movements. The subsequent resumption of an increased mantle
movement after repeated or chronic exposure to the stimulus indicates habituation. This has been
demonstrated in final-stage (30) embryos with repeated exposures to bright light (Romagny et
al., 2012). Likewise, stage 30 embryos can be habituated to the sight of Carcinus maenas (green
crabs) (N. Mezrai, unpub. data). Habituation conserves energy by allowing animals to eliminate
unnecessary behavioral responses (Rankin, Abrams, Barry, Bhatnagar, Clayton, Colombo,

Coppolag, Geyerh, Glanzmani, Marslandj, McSweeney, Wilsonl, Wum, & Thompsonn 2009).

Prenatal Imprinting and Exposure Learning

Imprinting is another form of learning characterized by the establishment of an
irreversible preference for something during a limited sensitive period, usually early in
development. This preference is expressed later in life and is considered “indelible” in that it
cannot be reversed after the sensitive period (Lorenz, 1937). Often, this preference will be
generalized to other objects sharing similar characteristics (Sluckin, 2007). The classic example
comes from filial imprinting in precocial birds that imprint on their mother during a particular
window after hatching and generalize this preference to sexual partners later in life (Bolhuis,
1991). Other forms include imprinting for prey, habitat, host or a sexual partner (Bouton, 2007).
A similar form of recognition learning is perceptual learning. Like imprinting, perceptual

learning may occur early in life and involves a learned preference for something after exposure,
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but otherwise does not meet the criteria for imprinting, such as indelibility and generalization
(Shettleworth, 2009).

Imprinting and perceptual learning for prey preference have been demonstrated in S.
officinalis. As reported by Wells (1958) and others (e.g. Darmaillacq, Chichery, Poirier, &
Dickel, 2004; Darmaillacq et al., 2006a; Darmaillacq , Chichery, Shashar, & Dickel 2006; Guibé
et al., 2012) hatchlings have an “innate” preference for shrimp or shrimp-shaped objects (but see
below). Darmaillacq (et al., 2004a; 2006a; 2006b) demonstrated that this preference could be
overridden by chemical and/or visual exposure to crabs shortly after hatching. This induced
preference fit the criteria for imprinting: it lasted for at least three days, persisted after the
cuttlefish had consumed a shrimp and was only induced during a short sensitive period early in
the life of the cuttlefish (Darmaillacq et al., 2004a; 2006a; 2006b; Healy, 2006). Interestingly,
this sensitive period for prey preference induction seems to begin before hatching: hatchlings
from embryos visually exposed to crabs for a week or more prior to hatching (and not after)
preferred crabs in a choice test seven days later (Darmaillacq et al., 2008). Other experiments
demonstrated that this sensitive period closes about 6 hours after sunrise on the day of hatching
(Darmaillacq et al., 2006a).

Imprinting and perceptual learning allow cuttlefish to learn the characteristics of
available prey in their environment during the perinatal period (Healy, 2006; Darmaillacq et al.,
2014). Shrimp abundance may vary between egg laying sites and perinatal exposure to co-
occuring species could transmit information about the relative abundance of predators and prey
in the environment. Such information seems especially advantageous to S. officinalis, which uses
different strategies in response to different species, both predator and prey (described later).
Information about species abundance would allow cuttlefish to prioritize the development of one
strategy over another. Similar and analogous instances of food imprinting and perceptual
learning exist in other phyla (e.g. amphibians, Hepper & Waldman, 1992; birds, Bertin,
Calandreau, Arnould, Nowak, Levy, Noirot, Bouvarel, & Leterrier, 2010; insects, Quesada &
Schausberger, 2012). This suggests that prenatal learning may be a common method of energy
conservation and risk reduction during the vulnerable time following hatching or birth
throughout the animal kingdom.

The discovery of imprinting in S. officinalis may also completely overturn the notion that

cuttlefish “innately” prefer shrimp (Wells, 1958). Instead, it may be that the sight of other
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developing cuttlefish—elongate objects that move along their horizontal axis—actually induces a
preference for shrimp through generalization. Indeed, cuttlefish from eggs incubated in isolation
tend to not prefer crab or shrimps (L. Dickel pers. obs.). Unfortunately, Wells (1958), the first to
record the shrimp preference, did not report whether the cuttlefish in his experiments were reared
socially or in isolation (Darmaillacq et al., 2014). Regardless of whether this preference is pre-
programmed, it does appear that cuttlefish have the innate ability to distinguish between species.

In addition to the capacity to distinguish between different kinds of decapod crustaceans,
prey preference could also be induced on the basis of brightness contrast: Where naive cuttlefish
preferred dark to white crabs as their initial meal, embryos and hatchlings exposed to white crabs
later preferred these over dark crabs (Guibé et al., 2012). This demonstrates that S. officinalis is
able to learn about multiple characteristics of prey (shape and/or contrast). Moreover, cuttlefish
pre- or postnatally exposed to white crabs preferred black crabs over shrimp, indicating that S.
officinalis will generalize the characteristics of a learned preference to the closest alternative if
the preferred item is not available (Guibé et al., 2012).

One experiment in S. officinalis also investigated the interaction between sensory
modalities in the induction of prey choice. Hatchlings from eggs exposed to waterborne
chemosensory cues from shrimp, crab and two control cues were tested for visual preference.
Cuttlefish that had been incubated with crab or control cues showed either no preference or the
“typical” preference for shrimp (Guibé et al., 2010). Cuttlefish that were exposed to
chemosensory cues from crabs later showed a visual preference for shrimp (Guibé et al., 2010).
These puzzling results suggest that cross-modal effects (VanderSal & Hebets, 2007) are
operating between the chemosensory and visual systems that merit further investigation. In
cuttlefish, sensory integration occurs in the superior frontal lobes of the brain (Nixon & Young,
2003) and is thus the likely site of these putative interactions (Guibé et al., 2010).

Finally, in addition to the demonstration of prenatal food preference learning, it has been
shown that exposure to other ecologically-salient objects in the incubation environment can
affect future behavior. Naive hatchlings were found to spontaneously prefer dark shelters
(bivalve shells). Prenatal exposure to white shelters eliminated this preference, resulting in
cuttlefish that were equally likely to hide under a black or white shelter (Guibé & Dickel, 2011).

Like recognition learning, knowledge about the characteristics of objects in the surrounding
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environment could be adaptive. In this case, a cuttlefish may be learning that white objects are

plentiful in the area, stationary, and may be a source of future refuge.

Lateralization

Lateralization is the tendency to process information through one side of the brain in a
particular type of situation. Potentially, lateralization yields advantages in speed and efficiency
of information processing via the specialization of each side of the brain (Jozet-Alves & Hébert,
2013). Lateralization is seen in numerous vertebrates, including primates, birds, fishes and
amphibians. In these animals, left brain lateralization is often coupled with rapid responses,
especially escape reflexes (Jozet-Alves et al., 2012).

In cuttlefish, brain lateralization seems to occur in cuttlefish after prenatal exposure to
predator odor (Jozet-Alves et al., 2012; Jozet-Alves & Hébert, 2013). Over the course of the first
month of life, juveniles that had been exposed prenatally to predator odor develop a bias for
turning towards a shelter on the left, rather than on the right side (Jozet-Alves et al., 2012). This
behavior may reflect a preference for using the left eye and left side of the brain (visual input is
processed by the same side from which it is perceived in cuttlefish). The tendency to develop a
turning bias is another instance of embryos perceiving information from the prenatal
environment and adapting accordingly. Octopus vulgaris, another well-studied model species in
the study of cephalopod behavior, also appears to show brain lateralization in adult individuals’
tendency to favor one eye over the other (Byrne, Kuba, & Griebel, 2002). Further study of this
phenomenon in both cephalopods and vertebrates could help reveal the selective pressures that

promote the evolution of brain lateralization in complex, centralized nervous systems.
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HATCHLINGS and EARLY JUVENILES
Eclosion

Left undisturbed, S. officinalis eggs will typically only hatch during darkness, especially
after a transition from light to dark (Paulij et al., 1991). They initiate eclosion via enzymatic
dissolution of the egg envelope (Boletzky, 1973). However, physical disturbance of late-stage
eggs (such as handling or an abrupt change in environmental conditions) can induce hatching at
any time of day (Domingues et al., 2006; C.E. O’Brien, pers. obs.). Presumably, there are
situations that occur in the natural environment, such as strong currents or contact with drifting
objects that could induce premature hatching. Whatever the cause of eclosion, the fact that
embryos are capable of prenatal perception ensures that the cuttlefish will experience at least a
minimum of transnatal sensory continuity at hatching.

Sepia officinalis typically measure between 6 and 9 mm in mantle length (ML) at
hatching. Unlike octopuses and other cephalopods, cuttlefish do not spend any time as plankton
(Nixon & Mangold, 1998) but are potentially vulnerable to strong currents. They are typically
found buried in the sand if it is available, especially during the day (Boletzky, 1987). This
tendency increases by 85% during the second week of life (Poirier, Chichery, & Dickel, 2004). If
sand is unavailable, a juvenile will rest motionlessly on the substrate or an object in the
environment (C.E. O’Brien, pers. obs.). Hatchlings are aided in this by a “ventral sucker” formed
by the ventral arms and mantle that serves to fight current and maintain position on the substrate
(Boletzky, 1974). This transitory sucker is an adaptation specialized for stabilization during the
life stage in which the cuttlefish is most vulnerable to dislodgement due to its small size.

Hatching often occurs in areas with sand, mud, stones, algae or seagrass (Nixon &
Mangold, 1996; Jereb & Roper, 2005; Bloor et al., 2013) which give hatchlings numerous
opportunities to conceal themselves (Fig. 13). The tendency to hatch at night might have an
adaptive purpose against visual predators, allowing them to bury in the sand or settle in a dark
crevice under the cover of night and is thought to reduce predation (Paulij et al., 1991). As
cuttlefish increase in size and hence swimming ability, they can affect more control over their
own movements in the water column, and may disperse from the hatching site. For the first week
after hatching, young cuttlefish are referred to as hatchlings (Fig. 14) and thereafter as juveniles
(Fig. 15) until they reach 90 days of age (Hanlon & Messenger, 1988).
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Fig. 14. Hatchling cuttlefish (approx. mantle length 10mm) displaying a disruptive body pattern
on a uniform substrate. Photo by Anne-Sophie Darmaillacq.

Fig. 15. Three-month old jﬁvenile cuttlefish (approx. mantle length 65mm). Photo by Caitlin E.
O’Brien.

Sensory Abilities

Cuittlefish are thought to rely on ocular vision as their primary sense (Hanlon & Shashar,
2003). Basic visual perception is possible well before birth (Romagny et al., 2012), but at
hatching, this ability is still maturing. This has been demonstrated experimentally during the first
month post-hatching: the number of hatchlings responding to the rotation of a black, white and
grey cylinder at high speeds increased with age, indicating increasing visual ability (Cartron,
Dickel, Shashar, & Darmaillacqg, 2013). Likewise, visual acuity as measured by the minimum
width of objects that cuttlefish are able to distinguish increases with the size of the animal
(Groeger, Cotton, & Williamson, 2005). The level of visual maturity at hatching is sophisticated
enough to enable hatchlings to navigate visually in their immediate environment (Jozet-Alves,
Modéran, & Dickel, 2008), detect and react to other species (Shashar, Hagan, Boal, & Hanlon,
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2000) and to gauge characteristics of the visual environment for body patterning (Chiao &
Hanlon, 2001).

Polarization sensitivity (PS) is the ability to distinguish between different linear
polarizations of light. If a cuttlefish is placed inside a rotating cylinder with alternating bars of
oppositely polarized information, it will usually display an optomotor response, following the
motion of the cylinder with eyes and body (Cartron et al., 2013b). This apparatus has been used
to demonstrate that PS appears in cuttlefish around seven days post-hatching. This ability
matured in a manner similar to that of contrast vision, with the number of individuals reacting to
the rotating polarized cylinder increasing with age, although at a slower pace (Cartron et al.,
2013b). In squid, polarization has been shown to improve the ability to visually detect prey at a
distance (Shashar, Hanlon, & deM Petz, 1998). Likewise, S. officinalis detect prey faster and
preferentially attack them when they reflect polarized light rather than only luminance
information (Shashar, Hagan, Boal, & Hanlon, 2000). PS has been hypothesized to aid with
capture detection of silvery fish, transparent prey like shrimp and in low-luminance contrast
situations (Shashar et al., 1998; 2000; Cartron, Josef, Lerner, McCusker, Darmaillacq, Dickel, &
Shashar, 2013). Indeed, it has been suggested that the rapid increase in prey detection observed
in cuttlefish during the first week after hatching may be concomitant with the maturation of this
system (Dickel et al., 1997).

While they are thought to rely primarily on vision, evidence increasingly demonstrates
the role of chemoreception for cuttlefish and other cephalopods (Hanlon & Shashar, 2003). We
know that this ability is functional before hatching (Romagny et al., 2012) and chemoreceptor
cells are present at hatching in both the suckers of the arms and tentacles, as well as the region
surrounding the mouth (Sundermann, 1983; Nixon & Mangold, 1998). However, the relative
maturity of this system at hatching is unknown, and more experiments are needed.

Statocysts are the organs responsible for perception of gravity, acceleration and low
frequency vibrations. In addition, cuttlefish possess an analog of the lateral line system in fish,
consisting of thousands of sensory hair cells (Budelmann & Bleckmann, 1988). Both of these
mechanoreceptive organs are present at hatching. It has been demonstrated that month-old
juveniles are able to detect a range of vibrations with one or both of these systems. Low
frequency vibrations (20600 Hz) were shown to induce defensive behaviors such as burrowing,

changes in body pattern and moving, although not at every frequency in that range (Komak,
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Boal, Dickel, & Budelmann, 2005). Interestingly, juvenile cuttlefish (one and three months old)
could not be habituated to vibrational stimuli, even after five consecutive presentations. This is
consistent with the hypothesis that mechanoreception plays a role in predator detection, since
habituation would be highly inappropriate in this context. Between the ages of one and three
months, juveniles show a decrease in responsiveness to vibrational stimuli. At three months of
age they cease burrowing in response, despite the fact that the sensory acuity of their statocysts
and lateral-line analog is thought to increase with size (Budelmann, 1995). This contrast implies
that defensive behavior, especially burrowing, may become less relevant as the cuttlefish
increases in size (see later discussion), although mechanoreception continues to play a defensive
role (Komak et al., 2005).

Body Patterning and Defense

Juveniles’ primary ecological challenge is avoiding predators. Defensive tactics fall into
two categories: primary defenses to prevent detection and secondary defenses to affect escape if
primary defenses fail (Cott, 1941; Hanlon & Messenger, 1996). Primary defenses are mainly
cryptic, including countershading, deceptive resemblance and camouflage. Secondary defenses
include inking, jetting, and threat displays (Hanlon & Messenger, 1988; Ferguson & Messenger,
1991; Ferguson, Messenger, & Budelmann, 1994; Hanlon & Messenger, 1996). Most of the
known predators of juveniles are visual hunters (Hanlon & Messenger, 1996), making body
patterning a critical aspect of defense.

Body patterns in cuttlefish are created with numerous patches of pigmented cells
(chromatophores). When contracted, the pigment of the chromatophore is obscured, creating a
light patch. When expanded, the pigment becomes visible and creates a dark patch. Expansion
and contraction of these cells are controlled via direct innervation from the brain (Florey, 1969).
Different groups of chromatophores are expanded or contracted in unison to create 33 chromatic
components. The most prominent of these components is a large white square in the center of the
dorsal mantle (see illustrations in Hanlon & Messenger, 1988). These components combine to
form a continuum of 13 formally-defined stereotypical body patterns. Among these, there are
three main categories of body patterns used to achieve primary crypsis: uniform (entirely dark or
light), mottle (a mixture of small dark and light patches) and disruptive (a mixture of large dark

and light patches) (Hanlon & Messenger, 1988). Chromatophores begin to appear in stage 25
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embryos (Andouche, 2013) and the brain structures controlling body patterning (optic lobes,
lateral basal lobes and chromatophore lobes) are well-developed but not fully mature at hatching
(Dickel et al., 1997). As a result, hatchling cuttlefish are capable of almost the entire repertoire
of adult body patterns (10 out of 13, Hanlon & Messenger, 1988). This situation differs from that
of many Loliginid squid and octopuses, which have few chromatophores at hatching (Fioroni,
1990) and can’t produce full body patterns (Hanlon and Messenger 1988).

After leaving the egg clutch, a hatchling in the English Channel may settle on a uniform
dark background such as mud or a uniform light background such as sand (Blanc et al., 1998).
Alternatively, it may come to reside on a heterogeneous background consisting of combinations
of algae, rock, shell debris, sand and mud (Hanlon & Messenger, 1996). In the laboratory, the
uniform pattern can usually be prompted by a solid colored artificial background or sand. The
mottle pattern is elicited by gravel and artificial checkerboards with squares 4-12% of the
juvenile’s own white square, while the disruptive pattern is induced by squares 40 to 120% of the
cuttlefish’s own white square and small rocks (Barbosa, Méthger, Chubb, Florio, Chiao, &
Hanlon, 2007; Mé&thger & Hanlon, 2007). S. officinalis appears to be employing a rule based on
the size of nearby objects and its own increasing size. Notably, this is accomplished without
color vision (Messenger, 1977; Mathger, Barbosa, Miner, & Hanlon, 2006) and without any
visual feedback from cuttlefish’s own body pattern (Barbosa et al., 2007).

Despite their ability to display almost the entire range of body patterns, newly-hatched
cuttlefish often show the disruptive pattern on uniform backgrounds (Fig. 3; Hanlon &
Messenger, 1988; Poirier, Chichery, & Dickel, 2005; Dickel, Darmaillacq, Poirier, Agin,
Bellanger, & Chichery, 2006). Young S. pharaonis will also display the disruptive pattern on
uniform background (but see discussion below) (Lee, Yan, & Chiao, 2010). This seemingly
“inappropriate” behavior may be explained by the fact that cuttlefish have other strategies for
crypsis besides simple background matching, including disruptive coloration and deceptive
resemblance (Cott, 1941; Hanlon & Messenger, 1988). A hatchling displaying a disruptive body
pattern on a uniform background may be unable to produce a uniform pattern or it may be
attempting deceptive resemblance of a stone or shell fragment (Hanlon & Messenger, 1988;
O’Brien, Bowie, Billard, Darmaillacq, Jozet-Alves, Benhaim, Basuyaux, & Dickel, 2016). It is
difficult to interpret a cuttlefish’s strategy since any particular body pattern may be employed in

multiple strategies and several strategies may serve equally well in a given situation.
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Additionally, the strategy employed by a cuttlefish changes with body size (Hanlon &
Messenger, 1988; Lee et al., 2010), the distance of a perceived threat (Shohet, Baddeley,
Anderson, & Osorio, 2007) and the type of threat detected (Adamo, Ehgoetz, Sangster, &
Whitehorne, 2006; Langridge, Broom, & Osorio, 2007; Langridge, 2009; Staudinger, Buresch,
Méthger, Fry, McAnulty, Ulmer, & Hanlon, 2013).

Any potential deficiency in crypsis may be partially compensated for by the tendency of
S. officinalis and S. pharaonis to rest on contrasted and black backgrounds when given a choice
(Poirier et al., 2004; Lee, Yan, & Chiao, 2012). In particular, S. officinalis hatchlings have been
observed to settle on the egg clutch from which they recently hatched. On the dark membrane,
their tendency to produce disruptive body patterns is sufficient to achieve partial camouflage to
the human eye (Dickel et al., 2006). Indeed, human observers releasing hatchlings and juveniles
into the field very find them difficult to locate once they have settled on the substrate (Hanlon &
Messenger, 1988). In any case, the “inability” to display uniform body patterns and the
preference for dark and contrasted substrates disappears after a few months (Hanlon &
Messenger, 1988; Poirier et al., 2005; Allen, Mathger, Barbosa, & Hanlon, 2009). It is possible
that this delay in camouflage ability reflects further brain maturation, particularly of the optic
lobes (Dickel et al., 1997), and that the preference for dark/contrasted substrates is an adaptation
to compensate in the meantime. Further bolstering the idea that this improvement is a reflection
of brain maturation is the fact that both S. officinalis and S. pharaonis from socially- and/or
environmentally-enriched backgrounds show different camouflage efficiency than individuals
raised in comparatively impoverished conditions (Dickel, Boal, & Budelmann, 2000; Poirier et
al., 2004; Poirier et al., 2005; Lee et al., 2010).

Juveniles face a diverse set of potential predators with varying sensory acuity and attack
strategies, especially teleosts (Le Mao, 1985; Hanlon & Messenger, 1988; Blanc & Daguzan,
1999; Langridge et al., 2007). Naive cuttlefish are able to distinguish between these predators
and other, non-predatory, fish the first time they encountered them in the field (Hanlon &
Messenger, 1988; Staudinger, et al., 2013), only displaying body patterns to visual predators and
chemosensory ones (Langridge et al., 2007). The tactics and body patterns used for primary and
secondary defense change as cuttlefish age and grow. For instance, the deimatic display,
consisting of paling, freezing and flattening of the body and the sudden appearance of dark spots

on the dorsal mantle, undergoes a metamorphosis during growth: Hatchlings and young juveniles

52


http://www.ncbi.nlm.nih.gov/pubmed/?term=Adamo%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=16801494

incorporate four pairs of spots into this display, but when the cuttlefish grows to about 3.5cm
ML, the display changes to just one pair of distinct “eyespots” (Hanlon & Messenger, 1996).
This pattern is thought to act as a startle or intimidation display, and hatchlings and young
juveniles will use it when they encounter a non-predatory fish species (Hanlon & Messenger,
1996; Langridge, 2009). The two-spot manifestation of the pattern is very similar to the deimatic
display observed in other cephalopods (e.g. Octopus bimaculoides, Sepioteuthis sepioidea).Other
body patterns expand and take on social meaning in late juvenile and adult cuttlefish (Hanlon &
Messenger, 1988; Hanlon & Messenger, 1996). For instance, the “zebra pattern”, used both as a
social signal and a potential form of crypsis, only appears in sexually-mature cuttlefish (Hanlon
& Messenger, 1996). The disruptive pattern also changes with age: The number of chromatic
components expressed by S. officinalis increases over time (Poirier et al., 2005), although the
overall strength of expression of the disruptive pattern weakens and the combinations of
chromatic components displayed change (Barbosa et al., 2007). Interestingly, the case is the
reverse in S. pharaonis: like S. officinalis, it tends to display the disruptive pattern even on
uniform substrates, but unlike S. officinalis, shows an increase in the number of disruptive
components expressed with age and growth (Lee et al., 2010). Clearly, much remains to be

resolved in our interpretation of cuttlefish body patterning.

Other Defensive Behavior

In addition to their camouflage abilities, hatchlings and juveniles possess several
defensive behaviors that do not involve body-patterning. From the moment of hatching, they are
capable of burying themselves using their funnel and fins to dig a shallow depression and cover
themselves with sand (Boletzky, 1974; Mather, 1986), although not all hatchlings do this
immediately. Burrowing entails a three-step sequence that lasts about five seconds, and appears
to be prompted by exposure to light and contact with a sandy substrate (Mather, 1986). The
behavior can seem highly fixed, with one act highly likely to be followed by the next in the
sequence, but in reality a number of external factors are known to modify the pattern (Mather,
1986). For instance, early experience with a sandy bottom improves later burrowing abilities, and
the propensity to attempt burrowing increases with age during the first two weeks of life (Poirier
et al., 2004).
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Like many other benthic cephalopods, S. officinalis is innately shelter-seeking and
photophobic (Nixon & Mangold, 1998). They are not known to establish a den as many species
of octopus do, but they will take advantage of objects in the environment for concealment.
Unlike fishes and some of their more gregarious decapod relatives (squid), S. officinalis has no
propensity to group or school (Hanlon & Messenger, 1988), though the limited swimming and
dispersal abilities of juveniles sometimes results in the formation of small clusters (C.E. O’Brien.
pers. obs.). Instead, they tend to spend the day buried in the sand or motionless on the surface of
the substrate.

Hatchlings also possess a number of secondary defensive tactics that do not involve body
patterning. For instance, recent evidence suggests that a “freeze” response employed by
cuttlefish may be able to counter the electrical detection by sharks and other non-visual predators
(Bedore, Kajiura, & Johnsen, 2015). Whether this occurs in hatchlings and juveniles has yet to be
determined. From hatching, they are also capable of inking and rapid escape via jet propulsion
(Bather, 1895). Ink can be used in two ways: as a “smoke screen” to disappear behind or as a
pseudomorph, a decoy to misdirect a predator (Hanlon & Messenger, 1996). In conjunction with
ink ejection, the forceful expulsion of water from the siphon permits rapid movement away from
predators. Often, juveniles will escape via a path that is highly erratic, thus making it difficult for
the predator to predict the cuttlefish’s location (Hanlon & Messenger, 1988). In confined
situations, after ejecting several globules of ink and jetting to another location, a young cuttlefish
will sometimes return to a globule of expelled ink and cling to its underside, effectively
camouflaging itself as its own ink (C.E. O’Brien, pers. obs.). This behavior is also seen in at least
one species of octopus (Moynihan, 1985). Overall, juvenile defensive behaviors are equivalent to
those of adults except in scale. As they grow, cuttlefish achieve size refuge from certain
predators (Sogard, 1997), while becoming a more attractive meal for others (Bloor et al., 2013).

Overall, the defensive tactics of cuttlefish appear to serve them well. In one of the few
existing field experiments with S. officinalis, primary crypsis was sufficient to prevent detection
by fishes that came into proximity in 40 observed instances (Hanlon & Messenger, 1988). In
several dozen instances in which a juvenile was detected by the comber (Serranus cabrilla), only
17.1% of attacks were successful (Hanlon & Messenger, 1988). More field experiments and
observations of this kind are needed in order to better understand the types and extent of
predation pressure experienced by cuttlefish during the first few months of life.
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Predation

In the late stages of embryonic development, yolk is transported from the outer sac to the
inner via the yolk collar (Boucher-Rodoni, Boucaud-Camou, & Mangold, 1987; Boletzky, 1983).
Hatchlings are born with internal and sometimes external yolk remaining (Wells, 1958). If
present at hatching, the external yolk sac is quickly shed, usually within minutes of eclosion
(C.E. O’Brien, pers. obs.), but the internal sac remains for several days (Bouchaud, 1991; Dickel
et al., 1997) and intracellular digestion of the yolk continues. The amount of yolk at hatching
depends on prenatal temperature and the rate of embryonic development (Dickel et al., 1997).
Those that develop at higher temperatures are smaller at hatching (Boletzky 1994; Bouchaud
1991; Dickel et al., 1997). For two to five days after hatching, hatchlings do not hunt, subsist on
internal reserves and grow relatively slowly (Wells, 1958; Richard, 1971; Messenger, 1973,;
Boucaud-Camou, Yim, & Tresgot, 1985; Nixon, 1985).

Hatchlings usually begin feeding on prey before their yolk is entirely exhausted (Wells,
1958; Boletzky, 1975; Boletzky, 1987; Dickel et al., 1997). If juveniles have not been able to
feed by the fifth day, their cuttlebone becomes positively buoyant, rendering them unable to hunt
and they quickly perish (Boucher-Rodoni et al., 1987). At hatching, the digestive gland is not yet
fully mature, and it is the initial consumption of food prompts maturation (Yim, 1979; Boucher-
Rodoni et al., 1987). For several days, prey consumption and yolk absorption continue
concurrently (Blanc et al., 1998) and growth proceeds rapidly (Boucaud-Camou et al., 1985). It
is unclear why cuttlefish begin consuming food before total yolk absorption. One hypothesis is
that initial prey captures are a form of “practice” for hatchlings, in which they refine their
predatory abilities during a period in which food consumption is not essential. This possibility is
backed by the fact that hatchlings exhibit a very high rate of aborted captures (Dickel et al.
1997).

Most encounters with prey follow a stereotypical sequence initiated by the sight of a
prey-shaped stimulus (Wells, 1958): detection, orientation (with or without pursuit) and capture
(Messenger, 1968). Detection is marked by the focusing of the eyes, and followed by orientation
of the head and whole body towards a potential prey item. The cuttlefish then swims (usually by
gently undulating its fins) to within about body length of the prey. At this point, the cuttlefish

can employ one of two capture strategies: a “tentacle strike” or a “jumping” attack (Messenger,
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1977). In the former, the tentacles are rapidly extended from a pouch below the eyes towards the
prey. The suckers on the tentacle clubs adhere to the prey and bring it to the mouth when the
tentacles are retracted. In the jumping attack, the cuttlefish positions itself behind the crab (away
from the claws) and pounces on it with all eight arms. It then rotates the crab into a position
which allows it to bite the junction between the periopods and the main carapace (Chichery &
Chichery, 1988). Their saliva contains a toxin which quickly paralyzes the crab, enabling easy
consumption.

Cuttlefish employ the tentacle ejection strategy for shrimp and small crabs, and the
jumping strategy for large crabs. The “jumping” attack necessitates handling of the crab for
proper positioning and to avoid damage from the claws (Chichery & Chichery, 1988). This
strategy is thus more time consuming (50s or more) than a tentacle attack (<300ms), leaving
cuttlefish more vulnerable to their own predators (Chichery, 1992). In addition to personal risk,
prey size and form, the choice between these two strategies may also be influenced by the speed
with which a prey item can potentially escape: regardless of size, fish (which have a rapid escape
response) were always captured with the tentacles (Chichery, 1992). While both strategies appear
pre-programmed, they can also be modified through experience. After the majority of cuttlefish
first attacked crabs from the front, leaving them susceptible to pinches from the crabs’ claws, the
majority later used a dorsal attack (Dickel, 1997; Boal, Wittenberg, & Hanlon, 2000).

Juvenile cuttlefish capture and digest prey items rapidly (Yim, 1979), consuming about
40% of their body weight daily (Choe, 1966). Rapid consumption, in turn, fuels rapid growth. As
in many other marine species, rapid growth can promote survival by minimizing the time to
achieve size refuge from certain predators (Sogard, 1997). Like embryos, growth in juveniles can
be strongly affected by environmental factors: cooler water temperatures can slow the rate of
metabolism (Forsythe, 1994) while the use of dark rearing tanks has been shown to increase
growth in hatchlings and juveniles (Sykes, Domingues, Marquez, & Andrade, 2010). As early
juveniles, cuttlefish typically consume only shrimp, but between the first and second month of
life, will expand their diet to include crabs and small fish (Le Mao, 1985; Blanc et al., 1998).
Notably, this is concurrent with the maturation of the digestive gland (Yim, 1979), but may also

reflect neural maturation and the refinement of attack strategies.

Sleep
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Juvenile cuttlefish display a nocturnal pattern of activity, with movement peaking during
the night (Frank, Waldrop, Dumoulin, Aton, & Boal, 2012), and the day mostly spent buried or
camouflaged (Hanlon & Messenger, 1988). Two potential forms of sleep are present:
homeostatically-regulated periods of quiescence as well as a quiescent state associated with rapid
eye movement, expansion and contraction of the chromatophores and arm movements that
resembles the REM sleep of vertebrates (Frank et al., 2012). The latter is a continuation of the
MAS behavior seen in embryos and occasionally escalates to “acting out” of waking behaviors
(Corner, 2013b). Evidence for the importance of this behavior comes from experiments showing
that when deprived of the ability to rest for 48 hours, the cuttlefish spends more time resting in
the subsequent 24 hours, presumably to compensate for the deprivation (Frank et al., 2012).
Hatching marks the advent of wake-like behavior, and with age, the incidence of sleep decreases,
while wake-like behavior increases (Corner, 2013b).

In contrast to cuttlefish, O. vulgaris does not develop sleep-like behavior until well after
hatching. Still, the presence of sleep-like behavior in cuttlefish and other invertebrates is
interesting from a phylogenic perspective, since it has established that sleep is a feature universal
to all animals (Corner, 2013a), and thus probably of early evolutionary origin. The subject of

invertebrate sleep is just beginning, and S. officinalis is an ideal model with which to study it.
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Associative Learning and Memory

Associative learning is defined as a learned link between two events or between a
behavior and its consequences (Bouton 2007). There is a growing body of literature documenting
this sophisticated ability in cuttlefish and other invertebrates including octopuses (M. J. Wells
1968; Young 1961), gastropods (e.g. Sahley, Rudy, and Gelperin 1981; Walters, Carew, and
Kandel 1981), bees (e.g. Couvillon and Bitterman 1980), insects (e.g. Dukas 1999) and worms
(e.g. Rankin, Beck, and Chiba 1990; Avargues-Weber et al. 2010).

In cuttlefish, this phenomenon was first demonstrated in adultsand subadults by
(Darmaillacq, Dickel, et al. 2004) using a taste aversion paradigm: 81% of cuttlefish preferred
crabs 1-3 days after attacking a shrimp coated with an unpleasant chemical (quinine). It seems
that they had learned to associate their normally-preferred prey (shrimp) with a negative
consequence (unpleasant flavor). Associative learning has also been demonstrated in juvenile
cuttlefish using a paradigm known as the “prawn in a tube” (PIT) test: a shrimp is placed in a
clear tube (glass or plastic) and offered to the cuttlefish. Because of the tube, cuttlefish are able
to see the shrimp but unable to capture it despite vigorous attempts to do so. Experiments in
which a dishabituatory stimulus failed to reverse PIT learning indicate that this task is learned
through association not habituation (Agin 2006a; Purdy et al. 2006). Other experiments used
animals with tentacles surgically removed (Messenger 1973) and another involved the crab
“jumping” strategy instead of tentacle ejection (Cartron, Darmaillacq, and Dickel 2013). This
research confirmed that the associative learning in this task results from an association between
the presence of the tube and the lack or food reward, rather from any pain that might be
experienced during a failed capture. Cuttlefish are able to detect differences in the polarization of
light (polarization vision) and this enables them to detect the presence of the tube (Cartron et al.
2013; Dickel et al. 2013).

After several unsuccessful attacks on the inaccessible prawn in the tube, adult cuttlefish
are able to remember the association for several minutes (Wells 1958, 1962; J. B. Messenger
1973). If presented a shrimp in a tube between 20min and 60min after learning, they attack again
as if never having learned the task, but if presented a shrimp an hour or more after learning, they
again remember not to attack (Messenger 1973, 1971). This pattern is thought to result from
separate short-term and long-term memory (STM and LTM) processes (Dickel, Chichery, and
Chichery 1998a).
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In contrast to adults, cuttlefish less than 8 days old will continue to attack an inaccessible
shrimp in a tube for hours, showing that they have no ability to acquire an association between
the presence of the tube and a lack of reward (Dickel, Chichery, and Chichery 1998; Agin
2006b). After this age, cuttlefish display fully-operational STM (retention for <5min) with either
a 5 or 20min training session (Agin et al. 1998; Dickel, Chichery, and Chichery 1998). By
contrast, a separate LTM (retention for 1hr or more) emerges about 15 days after hatching and
continues to improve over the next several weeks: the ability to retain learning forlhr retention
reaches maximum levels around 60 days (Dickel et al., 1998), while 24hr retention matures
around 90 days of age (Dickel, Chichery, and Chichery 2001a). Likewise, experiments
manipulating environmental enrichment (discussed in the next section) early in life indicated that
the period between the first and second month after birth is particularly influential in the
development of memory (Dickel, Boal, and Budelmann 2000a). That STM and LTM are two
distinct processes is supported by the fact that the regulation of cholinergic enzymes occurs via
different mechanisms in STM and LTM (Bellanger et al. 2003).

One question that naturally arises when comparing associative learning and memory with
non-associative learning in cuttlefish is the difference in emergence times: imprinting and
habituation are possible as early as the prenatal period, while associative learning and memory
do not appear for two weeks or more. Physiologically, we can point to isometric differences in
the development and maturation of the brain lobes associated with certain tasks as potential
explanations for these emergence times. Imprinting and habituation are thought to involve brain
structures functional before hatching: the optic, basal and peduncle lobes (Dickel 1997;
Darmaillacq 2005; N. Mezrai, unpub. data). By contrast, associative learning and memory
require the vertical complex (the VL, SFL, inferior frontal lobe and vertical-subvertical lobe
tracts). The vertical lobe complex continues to mature after hatching, increasing 1.7 times in size,
much more than the rest of the brain, although the growth is not as great as that of O. vulgaris,
which shows a 2.5 increase in VL volume (Grant et al. 1995; Dickel, Chichery, and Chichery
19974, 2001b; Dickel et al. 2006; Nixon and Mangold 1998; Véronique Agin et al. 2006); Agin
et al., 2006b). Additionally, staining with phosphorylated neurofilament of high molecular
weight (NF-H), a marker of neural stability, shows that the VL is still undergoing maturation:
none is present in embryos, while adults show a high concentration of NF-H and newly-hatched
cuttlefish show only a little (Dickel 1997; N. Mezrai, unpub. data).
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Latencies associated with predation behavior also appear to be explained by isometric
differences in brain development. The initial emergence of predatory behavior between 3 and 5
days appears to be correlated with the appearance of the fiber tract between the VL and sub-VL
(Dickel, Chichery, and Chichery 1997a). Likewise, hatchlings at first also show long latencies to
attack when prey is introduced, a delay that lessens with each subsequent attack (Wells 1958).
This is also probably a reflection of VL maturation. It is worth noting that in this case,
“maturation” is only associated with a decrease in attack latency (the time between the detection
of the shrimp and capture) and not an increase in accuracy or speed of capture (Wells 1958).
Thus, this delay does not seem to reflect a deficiency in perceptual abilities but rather a lag in
behavioral reaction. Finally, although cuttlefish are able to detect and capture prey by day 3, their
ability to pursue prey if it leaves its visual field only develops later (Sanders and Young 1940).
The neural substrates thought to be needed for basic predation behavior (detection, orientation
and capture) are the peduncle, basal and optic lobes, all of which are mature at hatching (Dickel,
Boal, and Budelmann 2000a; Dickel, Chichery, and Chichery 1997a). Prey pursuit requires
STM, which occurs around 8 days (Dickel, Chichery, and Chichery 1998a) and is correlated with
the advent of the VL/sub-VL tract (Dickel, Chichery, and Chichery 1997a).

The immaturity of the VL complex and delay in learning and remembering the negative
consequences of a behavior may be ecologically adaptive to the cuttlefish (Darmaillacq, Dickel,
and Mather 2014). Early predation experiences probably have a strong effect on developing
cuttlefish (primacy effect—Burghardt and Hess 1966). As they are small and inexperienced,
these early predation experiences may be unsuccessful and even involve injury to the cuttlefish.
Thus, there may be a danger that prey will become associated with a lack of reward or aversive
stimuli, which could permanently deter them from pursuing prey. The lack of associative
memory before 8 days eliminates this potential. Additionally, the lack of STM which prevents
them from pursuing prey that leave the visual field limits them to a “lie in wait” (rather than
actively-searching ) predatory strategy (Dickel et al. 2006) that renders them less likely to attract

the attention of predators.
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Conclusion
Behavioral Plasticity

Traditionally, molluscs were thought to have highly rigid, innate and pre-programmed
behavioral regimes. However, for cuttlefish (and other cephalopods), it seems that most
behaviors are partially inna