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Preface

Cephalopods—octopuses, squids, cuttlefishes and nautiluses—are arguably the 
most intelligent, and perhaps charismatic, invertebrates on the planet. They occur 
in all the world’s oceans, from the intertidal areas to the deep sea. But, why culture 
cephalopods? For food, is the instinctive answer—high growth rates and short life 
spans make cephalopods ideal candidates for commercial aquaculture since they 
have the potential to rapidly reach market size.

However, as ‘Cephalopod Culture’ makes clear, the reasons for culturing cepha-
lopods are more varied. Cephalopod species have been used as model organisms in 
neurobiology since the early twentieth century: they were, for example, the ‘lab rat’ 
for the Nobel Prize winning work of Alan L. Hodgkin and Andrew F. Huxley on the 
initiation and propagation of nerve impulses. Also, as their position as a neurologi-
cal model was cemented, it became scientifically important in the latter half of the 
twentieth century to perfect small scale cephalopod culture protocols. At the same 
time, the world fishery potential for cephalopods was being realised, with world 
catches rising eight-fold as many finfish stocks declined.

However, some cephalopod stocks are now overfished, and others are at 
maximum potential: can large commercial scale culture of cephalopods provide 
a solution? ‘Cephalopod Culture’ draws on the expertise of nearly 50 cephalopod 
researchers from across four continents to provide a thorough scientific reference 
on the state of the art of cephalopod culture today. Tracing the history of cepha-
lopod culture, this book provides a wealth of information on the constraints and 
bottlenecks in the culturing process, paying particular attention to the problems 
of feeding planktonic early life stages, whose complex behaviours and nutritional 
requirements require the provision of live prey.

The diversity of cephalopods, and their wide variation in life history strategies 
(eggs of some species hatch to relatively large benthic ‘miniature adults’ whilst 
other species hatch to planktonic stages just a few millimetre in length), means 
that species have unique culture needs. This is where ‘Cephalopod Culture’ excels. 
With 16 chapters dedicated to in-depth culturing methods for particular species, 
this book provides a laboratory manual that distils all the recently published re-
search on each species, as well as detailing system requirements and management. 
These chapters, written by experts in cephalopod culture, are an essential read for 
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students, technicians, amateur aquarists, researchers attempting to culture species 
as yet uncultured, researchers attempting to improve yields or reduce costs, those in 
industry looking to upscale cephalopod culture enterprises for food production, as 
well as suppliers to the aquarium trade.

‘Cephalopod Culture’ also looks to the future. Recent breakthroughs, such as 
the successful rearing of large octopus hatchlings on a wholly artificial diet of squid 
paste, are highlighted, as are areas requiring further research; for example, there is 
a need to understand better the nutritional requirements of planktonic hatchlings so 
that appropriately enriched zooplankton can be raised as prey items.

Additional economic benefits of cephalopod culture are also emphasised. These 
include restocking, as has been successfully achieved for octopus in the Seto In-
land Sea of Japan; pharmaceutical exploitation of antibacterial and potential anti-
cancer activities reported from squid ink; the use of modified cuttlebone in tissue 
engineering; and the many and varied uses of cuttlefish oil.

In all, this is a pioneering text, which draws together a vast array of knowledge 
on cephalopod culture and provides the foundation for future advances in this sig-
nificant field.

President, Cephalopod International Dr. Louise Allcock
Advisory Council
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Chapter 1
Cephalopod Biology

Sigurd von Boletzky and Roger Villanueva

J. Iglesias et al. (eds.), Cephalopod Culture, DOI 10.1007/978-94-017-8648-5_1,  
© Springer Science+Business Media Dordrecht 2014

Abstract Cephalopod biology is briefly surveyed in the context of cephalopod 
culture, considering its promises and limits. The motivations for undertaking culture 
work vary greatly, both in a basic and applied science perspective. Under most 
circumstances, the outcome of an experimental culture remains uncertain until a 
second generation is achieved. Culture conditions of benthic, shallow-water species 
are more easily reached in captivity than the living conditions of offshore, pelagic 
and deep-sea cephalopods. In general terms, difficulties in launching a culture from 
eggs are inversely proportional to the size of the hatchlings involved. Although 
cephalopod hatchlings are always actively foraging predators equipped with the 
organ systems typical of the adults, a combination of very small size and a pelagic 
lifestyle represents a challenge for their culture, particularly to satisfy their nutri-
tional requirements.

Keywords Cephalopods · Biology · Culture · Development · Reproduction

1.1  Introduction

Half a century after the first successful culture attempts (Choe and Oshima 1963; 
Itami et al. 1963), a brief overview of cephalopod biology—even when limited to 
the context of aquaculture—will necessarily be somewhat incomplete. For a recent 
overview of cephalopod biology, we therefore recommend reading the early chapters 
of Boyle and Rodhouse (2005). Cephalopods are exclusively marine molluscs (with 
only few species tolerating low salinities); they have separate sexes and direct devel-
opment (without a truly larval stage); they are carnivores or (more rarely) scavengers; 
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08003 Barcelona, Spain
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and some cephalopods constantly swim or hover in mid-water, whereas others stay 
close to the bottom, and some bury in sandy substrata to remain immobile for large 
parts of the day (thus hiding from predators along with minimizing energy expen-
ditures). Although we view examples from different groups with various lifestyles 
(including some nektonic squid species that become gregarious during juvenile 
development), we are not able to cover the full breadth of adaptive features of cepha-
lopod biology that might be exploited in culture work. However, one common feature 
of all cephalopod cultures—present and future—must be emphasized, namely the 
inevitably artificial character of cephalopod life in captivity.

Culture, even when achieved in very large enclosures designed to mimic a natural 
environment, always introduces some artificial elements into the life of captive 
cephalopods. Not the least important of these elements are the absence of potential 
predators and a general loss of sensory input. Even in an advanced culture system, 
cephalopod hatchlings and juveniles are thus conditioned by captivity from the out-
set. One should keep in mind that—no matter how small they are—newly hatched 
cephalopods are already accomplished organisms equipped with complex sensory 
organs, a very elaborate nervous system and powerful adult-like effectors (Nixon 
and Young 2003). Disregarding body size, the similarity between newly hatched 
and adult cephalopods is indeed striking. As examples, Figs. 1.1, 1.2 and 1.3 show 
the generalised anatomy of adult coleoid cephalopods and Fig. 1.4 illustrates some 
general morphological features of the hatchlings.

In many bottom-living inshore cephalopods, the conditioning by artificial 
elements, such as confinement or illumination, may of course be exploitable for 
the purposes of a culture. Some of these inshore species indeed are physiologi-
cally flexible and can adapt to artificial environments. They may live and grow on 
unnatural diets, become sexually mature and reproduce even if low growth rates 
can lead to a reduced adult size (Boletzky 1987). The reasons for such reduced 

Fig. 1.1  Generalised anatomy of a cuttlefish. (After Boyle and Rodhouse 2005)
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growth rates may be related to quality or quantity of food or stress caused by general 
culture conditions (tolerance to crowding, unsuitable artificial light and temperature 
levels, among others). With regard to food intake, a social hierarchy may become 
established within a group of captive individuals and may lead to substantial varia-
tions in individual food intake. And, last but not least, much like the adults, the 
small animals are also subject to various diseases (Hanlon and Forsythe 1990a, b; 
Hochberg 1990, Chap. 6).

Fig. 1.3  Generalised anatomy of a female octopus. (After Boyle and Rodhouse 2005)

 

Fig. 1.2  Generalised anatomy of a loliginid squid. (After Boyle and Rodhouse 2005)
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Living individuals with such highly complex sensory organs and neural pathways 
involving multiple effectors are not automata. It is not surprising therefore that the re-
sults obtained in culture work are not always fully reproducible. The very existence 
of such unpredictable results may draw attention to particularly interesting biological 
problems related to individual variations, epigenetic effects and phenotypic plasticity. 
Perhaps the practical aims of a cephalopod culture may be assessed—and possibly redi-
rected more precisely—based on the recognition of technical or conceptual limitations.

1.2  Reproduction and Growth

The starting condition for culture of any species is given by the reproduction of 
mature genitors. By producing fertilized eggs, the parent individuals form a po-
tential P generation for hopefully continuing, successive offspring generations 

Fig. 1.4  Left: Live hatchling of Loligo vulgaris, in dorsal view. Individual photographed under 
anaesthesia (2–5 % ethanol), potentially causing chromatophore contraction (Villanueva, original). 
Right: Semi-schematic representation of a loliginid squid hatchling with a three-lobed inner yolk 
sac, in ventral view. al anterior lobe, pl posterior lobe, a arm, e eye, fr funnel retractor, g gill, i 
intestine, m mantle, mgg midgut gland, st statocyst, vc vena cephalica. (After Boletzky 2010)
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(F1, F2, F3…). Subsequent reproduction of a few individuals brought up in the 
first rearing experiment may suffice for some generations, but sooner or later 
inbreeding may generate negative effects (Andrade et al. 2012). This will neces-
sitate the occasional introduction of new genitors from wild populations. Cepha-
lopods have a single period of sexual maturity, spawning single- or multiple-egg 
masses during a more or less protracted period of maturity. Thus, the question 
arises whether during culture experiments the brooding stock should be replaced 
by new individuals every new season or period. When live genitors (or egg masses 
with viable embryos) are not available, an alternative method to start a culture may 
be the collection of ova and spermatozoa from freshly caught, mature individuals, 
followed by in vitro fertilization. An essential condition for normal development 
of these embryos is the preparation of an oviducal jelly layer embedding the eggs 
(Ikeda et al. 1993). This allows the chorion membrane to expand, thus providing the 
necessary perivitelline space for the developing embryo. This method allowed the 
fertilization of 12 oceanic squid species (Villanueva et al. 2012) in view of the dif-
ficulties involved in obtaining eggs from spawning of captive oceanic squid brood-
stock maintained in aquaria (Bower and Sakurai 1996; O’Dor and Balch 1985).

When weighing the pros and cons of candidate species for culture, one should 
remember that the reproductive behaviours (Hanlon and Messenger 1996) and 
related features of anatomy and functional morphology (Budelmann et al. 1997) 
vary greatly among systematic groups of cephalopods, especially with regard to their 
respective ecological adaptations and lifestyles. There are numerous ways how sper-
matozoids are packed in spermatophores, which are produced by glands of the male 
duct; how these packages are transferred to a chosen female during mating; and how 
a spermatophore is transformed into a bubble-shaped spermatangium that may be 
stored by the female (in special places of the integument, or in pouches, or—in the 
case of octopods—in the oviduct or even in the ovary itself; Nesis 1996). Particular-
ly complex mechanisms allow the spermatozoa to be finally released from their stor-
age sites and activated so that they can pass through the micropyle of an egg chorion.

The ostensibly simple mating system of cephalopods (one female, one male) 
may be subject to considerable complications. Thus, the basic mating pattern may 
be modified by the actions of sneaker males or by other mechanisms of sperm 
competition (Hanlon and Messenger 1996; Huffard et al. 2008; Sato et al. 2010; 
Iwata et al. 2011). The observation of multiple paternity in hatchlings from a single 
egg mass suggests that this ‘complication’ is an important advantage for natural 
selection, though a bad one for aquaculture (Boyle et al. 2001; Buresch et al. 2003; 
Nesis 1996; Hoving et al. 2010; Voight 2001; Voight and Feldheim 2009; Quinteiro 
et al. 2011). Recent observations on Loligo bleekeri show that males of different 
sizes that employ different mating behaviours also produce two different forms of 
spermatozoa (Iwata et al. 2011).

Mating and spawning in captivity may generate some stress for the females if 
males have continuous access to them. Since females store the sperm after each 
mating in sufficient amounts to last for weeks or months, it is advisable to keep 
mature males separate from spawning females. Spawning is indeed of high energy 
cost for both males (Franklin et al. 2012) and females, especially if the female 
produces large masses of eggs with gelatinous egg case material, either continually 
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or intermittently, over several weeks or months. Declining physiological conditions 
in spawning females are often recognizable by the production of more or less dis-
organized egg masses (Boletzky 1987). Under normal conditions, egg masses are 
structured at spawning in a specific way that sets the stage for a more or less com-
plex process of modifications taking place during the development of the embryos, 
from the initial condition having permitted the passage of spermatozoa to the final 
condition allowing the young animals to hatch out (Boletzky 1998).

1.2.1  Fecundity

Depending on the species considered, average fecundities vary from a few hun-
dred (e.g. sepiolid squids) to several thousands (e.g. sepiid cuttlefish) or hundreds 
of thousands (e.g. merobenthic octopods like Octopus vulgaris or O� cyanea) or 
around one million eggs as in the pelagic octopod Ocythoe tuberculata (Salman 
and Akalin 2012). The maximum potential fecundity estimated for the jumbo squid 
Dosidicus gigas is 32 million oocytes; so far, this is the largest number recorded 
for any cephalopod (Nigmatullin and Markaida 2009). When spawning is drawn 
out over weeks or months, there may be pauses of variable lengths, but there is no 
state of sexual rest (regression of reproductive organs). The terminology used with 
cephalopods therefore has the term multiple spawning. The sum total of eggs laid 
over a long time by a single female may be several times the instantaneous hold-
ing capacity of the ovary sac (see Sect. 1.2.2). Apart from the high number of eggs 
thus produced, the staggered hatching of young individuals, which results from the 
staggered spawning events, may open up some interesting possibilities for cephalo-
pod culture. In particular, it would be interesting to test broad mating combinations 
among the offspring (e.g. involving descendants of different males).

1.2.2  Growth

No matter whether it is attained through fast or slow growth (Moltschaniwskyj 
2004), reaching a large adult size is not necessary for carrying through a successful 
cephalopod culture. If sexual maturity is attained at a comparatively small adult size, 
in many bottom-living species a long spawning activity based on continued matura-
tion of ova can still lead to a high lifetime fecundity of reared individuals (Boletzky 
1988). The highest growth rates observed under wild conditions (as deduced from 
postmortem analysis of periodic growth structures, e.g. statoliths) can be equalled 
under ideal culture conditions, with varied, high-quality food, especially when the 
maximum amount of food ingested per day represents a tissue mass nearly 10 % of 
the body mass of the young cephalopod (Mangold and Boletzky 1973). Rations of 
30 % of the body mass have been reported for juvenile benthic octopuses (Quintana 
et al. 2011). However, the actual investment of ingested energy in body mass 
production changes with age (Briceño et al. 2010). The observations of Pecl and 
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Moltschaniwskyj (1999) on the growth of wild-caught Idiosepius held in aquaria 
clearly show that under these conditions the processes of somatic growth can be 
modified at the cellular level, the mantle muscle growing thicker, with a greater pro-
portion of mitochondria-rich tissue, muscle fibres with smaller mitochondrial cores 
and fewer small muscle fibres. For details on nutrition and growth, see Chap. 5.

1.3  Life Cycle

The whole life cycle of coleoid cephalopods varies, depending on the species, from 
about 3–4 months (Idiosepiidae) to several years (Boyle and Rodhouse 2005). The 
embryonic phase may vary from about 1 week in pelagic squids producing very 
small eggs (Sakurai et al. 1996) to more than 1 year in deep-water species produc-
ing very large eggs (Boletzky 1994; Laptikhovsky 1999). In the Pearly Nautilus 
(Saunders and Ward 1987), the whole life cycle is much longer, incorporating sev-
eral years of uninterrupted reproductive activity (an extreme form of the protracted 
terminal spawning typical for cephalopods, as indicated in Sect. 1.2.1). The very 
large eggs need about 1 year to develop to hatching. This is not unique, since cer-
tain deep-water octopods have similar egg sizes and similar durations of embryonic 
development (Wood et al. 1998).

1.3.1  Embryos

Depending on the species considered, ovum sizes vary from less than 1 mm to about 
40 mm. In spite of these enormous size differences, the basic pattern of embryo-
genesis is the same in all cephalopods. The ovum is fertilized by a spermatozoon 
having passed through the micropyle into the chorion (which, except in the incirrate 
Octopoda, is embedded in oviducal jelly and nidamental envelopes). The zygote 
undergoes partial cleavage: The cytoplasm concentrated at the animal pole is sub-
divided by the formation of shallow cleavage furrows, which do not cut into the 
underlying yolk mass. While in the centre of this cleavage zone, small blastomeres 
are subsequently formed, the peripheral segments (the so-called blastocones) re-
main in continuity with the yolk mass; they are the founders of the prospective yolk 
syncytium, which will break down the yolk and export the nutritive elements to the 
blood (Boletzky 2003). From the unilayered blastula, epibolic gastrulation starts 
with a progressive expansion of the central cell plate (prospective outer germ layer, 
or ectoderm) over the peripheral blastomeres adjacent to the ring of blastocones. 
This peripheral complex forms the inner germ layer (mesendoderm), which soon 
becomes completely covered by the centrifugally advancing edge of the ectoderm. 
This edge forms the incipient blastopore lip of the gastrula.

When looking at subsequent developmental stages of cephalopod embryos and 
hatchlings, one has to remember that the marginal blastopore lip of the early gastrula 
forms the entire outer yolk sac envelope with its blood lacuna and the muscular 
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elements (derived from the mesodermal part of the inner germ layer), which spread 
over the yolk mass. These muscular elements form a network organized to create 
peristaltic waves of surface contractions generating the early embryonic blood cir-
culation. From the outer yolk sac the blood space extends around the remaining yolk 
mass inside the ‘embryo proper’ (i.e. the embryonic body derived from the gastrula).

In embryos developed from small eggs, the outer yolk sac is smaller than, or 
about the same size as, the embryo proper, whereas in embryos developing from 
large eggs, the outer yolk sac is huge compared to the embryo proper. Whatever 
the size, however, the remaining yolk mass (i.e. the yolk not yet ‘used up’ during 
embryogenesis) is finally taken up by the body of the embryo before it hatches. This 
so-called inner yolk sac (belonging to the digestive gland) is the persistent part of 
the embryonic ‘yolk organ’ (Boletzky 2010).

To leave the egg case (i.e. the chorion and complementary envelopes), cepha-
lopod hatchlings use a special hatching gland situated on the mantle tip. The local 
digestion of the envelopes by the hatching enzyme produces an opening, through 
which the hatchling extracts itself, generally using auxiliary hatching equipments 
(e.g. integumental ciliatures). The different hatching mechanisms are closely related 
to the structure and consistency of the egg cases, which may have undergone strong 
modifications during the development of the embryos (Boletzky 1998).

1.3.2  Hatchlings

All cephalopods hatch as complete little animals, which are devoid of true larval 
features (hence the term paralarva proposed by Young and Harman 1988). 
Remaining yolk reserves are absorbed to depletion while the young animal 
begins to ingest and digest food, generally live prey (e.g. crustacean larvae), 
which are captured using visual hunting techniques. This parallel embryonic and 
postembryonic nutrition may last several days or weeks. Early growth of hatch-
lings shows a phase with no net growth in dry weight due to the yolk consumption 
(Vidal et al. 2002). Once the yolk reserves are used up, hatchlings depend on 
active foraging and—to a limited extent—on energy sources stored in the cells 
of certain tissues. Depending on the actual hatching time, the young animal starts 
out under more or less favourable conditions of individual fitness. Premature 
hatching, which is frequently triggered by artificial stimuli (Villanueva and 
Norman 2008), may substantially reduce survival chances, since the remaining 
outer yolk sac is lost, and a large inner yolk sac represents a heavy ballast for 
an actively swimming animal, limiting the jet propulsion power by reducing the 
available water volume of the mantle cavity.

In most cephalopods, the hatchlings have a lifestyle that is rather similar to the 
adult lifestyle. Thus, the hatchlings of nektonic and macroplanktonic squids are 
planktonic in that they are transported by currents, but within a given water mass 
in the cubic metre range, they move about actively by jet propulsion (Bartol et al. 
2009), approaching potential prey by forward swimming and escaping from would-
be predators by backward jetting (often combined with inking). This is essentially 

S. von Boletzky and R. Villanueva



11

a micronektonic way of life similar to the lifestyle of adult squid (gregarious 
behaviour in loliginid squids appearing only several weeks after hatching). In short, 
these species have a holopelagic life cycle.

Hatchlings of benthic and nektobenthic cuttlefish (Guibé and Dickel 2011) and 
sepiolids with the exception of Heteroteuthis (Hoving et al. 2008), in their turn, 
have the same lifestyle as their bottom-living parents, including burying in sandy 
substrata. In other words, they have a holobenthic (at times, partially demersal) 
life cycle. Two exceptions to this general rule of ontogenetic lifestyle stability are 
known.

The hatchlings of the idiosepiid pygmy squids are always planktonic and later 
take up the peculiar quasi-benthic lifestyle of the adult animals (which rest when not 
foraging, either close to the bottom, attaching themselves to the lower face of plants 
and other overhanging structures, or to floating algae). This lifestyle switching is 
group typical (Boletzky et al. 2005).

The hatchlings of many bottom-living octopuses (of the family Octopodidae) 
start out as planktonic young animals, very similar in overall aspects to the hatch-
lings of pelagic octopods (e.g. Argonautidae). In contrast to the lifestyle switching 
observed in these species (and in the Idiosepiidae), certain octopus species have a 
life cycle without a planktonic post-hatching phase. In other words, they are holo-
benthic, whereas those octopodid species passing through a planktonic phase can be 
called merobenthic (Villanueva and Norman 2008).

Some confusion is due to the designation larva, which is often used for planktonic 
cephalopod hatchlings. It is derived from the adoption of terms proposed for newly 
hatched fish (Nesis 1979), and sometimes also alludes to gastropods. As a possible 
way out of the confusion, Young and Harman (1988) suggested paralarva as a 
new term for young cephalopods that do not share the biotope of their adults, thus 
introducing an ecological criterion.

1.3.3  Juveniles and Subadults

Depending on whether or not a paralarval phase exists, the actual juvenile phase of 
the life cycle starts either at the end of the paralarval phase or (if no paralarval phase 
exists) virtually at hatching. External morphological changes can be identified 
in octopuses at settlement, when the paralarval phase is ending (Villanueva and 
Norman 2008), such as positive allometric arm growth, the addition of new suckers, 
chromatophore, iridophore and leucophore formation, the development of skin 
sculptural components and a horizontal pupillary response. At the same time, octo-
puses appear to lose the Kölliker organs that cover the body surface and the lateral 
line system analogue. These structures have not been reported for adult benthic 
octopuses (Budelmann et al. 1997). A minor morphological change is the loss of 
the oral denticles of the beaks. These transformations are reflected in changes in 
the relative sizes of the various lobes of the paralarval and juvenile octopus brain 
(Nixon and Mangold 1996). Subadults are characterized by an adult-like external 
morphometry in individuals that are not yet sexually mature. This is the phase of 
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sexual differentiation, during which male and female organs grow from early rudi-
ments to the onset of sexual maturation (as defined by different maturation stage 
systems).

1.3.4  Adult Life

The sexual maturity of adult individuals culminates in the formation and storage 
of functional gametes, all the associated organs (oviducal and nidamental glands in 
females, spermatophoric glands and stores in males) being ready to function.

1.3.4.1  Sexual Dimorphism

In general terms, most cephalopods have adult females and males of roughly similar 
sizes, sometimes with one sex distinctly larger than the other. An exception to this 
general rule is the group of pelagic octopods of the families Alloposidae, Tremoctopo-
didae, Ocythoidae and Argonautidae, all of which have dwarf males, some with very 
peculiar forms of pelagic life (e.g. obligate rafting), and with an extremely large copu-
latory arm that may autotomize. None of these or other pelagic species (of families 
Bolitaenidae, Amphitretidae, Vitreledonellidae) have ever been cultured. However, 
future attempts to culture them may provide essential biological insights.

1.3.4.2  Egg Care

True egg care is known only in incirrate octopods. In pelagic octopods, the 
spawning females always keep their masses of stalked eggs, either holding them 
in their arms or fixating clusters of stalked eggs on calcified structures secreted by 
special integumental glands of certain arms. In Tremoctopus, a pair of egg-carrying 
rods is formed by the spawning female. A bilaterally and nearly symmetric brood 
case is built (and used also as a floating device) by the female Argonauta (Finn and 
Norman 2010). Ocythoe is the only ovoviviparous form known; the eggs develop 
while slowly descending the extremely long oviducts from where they hatch.

The different forms of egg care behaviour in the only bottom-living octopod 
family (Octopodidae) are similar to the modes of egg care known in pelagic octo-
pods: In some species, large eggs or clusters of small eggs are carried around by the 
mother, whereas in the majority of octopodid species, single eggs or clusters of eggs 
are glued to a solid substratum (inside a den, often represented by man-made items 
like pots, bottles or car tires!) in a way reminiscent of the egg-carrying devices of 
Argonauta and Tremoctopus.

The few examples of egg brooding in decabrachian cephalopods are known from 
gonatid and bathyteuthid squids (Okutani et al. 1995; Seibel et al. 2005; Bush et al. 
2012). It is somewhat questionable here to use the term egg care (the way it is used 
for octopods, where egg care includes sucker-based manipulation and ventilation 
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with water flushes from the funnel). Indeed, the oceanic squid female simply holds 
in her arms the gelatinous egg mass she has produced; the female probably starves 
while serving as a floating device for the egg mass.

1.3.4.3  Post-Spawning Period and Senescence

In most shallow-water cephalopod species cultured until now, the senescent period 
is preceded by a phase of reduced or even arrested food ingestion, starting with the 
first spawning events (Anderson et al. 2002). The egg-laying period is located at the 
very end of the individual’s life in most shallow-water species and is followed by 
a relatively quick and degenerative metabolic process. Some exceptions in coleoid 
cephalopods are deep-sea cephalopods with protracted spawning periods such as 
cirrate octopods, in which sexual maturity probably occupies most of their life cycle 
and egg laying is not directly related with the end of the life cycle and senescence 
(Collins and Villanueva 2006). Skin lesions and some diseases could also be an 
early symptom of senescence, such as coccidiosis, that has been reported among 
the most prevalent diseases of coastal octopuses leading to a poor condition (Gestal 
et al. 2007; Moltschaniwskyj et al. 2007; Pascual et al. 2010, Chap. 6).

1.4  Conclusion

The most general aim of cephalopod cultures may be highlighted as a programme 
of the utmost comprehensive cephalopod biology. The biological requirements of a 
cultured species must be thoroughly understood during all the phases of its life cycle. 
Such a broad and deep understanding will rarely exist ready prior to a culture experi-
ment, so in general the experimental approach is inescapable. Or—to put it in more 
elegant terms—the bottom-up view of the experimental biologist applying available 
bits of knowledge needs to be seconded by the top-down view of the experienced 
biologist judging from his/her comprehensive knowledge of specific lifestyles, 
behavioural repertoires and physiological conditions at all life stages that have to be 
considered. The know-how actually needed in cephalopod culture has to result from 
continued confrontation and combination of these complementary views.

Only such an ambitious form of know-how warrants a practice that will hope-
fully stand the test of existing regulations on animal welfare.
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Abstract The coleoid cephalopods, typified by cuttlefish, squid, and octopuses, 
are carnivorous molluscs. Of the better-known coastal cephalopods, many live in 
shallow water, are short-lived, physiologically efficient, and nocturnal. The behav-
iour of cephalopods overall is poorly known: a basic ethogram is available for one 
cuttlefish and one octopus species. Cuttlefish and squid eat primarily fish and crus-
taceans; the octopus diet includes crustaceans and molluscs. Most cephalopods pre-
fer live natural food and prepared diets reduce growth compared to natural food. 
Cephalopods are generally solitary. A semelparous life history, parental care of 
eggs only in the octopuses (and a few squid) and no overlap of generations restrict 
the opportunity for social behaviour. Cuttlefish reproductive tactics may be com-
plex, and squid swim with conspecifics in schools. Smaller cephalopods are at risk 
for cannibalism from larger ones (common in 59 % of species and high in 24 %). 
Cephalopods use visual displays, and some have size-based social hierarchies in 
captivity. Coastal coleoid cephalopods grow rapidly (live only 1–2 years), mature 
at an early age, and many die shortly after laying eggs. Many species of squid and 
cuttlefish aggregate for spawning, while male octopuses locate receptive females 
by chemoreception. Most young hatch at a small size, are planktonic, and must hunt 
live appropriate-sized prey. Major challenges to mariculture include keeping tiny 
planktonic paralarvae alive, providing adequate diet for growth, and avoiding can-
nibalism within high density captive populations.

Keywords Behaviour · Cephalopods · Life history · Diet · Antipredator · 
Reproduction
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2.1  Introduction

Behaviour is one of the most simple and obvious aspects of the life of any ani-
mal. But besides being easy to see, it has logical links to the ecology of animals’ 
interactions with their surroundings and the physiology of their internal workings 
(Drickamer et al. 1996). Generating an environment that allows a captive cephalo-
pod to express its normal range of behaviour, such as providing shelter for cuttlefish 
and octopuses, and space for squid, is important for their health and competence. 
But behaviour can also be used as a cue of trouble. Unusual coloration, poor muscle 
tone, change in feeding behaviour, or location in an atypical place or position can 
tell the people keeping the cephalopods that something is wrong.

There are two problems with describing the behaviour of ‘the cephalopod’. The 
first one is that there is a large number of species, normally inhabiting and adapted 
to a wide variety of marine habitats (see Table 2.1). The abundant coleoid cepha-
lopods are typified by cuttlefish, squid, and octopuses, many of which live in shal-
low water, are short-lived, semelparous, and physiologically efficient though not 
necessarily active more than 25 % of the time (Mather 1988). The few nautiloids, 
represented by Nautilus and Allonautilus (see Chap. 10), are long-lived iteroparous 
inhabitants of the cold depths.

Some cephalopods, such as the octopuses, seem ‘preadapted’ to confinement 
(Boycott 1954), occupying a sheltered ‘home’ for around 70 % of the time (Mather 
et al. 1985; Mather 1988). In contrast, the jet-propelled squid in their normal pelagic 
environment are typified by Sepioteuthis sepioidea, who make a startle jet escape at 
an average of eight times per hour, moving a mode of 2 m distance (Mather 2010), 
a difficult response in a laboratory environment.

A second problem with describing the behaviour of cephalopods is that it is 
poorly known, though see Hanlon and Messenger (1996) for an excellent but some-
what dated summary. A basic ethogram (description of the common behaviour of a 
species) can only be pieced together for Octopus vulgaris—see Wells’ (1978) and 
Mather et al.’s (2010a) popular books—and Sepia officinalis (see Guerra 2006), 
though the behaviour of the latter has not been studied in the wild. Squid and cuttle-
fish species often gather to mate and their agonistic and sexual behaviour is fairly 
well known (Hall and Hanlon 2002; Hanlon et al. 2002; Jantzen and Havenhand 

Table 2.1  Aspects of the behaviour of the three major cephalopod groupsa

Behaviour Cuttlefish Squid Octopus
Habitat choice Benthic, semi-benthic Pelagic Benthic
Sensory Vision, chemical Vision, mechanical Vision, chemical
Locomotion Jet Jet Crawl/jet
Antipredator Camouflage, hiding, ink Jet escape, ink Hiding, camouflage, ink
Skin displays Camouflage, sexual Sexual Camouflage
Prey Fish, crustacean Fish Mollusc, crustacean
Sociality Social at reproduction Social groups Solitary
Care of young None None Female egg brooding
a Many minor exceptions
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2003a, b) but descriptions of the rest of their behavioural repertoire are lacking. 
Many cephalopods are nocturnally active and their activity cycle is not flexible 
(Meisel et al. 2006), though again O� vulgaris is the exception. The behaviour of 
nocturnal animal is difficult to study, as shining a light on them can change their 
behaviour and few scientists have a night-viewing system that works in the water.

Nevertheless, the behaviour of cephalopods can reveal basic adaptations to the 
necessities of life. The first necessity is adapting to the physical, chemical, and bio-
logical environment around them, including predators. Although predators may be 
absent in a laboratory environment, antipredator reactions such as inking will still 
be present. The second necessity is provision of food, and although the laboratory 
environment may provide food easily, there are the problems of appropriate diet, 
food preparation, and enrichment with food provision for young. A third neces-
sity is relationship with conspecifics; although many of the cephalopods are not 
social (Boal 2006), this can bring problems for confinement itself, such as can-
nibalism (Ibáñez and Keyl 2010). A fourth necessity is provision of opportunities 
for reproduction, from the stage of mating through guarding of eggs in octopuses 
to the provision of a proper environment for planktonic paralarvae (see Chap. 23). 
Understanding these problems can lead to providing an enriched environment for 
cephalopods in captivity. Enrichment of the captive environment is not just win-
dow-dressing for aquarium audiences (Peters et al. 2005). Cuttlefish raised in an 
enriched environment grow faster and learn better (Dickel et al. 2000) and habitat 
enrichment increases the activity and widens the range of skin patterns in mudflat 
octopuses (Biegel and Boal 2006). This is particularly important for development, 
as young cuttlefish given a complex background learn to produce skin patterns and 
dig in the sand more quickly (Poirier et al. 2004, 2005). Taking these aspects of 
biology into consideration, Moltschaniwskyj et al. (2007) have written a thorough 
review of ethical and welfare considerations when keeping cephalopods.

2.2  Antipredator Behaviours

Without the protection of the molluscan shell, cephalopods are at risk for predation, 
particularly from fish (Packard 1972). They have evolved a galaxy of antipredator 
responses, including skin displays mediated by the complex chromatophore system 
(Messenger 2001). Excellent bottom-matching camouflage (Hanlon and Messenger 
1988) is a specialty of the cuttlefish and this matching has been used to investigate 
the ability of the cephalopod visual system to analyse its environment (e.g. Barbosa 
et al. 2008). Young nektonic squid such as S� sepioidea use a variety of patterns 
accompanied by postures to match features of their environment (Moynihan and 
Rodaniche 1977; Mather et al. 2010b). In the open water, many squid and cuttle-
fish use reflexive countershading for camouflage from predators above or below 
(Ferguson et al. 1994). On the approach of a potential predator, cephalopods of all 
groups use startle deimatic displays with eyespots (Langridge et al. 2007; Mather 
2010; Staudinger et al. 2012). These are selectively used in the presence of visual 
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predators (Langridge et al. 2007) and are directed towards an approaching potential 
predator (Mather 2010), though not to an imminent danger. Octopuses ( Octopus 
cyanea) escaping from a scuba diver following them may use unpredictable pattern 
changes (Hanlon et al. 1999b) and eventually escape. Similarly, young cuttlefish 
(Hanlon and Messenger 1988), S� sepioidea (Mather et al. 2010b), and Euprymna 
scolopes (Anderson and Mather 1996) use a combination of an unpredictable se-
quence of moves to different locations, pattern and posture change and ejection of 
a squid-sized ‘dummy’ dark blob (see Hanlon and Messenger 1996 for discussion).

The primary response of octopuses is hiding (Mather 1994). The provision of 
even a pair of bricks in the laboratory evokes this response, and an octopus not 
given such material may cower arms outward in the corner of a tank. Such a shelter 
can also be provided in the form of an open cube or a pot, which is very useful for 
transport of a captive animal with the minimum amount of handling stress. Given 
more material, however, octopuses will manipulate it to form a shape they pre-
fer. In the wild, octopuses can hide in shells, human discards such as beer bottles 
(Anderson et al. 1999), crevices, and under rocks. They do not find the ‘ideal’ home 
in terms of characteristics such as volume and aperture area, but instead modify 
shelter by clearing out sand and rubble, detaching algal fronds, and bringing rocks 
to block the aperture (Mather 1994). Many octopus species are likely limited in 
the wild by the availability of shelter (see Hartwick et al. 1978 for Enteroctopus 
dofleini). Cuttlefish and other sepiolids (Mather 1986; Anderson et al. 2004) bury 
themselves in sand if they are provided with small grain size and an adequate depth. 
Squid primarily use jet-propelled escape responses (O’Dor and Webber 1986).

Most cephalopods have the ability to release ink during a major threat, and do 
so in combination with escape and appearance change. This may deter predators by 
either blocking their chemoreception (Wood et al. 2010) or impeding their vision. 
Ink can be dispersed in the sea as a screen or held together as a ‘dummy’ (Anderson 
and Mather 1996). Ink can also become an alarm cue to conspecifics (Wood et al. 
2008). Given its efficacy, it is surprisingly rarely used, but a replacement must be 
metabolized for future threats if ink is lost by ejection. Increased or maximal initial 
threat eventually causes escape responses in most cephalopods. In the laboratory, 
many of the display responses are harmless and seldom seen; eyespots seem to be 
the exception. But jet escape responses can lead to posterior mantle skin damage 
(Hanlon et al. 1983) and ink circulating in a restricted tank environment can damage 
the health of cephalopods and any other animals in the same system.

2.3  Foods and Feeding Behaviours

All cephalopods are carnivores, and most exhibit a preference for live natural foods. 
These factors have constrained the aquaculture of cephalopods and are part of the 
current challenge of improving aquaculture methods, particularly for early life 
stages where mortality is the highest (e.g. Vaz-Pires et al. 2004; Sykes et al. 2006; 
Uriarte et al. 2011). In the wild, cephalopods may forage solitarily, as cuttlefish and 
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octopuses typically do, or in aggregate, as may squid (Neill and Cullen 1974; Boal 
2006), although many schooling squid forage solitarily at night. The coleoid cepha-
lopods are visually guided predators, although octopuses may also forage tactilely 
(for review, see Hanlon and Messenger 1996). For many cephalopods, hard remains 
of prey—from stomach contents for squid and from midden piles outside the den for 
octopuses—provide information about diet composition. Diet remains much less 
well known from deep water species, away from dens, or from soft prey whose 
remains are not found in middens or stomach, although that is changing as informa-
tion from molecular methods becomes available (e.g. Lorrain et al. 2011). However, 
in such cases, molecular data have confirmed that descriptions of diet content from 
hard remains include the majority of cephalopod prey (e.g. Stowasser et al. 2006; 
Hunsicker et al. 2010; Lorrain et al. 2011), although some molecular methods may 
provide greater temporal detail (e.g. Hunsicker et al. 2010).

2.3.1  Cuttlefish (Order Sepiida) and Squid (Order Teuthida)

The main foods of cuttlefish and squid are shrimp, crab, and fish, but they also 
are known to consume other crustaceans (euphasiids, copepods, cirripedes, amphi-
pods), some molluscs (including gastropods, bivalves, and cephalopods), as well 
as polychaetes (Hanlon and Messenger 1996). Knowledge of squid-feeding ecol-
ogy is limited (Lorrain et al. 2011). Squid are active predators whose total dietary 
composition is broad and varies with growth. Among Illex argentinus individu-
als, 55–85 % included crustaceans in their diet, mainly Themisto gaudichaudii (or-
der Amphipoda) and euphasiids, while the occurrence of squid was 12–13 %, and 
3–29 % of squid individuals consumed fish (Ivanovich and Brunetti 1994). Similar-
ly, diets of common Atlantic squid I� illecebrosus and Doryteuthis ( Loligo) pealeii 
were diverse, and while that of I� illecebrosus was dominated by fishes, squid, and 
non-decapod crustaceans, the stomach contents of D� pealeii consisted of largely 
unidentified prey remains, molluscs, and copepods (Bowman et al. 2000). Can-
nibalism occurs commonly and is increased by crowding (Ivanovich and Brunetti 
1994; Ibáñez and Keyl 2010). Many squid are harvested by jigging (e.g. Chen et al. 
2008) possibly indicating attacks to a wide range of stimuli that may contribute to 
a broad diet.

Both cuttlefish and squid attack prey in stages consisting of attention behaviours, 
a positioning approach, and ambush-like strike in which the long tentacles shoot out 
to seize the prey (Messenger 1968; Neill and Cullen 1974). The attention behav-
iours involve changes in body patterning, arm positioning, and orientation of the 
body towards the prey (Messenger 1968). For slower moving prey (such as crabs) 
of both squid and cuttlefish, approach occurs only from behind the prey, and seizure 
occurs with partially opened arms without use of the tentacles (Duval et al. 1984).

There is little work on the behavioural ecology of squid and cuttlefish diet choice, 
and these groups are considered predatory generalists (e.g. Guerra 2006). However, 
cuttlefish have been an important invertebrate model system to understand learning 
in the context of the ontogeny of hunting behaviour and prey choice (e.g. Messenger 
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1973; Dickel et al. 2000; Darmaillacq et al. 2004; Cole and Adamo 2005; Agin 
et al. 2006; Guibé et al. 2012). Within 24–48 h after hatching, cuttlefish strike at 
small suitable prey (Messenger 1973); attack latency, success rates, and suitability 
of potential prey items can be influenced by learning (e.g. Hanlon and Messenger 
1996; Darmaillacq et al. 2004; Cole and Adamo 2005). Ontogenetic changes in prey 
selection also occur in squid, where adults may occupy a higher trophic level than 
smaller juveniles (e.g. Hunsicker et al. 2010; Ibáñez and Keyl 2010).

Squid depend on movement of prey items and contrast with the background to 
locate potential prey and elicit attack (Hanlon et al. 1983). Lacking these stimuli, 
especially motion, squid and cuttlefish will not attack and will starve to death. Prey 
size range does not appear critical, with both large and small squid taking prey 
ranging in size from macroplanktonic to nearly the same length as the squid itself 
(Hanlon et al. 1983). Squid orient visually towards their prey (Hanlon and Messen-
ger 1996), as do cuttlefish, although cuttlefish also exhibit searching behaviour for 
partially buried prey in the substrate, which they uncover by expelling a jet of water 
over the substrate which can blow away cover (Hanlon and Messenger 1996). All 
squid are cannibalistic, a tendency enhanced under food shortage and in the pres-
ence of smaller or injured conspecifics. Further, mating behaviours such as male 
courtship of females and male–male aggression can disrupt feeding and may lead 
to injuries to fins or other areas that contribute to cannibalism (Hanlon 1990). Thus, 
feeding in captivity can be promoted and cannibalism reduced by keeping squid in 
tanks containing all individuals of the same size and sex.

2.3.2  Octopuses

The diets of a few species of octopuses are well known. Many species use dens in 
shallow water and discard hard remains of prey, including shells, carapaces, and 
bones, in midden piles outside the dens. The diet of shallow-water benthic octo-
puses is dominated by crustaceans (e.g. Mather et al. 2012) and molluscs such as 
bivalves (e.g. Vincent et al. 1998) and snails (Ambrose 1984). Diets typically are 
dominated by one to a handful of prey species, but diverse other prey occur occa-
sionally in diets (e.g. Ambrose 1984; Scheel and Anderson 2012). Such occasional 
items may include alternative crustaceans or bivalves, but also almost any other 
prey group characterized by hard parts such as gastropods, chitons, cephalopods, 
echinoderms, fish, and even birds (Sazima and de Almeida 2006; Nightingail 2012; 
Scheel and Anderson 2012). Soft items (e.g. worms) may also be eaten but are less 
likely to be detected in the diet. In some populations, individual octopuses appear to 
exhibit prey specificity (Anderson et al. 2008b), although diet composition across 
the population is broad; in other populations, individual specialization appears not 
to be the rule (Mather 2011; Mather et al. 2012; Scheel and Anderson 2012; Leite 
et al. in sub).

Hard shells protecting crabs, bivalves, and other prey represent a challenge to 
octopuses’ intent on feeding on the soft tissue inside, and octopuses have sever-
al methods to surmount this challenge. Marks left by octopuses on hard remains 
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of prey may indicate how the octopus handled the food item ( E� dofleini: Dodge 
and Scheel 1999). Octopuses are known to apply strength alone to pull open prey 
(McQuaid 1994; Steer and Semmens 2003; Anderson and Mather 2007) so that not 
all remains from prey eaten by octopuses will be marked. Pulling may be the meth-
od of choice for some prey, especially bivalves (Steer and Semmens 2003), but pull-
ing is not always successful. Octopuses are also well known for drilling through the 
shell of their prey, using salivary enzymes, papilla, and radula (Nixon and Macon-
nachie 1988). Drilling forms a small ovoid depression in the outer layer of the shell 
that penetrates the inner layer with holes 1.5–3.0 mm long and 0.25–2.0 mm wide 
(inner and outer width dimensions, respectively; Nixon and Maconnachie 1988; 
Dodge and Scheel 1999). Octopuses are known to drill hard shells and carapaces, as 
well as puncture softer tissue such as eyes ( Eledone cirrhosa: Grisley et al. 1996). 
In some species of octopuses attacking bivalves, drill attempts consistently may be 
made in a location where the prey is vulnerable (Wodinsky 1969; Cortez et al. 1998; 
Anderson et al. 2008a). However, this does not appear universal and some octopus-
drilled locations are variable or may be a function of prey type or size ( E� dofleini: 
Dodge and Scheel 1999; Scheel et al. 2007). Alternatively, octopuses may chip prey 
with their beaks (Anderson 1994; Dodge and Scheel 1999) leaving characteristic 
marks on the edges of bivalves or breakage patterns on crab carapaces, chelae, or 
legs.

According to foraging theory (Pulliam 1974; Sih 1984; Stephens and Krebs 
1986), diet selection by rate-maximizing foragers among spatially mixed prey types 
will be determined by prey energy content, handling time, and encounter rates. Spa-
tial segregation of prey types may result in habitat selection influencing encounter 
rates and prey selection (Vincent et al. 1996). Alternatively, octopuses may act as 
risk-minimizing or time-minimizing foragers (Scheel et al. 2007; Leite et al. 2009). 
If so, this could result in a preference for larger prey (greater energy content) with-
out regard for handling time. This seems particularly likely given the octopuses 
often consume food at a den or other shelter (Mather 1991a), and spend the majority 
of their time hiding (e.g. O� vulgaris: Mather 1988, E� dofleini: Scheel and Bisson 
2012), which allows time to drill, chip, or pull open prey in safety (see Sect. 2.2). 
Scheel et al. (2007) and Scheel and Anderson (2012) found that E� dofleini exhibit a 
preference for larger prey individuals within a species, and for larger species among 
similar prey types (crustaceans). Preferences by this octopus species may further be 
influenced by detectability of the prey, possibly itself a function of prey camouflage 
behaviour, epiphytes, or escape responses. There is now a growing interest in exam-
ining the constraints octopuses may face in nutrient trade-offs (e.g. Lee 1994; Rigby 
and Sakurai 2004; Onthank and Cowles 2011) and their effects on diet, but research 
in this area is only beginning.

Few studies examine how octopuses choose where to forage or how they find 
food. O� cyanea conducts tactile, speculative, and saltatory foraging on shallow-
water reefs (Yarnall 1969, Forsythe and Hanlon 1997), similar to speculative web-
over foraging described for E� dofleini in shallow water (Johnson 1942, Cosgrove 
2002). In both species, as well as O� vulgaris, foraging excursions may follow along 
habitat edges such as reef edges or cliff faces preferentially in habitats containing 
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suitable dens or other shelter (Mather 1991b; Forsythe and Hanlon 1997; Scheel 
and Bisson 2012; Smith 2012). Different species may forage at intervals from sev-
eral times per day ( E� dofleini: Mather et al. 1985; O� vulgaris: Mather 1991a) to 
every 2–3 days ( E� dofleini: Scheel and Bisson 2012). Foraging trip lengths are 
generally small, extending no more than 30–57 m from a den for large species ( O� 
cyanea: Ivey 2007; E� dofleini: Scheel and Bisson 2012) and to only 6 m for O� 
vulgaris (Mather 1994).

Octopuses and cuttlefish will take prepared foods, and there has been some ef-
fort to create prepared diets of both natural (e.g. shrimp, squid) and terrestrial (e.g. 
chicken) foods for rearing cephalopods in captivity (Lee et al. 1991; Lee 1994; 
Garcia et al. 2011; Rosas et al. 2011), with more recent work showing increased 
promise for solving this difficult problem. Although both cuttlefish and octopuses 
grew on prepared diets, in all cases growth rates were below those on natural foods, 
and in many cases cuttlefish and octopuses on prepared diets did not grow (Lee 
et al. 1991; Domingues et al. 2007; Domingues et al. 2008; Valverde et al. 2008; 
Rosas et al. 2011). Cuttlefish eating prepared foods exhibited lower assimilation 
efficiencies than on natural foods (Rosas et al. 2007), possibly in part due to inter-
ference with digestion by binders used in prepared foods (Rosas et al. 2008; Garcia 
et al. 2011). Live foods, especially for early developmental stages, continue to have 
more success than prepared diets. However, both cuttlefish and octopuses can read-
ily be trained to take minimally processed but nonliving marine foods, such as fresh 
or frozen fish, squid, or shrimp (e.g. Koueta et al. 2006). Octopus growth rates may 
be higher on mixed than monotypic diets (Rigby and Sakurai 2004), and nutrition 
ratios may be important in maximizing growth (Lee 1994; Aguila et al. 2007; On-
thank and Cowles 2011) although this remains poorly understood.

2.4  Nonsexual Social Interactions

A generalization that cephalopods are solitary outside of the reproductive period 
would be true, with small exceptions and some variation (Boal 2006). With a se-
melparous life history (see below), the presence of parental care only in the octo-
puses and a fairly complete lack of overlap of generations, cephalopods are not 
likely to have been selected for social behaviour. Cooperation would be selected for 
by three different mechanisms (Drickamer et al. 1996). One is mutualism, the ben-
efit of interactions to both individuals, which is unlikely unless animal live in close 
proximity, like the squid. A second is kin selection, again unlikely when planktonic 
dispersal means that most cephalopods are not living near kin. A third is reciprocity, 
where one individual benefits another, expecting a future benefit, and again this is 
unlikely in animals such as cephalopods that avoid one another much of their life-
time. Nevertheless, social recognition occurs in some cephalopods (Boal 2006) and 
other social behaviours may occur but have yet to be carefully studied.

Outside of the reproductive period, cuttlefish may be solitary, although field data 
(Corner and Moore 1980) are fragmentary, and reproductive social tactics may have 
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been a selective force for cuttlefish intelligence (Brown et al. 2012). A size-based 
dominance hierarchy is true for older, though not newly hatched cuttlefish (Warnke 
1994). Boal (1996) tackled the problem of social recognition through laboratory ob-
servations. She found that cuttlefish kept together in tanks did not react differently 
to familiar vs unfamiliar conspecifics and were not closer to familiar than unfamil-
iar ones. Given visual stimuli, they were more aroused (with a higher ventilation 
rate) by the sight of prey items than that of conspecifics (Boal and Ni 1996). When 
they were maintained in a small or a large tank, cuttlefish spaced themselves more 
widely in the large one and seldom approached to within two body lengths. In a 
small tank, there were more male agonistic zebra displays and more displacement 
of one animal by another (Boal et al. 1999). More importantly, cuttlefish in the large 
tank consumed 25 % more shrimp prey, suggesting that the crowding in the small 
(1.5 m diameter for three animals) tank was stressful and that this stress was reduc-
ing food intake. This is not good news for anyone who wishes to cultivate cuttlefish 
in captivity; a more complex habitat may provide visual separation and reduce this 
stress.

Squid are different, in that they prefer to swim with conspecifics (Hurley 1978), 
in approximately parallel orientation and within a body length or two in captivity, 
even in a very large tank, 15 m in diameter (Mather and O’Dor 1984). Because the 
adults do not live after egg laying and the young are planktonic, again there is little 
likelihood of kin recognition. Most squid gather with conspecifics, though Moyni-
han and Rodaniche (1982) noted S� sepioidea swimming with Doryteuthis (Loligo) 
plei. Groups sort by size; although S� sepioidea are attracted to conspecifics what-
ever the size, smaller animals are at risk for cannibalism from larger ones and so 
maintain several body lengths distance. It has been suggested that squid on the end 
of a line are sentinels, watching for predators and escaping first from them (Hanlon 
and Messenger 1996). The presence of sentinels would suggest cooperative behav-
iour, where individuals would assume periods of excess risk and trade off this risk 
for better protection outside of their sentinel time (Drickamer et al. 1996). However, 
Adamo and Weichelt (1999) found that such sentinel behaviour was not true for S� 
lessoniana. With predator threat (Mather 2010) or when schools are larger (Mather 
and O’Dor 1984), squid more closely to one another, possibly monitoring spacing 
through water deformation received through their lateral line analogue (Budelmann 
and Bleckmann 1988). Like cuttlefish, many squid have visual displays, including 
mostly male agonistic ones (Di Marco and Hanlon 1997). In captivity, males set up 
a dominance hierarchy, with larger ones dominating smaller and winning agonistic 
interactions. But, as for cuttlefish (Warnke 1994) and octopuses (Mather 1980), the 
presence of a dominance hierarchy in a crowded situation does not prove any social 
recognition in the wider spaces of the natural environment.

Octopuses are perhaps the most solitary of cephalopods, with their density likely 
dictated by a lack of predator pressure rather than any mutual attraction. Such a lack 
can be direct, as when predators are excluded from a specific area (Aronson 1986 
for Octopus briareus), or indirect, when shelter is limiting (for E� dofleini, Hartwick 
et al. 1978). Octopuses observed in the wild do not defend territories (Aronson 
1986; Mather et al. 1985), although they may defend their immediate surroundings, 
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such as a sheltering home (Cigliano 1993). This lack of defence is accompanied by 
frequent moves from one to another small home range (Mather and O’Dor 1991). 
The exception may be Abdopus aculeatus (Huffard et al. 2008) which is known 
to gather at high densities in sea grass beds during reproduction. However, it is 
not known whether the animals are permanent or temporary occupants of these 
restricted areas. In the laboratory, octopuses may maintain dominance hierarchies 
based on size (Mather 1980). Cigliano’s (1993) observations that with time, inter-
actions may decrease, suggest recognition of this hierarchy. Tricario et al. (2011) 
have demonstrated the possibility of familiarity in O� vulgaris, but the flaws in the 
statistical analyses make it difficult to confirm.

The general lack of sociality in cephalopods may be one factor contributing to 
the frequency of cannibalism in the group. In their review of 34 species, Ibáñez 
and Keyl (2009) report cannibalism was common in 59 % of species reported and 
high in 24 %. The combination of little sociality with short lifespan, semelparous 
reproduction, and high metabolic rate may favour cannibalism. In the wild, it may 
contribute to population limitation, although for culture in the laboratory it is a 
major problem. In I� illecebrosus squid, cannibalism is found during high densities 
(O’Dor and Dawe 1998), and this is also true for O� briareus (Aronson 1983). It 
may be a response to a limited food supply, as in squid during migration (O’Dor 
and Dawe 1998), and some reports of cannibalism may be distorted due to stress 
during capture in fisheries. It is also size based, and where males and females are 
dimorphic in size, the larger sex may consume the smaller one.

Regardless of circumstances, cannibalism is a major problem for anyone keeping 
cephalopods in captivity. By definition, culturing animals means keeping them at 
high densities, which not only is stressful for them (Boal et al. 1999) but also creates 
a situation for consumption of animals by each other. To some extent, cannibalism 
can be avoided by keeping animals of the same size together, and since cannibalism 
is also partly dependent on food supply, it is useful to have a good supply of pre-
ferred food—which may be expensive and hard to procure (see discussion of food 
and feeding). Giving cephalopods a complex environment in captivity may maxi-
mize their ability to escape from conspecifics who would consume them, as well as 
increasing their growth and learning capacity (Dickel et al. 2000). Yet enrichment 
(Anderson and Wood 2001; Mather in press) is only a partial solution to the expres-
sion of normal behaviour in an unnatural environment.

2.5  Reproduction and Lifespan

2.5.1  Life History

Shallow-water coleoid cephalopods grow rapidly, mature at an early age, and are 
typically semelparous (but see below), dying shortly after laying eggs. Most cepha-
lopods live only for 1–2 years (Boletzky 2003b; e.g. for O� vulgaris, Katsanevakis 
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and Verriopoulos 2006b). Thus, abundance is limited by juvenile recruitment rates 
rather than adult survival.

Adult size and age vary greatly. The smallest ones live just a few months (e.g. 
3 months for the pygmy squid Idiosepius spp., Boletzky 2003b), while the largest 
ones (e.g. E� dofleini: Hartwick 1983) are associated with delayed maturity in cold-
water habitats and growth to large size (Wood and O’Dor 2000; Farías et al. 2009). 
There is a stronger relationship of cephalopod lifespan with temperature than with 
body size (Wood and O’Dor 2000). The giant Pacific octopus, E� dofleini, is a cold-
water species and unusual in living up to 5 years in captivity (Hartwick 1983).

2.5.2  Movement

A thorough review of cephalopod movement behaviours is beyond the scope of this 
chapter (see Semmons et al. 2007) but movement ecology has the potential to affect 
husbandry. Long-distance movements may occur for most sepiolids. S� officinalis 
makes seasonal onshore–offshore migrations (Guerra 2006), likely due to winter 
cooling of the waters. Cuttlefish, with their cuttlebone-based buoyancy mechanism, 
can also perform daily vertical migration—upward at night for food and downward 
in the daytime (Webber et al. 2000). Migration may also be site focused, as Sepia 
apama in Australia makes long-distance migration to gather in restricted areas for 
breeding (Hall and Hanlon 2002).

Squid are the most mobile cephalopods (see possible tracking techniques, Sem-
mens et al. 2007). Not only do many species move metres back and forth over the 
short term (Mather 2010), they also gather in daytime in the shallows and disperse 
over deeper waters at night to feed (Hanlon and Messenger 1996). But larger and 
more open-ocean species may make huge lifetime movements. I� illecebrosus gath-
ers to feed off the Grand Banks in northeastern North America; the adults may move 
offshore to mate and spawn and their eggs are encased in a large gelatinous capsule 
and drift south to off the southeast coast. There the eggs hatch and the young begin 
a northward journey (O’Dor and Dawe 1998). Similarly, Dosidicus gigas move 
southwards off the coast of South America to feeding grounds, then slowly back to 
their equatorial spawning grounds (Nesis 1983), with the newly hatched young dis-
persing westwards and drifting southeast. With global warming, their range is ex-
panding northwards. Animals with movement patterns as far-ranging and complex 
as these will be difficult to raise in the confines of even a large laboratory setting.

While octopuses generally are amenable to confinement within a small envi-
ronment when provided with a sheltering ‘home’, they eventually will attempt to 
leave. This may be tied to the octopus’ short-term occupation of small home ranges 
(Mather and O’Dor 1991; Scheel and Bisson 2012), as they only stay in a restricted 
area for days or weeks. Thus, there is a ‘laboratory lore’ of how to keep your octo-
pus in the tank. Heavy weights on the lid, locking lids, and outdoor carpeting around 
the rim of the tank may act as deterrents. The likelihood of escape is somewhat dif-
ferent amongst species that have been kept in captivity, with O� vulgaris being the 
most likely one to escape (Wood and Anderson 2004). It is suggested though not 
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proven that an enriched environment, more space, and better nutritional state may 
keep the octopus confined. Still, some of them just want to leave. In the longer term, 
octopuses may make onshore–offshore migrations, perhaps for reproduction or to 
access a more appropriate food supply, but this may be irrelevant to their culture 
unless light level affects their reproduction.

2.5.3  Semelparity

Coastal cephalopods typically mature in about a year (Boyle and Boletzky 1996) 
and although many are semelparous, Rocha et al. (2001) have identified five differ-
ent cephalopod reproductive strategies along a gradient in environmental stability, 
including four varieties of multiple spawning, three of which are nonterminal. Rec-
ognizing this complexity in cephalopod spawning behaviours has blurred the sharp 
distinction between semelparity and iteroparity. Cuttlefish lay individual or small 
groups of eggs and sequester them in protected spaces. They spawn intermittently 
over a period of several months. The squid deposit eggs in large egg masses, some 
seasonally in mass synchronized spawning events, and are typified by terminal 
spawning although there are some examples of nonterminal spawning (Rocha et al. 
2001). According to Rocha et al. (2001), octopuses span the continuum between 
semelparity and iteroparity: Many shallow-water octopuses are small-egged species 
laying eggs in festoons or small clusters of a single spawning event, while deep-
water octopuses such as Graneledone sp. but also some shallow-water octopuses 
(Anderson and Wood 2012) are large-egged species depositing eggs singly, perhaps 
over a protracted period. E� megalocyathus is an intermediate example (Ortiz 2006). 
In either case, females brood eggs over a long period and die after hatching of the 
young.

2.5.4  Mating and Spawning

Male cuttlefish court females, using multiple mating strategies (Norman et al. 
1999), and deceive other males via female mimicry (Norman et al. 1999; Brown 
et al. 2012). Mass spawning is seen in the giant Australian cuttlefish, S� apama 
(Hall and Hanlon 2002). During these mass spawnings, both sexes have multiple 
mates; males defended females but not egg-laying sites, and males attempted take-
overs of paired females through agonistic displays and attention to opportunities for 
extra-pair copulations via stealth or female mimicry (Hall and Hanlon 2002). Many 
aspects of this interaction, but not mass spawning, are typical of Sepiida.

S� officinalis males present a striped body pattern (intense zebra display) to other 
males; larger and darker males are dominant in such interactions (Boal 1997). How-
ever, females show consistent preference not for the larger or darker males, but for 
the most recently mated males and those showing fewer zebra displays (Boal 1997). 
She suggested that females used chemical cues rather than visual ones in assessing 

J. Mather and D. Scheel



29

males. In captivity, males may initiate copulation without obvious courtship (which 
females may avoid through escape responses), and male–male aggression occurs. 
The extent to which these behaviours are artefacts of spatial constraint in captivity 
is not known (Adamo et al. 2000) and may pose challenges for cultivation. Hanlon 
et al. (1999a) observed that males initiate mating in the head-to-head posture, and 
then direct jets of water on at the female’s buccal membrane, likely to flush sper-
matangia placed there by previous mating, and then transfer their own spermatangia 
to the buccal membrane using the hectocotylus. The male then manipulates the 
spermatangium on the female to break it open so that sperm are released. Females 
appear to terminate mating and are then guarded briefly by the male.

Some squid species (e.g. Loligo vulgaris: Arnold 1990; I� illecebrosus: 
Hendrickson 2004) but not others (e.g. D� gigas: Nigmatullin et al. 2001) aggregate 
for spawning. Spawning grounds, e.g. for L� reynaudii, may be used repeatedly, 
spawning may not be synchronized within an entire population, and squid move 
between grounds over an extended period (Sauer et al. 2000). Nonetheless, spawn-
ing aggregations are harvested and support managed fisheries (Rodhouse 2001). In 
captivity, L� vulgaris mating behaviour and male–male aggression may be induced 
by the presence of a recently laid egg mass (or visually similar object) in the tank 
or even in the visual field (Arnold 1990), as well as by pheromones present in the 
egg mass (King et al. 2003; Cummins et al. 2011). Arnold (1990) observed that on 
detecting such an object, individual sexually mature squid investigate the object 
tactilely and may jet water at it (possibly an effort to flush away sperm from other 
males, see ‘Cuttlefish’ above). Males begin to dart about, display to other males, 
and place themselves between females and rival males. Females and males display 
to each other, accentuating oviducal gland and testes, respectively ( L� reynaudii, 
Hanlon et al. 2002). A male will swim alongside a female and raise one or two me-
dial arm in an S-shaped curved display posture. Dark bands or patches also feature 
in this display, especially in competition with rival males, who may also be chased 
(Byrne et al. 2003; Mather 2004). Male–male contests may also include physical 
contact such as fin beating (Hanlon et al. 2002). Social hierarchies determined via 
dominance in agnostic displays develop in captivity (Arnold 1990), while paired 
males have an advantage over intruder males in the wild (Hanlon et al. 2002), an 
effect due to female choice, as females jet to avoid unwanted male mating attempts. 
Copulation of paired L� vulgaris, described by Arnold (1990) and of L� reynau-
dii described by Hanlon et al. (2002), is preceded by the male positioning himself 
alongside but slightly below the female, flashing chromatophores. The male then 
grabs the female and positions his arms close to her mantle opening. He reaches into 
his mantle with his hectocotylus and picks up spermatophores, which are quickly 
ejaculated and cemented to the inside of the female mantle near the opening of the 
oviduct. The male then releases the female. Copulatory behaviour may be inter-
spersed with egg laying, and newly released sperm may be observed on just-laid 
egg masses. Female choice may operate on several levels, including female ma-
nipulation of sex ratios, avoidance of mating attempts, and selection of stored sperm 
to fertilize eggs (Hanlon et al. 2002), leading to multiple paternity within egg strings 
(Shaw and Sauer 2004). Copulation alternated with egg laying will continue until 
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both sexes are exhausted. Squid die within hours. Sneaker males of L� reynaudii 
(Hanlon et al. 2002), as well as other squid (e.g. D� gigas: Nigmatullin et al. 2001) 
and cuttlefish (Hanlon et al. 1999a) mate in the head-to-head position. Mating be-
haviour may be variable and dependent on context (Hanlon et al. 2002; Jantzen and 
Havenhand 2003a). Thus, there are opportunities to manipulate the onset of spawn-
ing under cultivation, although courtship and mating behaviours may be inseparable 
from male–male aggression.

Male octopuses may use chemoreception to locate receptive females (Voight 
1991a; Di Cristo et al. 2005). Populations may have a single (Ambrose 1988) or 
two (Katsanevakis and Verriopoulos 2006b) spawning (and hence recruitment) 
peaks per year, with post-settlement mortality rates  > 50 % within 3 months. Oc-
topuses are not territorial and males apparently do not guard receptive females 
(Voight 1991b; but for exception see Huffard et al. 2010). During precopulatory 
behaviours, the male approaches the female and extends the hectocotylus towards 
her. If not rebuffed, males touch the female with the ligula (which females may use 
in assessment of male maturity), and if receptive, females remain motionless (e.g. 
Paroctopus digueti: Voight 1991b). In some species, females also may approach 
males (in captivity, Cheng and Caldwell 2000), and males may not always distin-
guish between male and female potential mates, or even among species (Lutz and 
Voight 1994; Cheng and Caldwell 2000). Copulation then occurs in positions vary-
ing from at arm’s length to the male engulfing the female beneath his web. The male 
inserts the hectocotylus into the female mantle cavity. Mating may last up to several 
hours and is typically terminated by the female (e.g. Octopus joubini: Mather 1978; 
P� digueti: Voight 1991b; Hapalochlaena lunulata: Cheng and Caldwell 2000). In 
at least some species, more complex male mating strategies may involve sneak-
er males, mate guarding, and competition (Huffard et al. 2008). Thus, aspects of 
mating, including male initiation of mating and mating technique, may depend on 
crowding or familiarity with territory (Mather 1978), and so mating under cultiva-
tion may differ from in the wild.

2.5.5  Egg-Care Behaviours

Cuttlefish selectively deposit their eggs on support, such as in crevices among ap-
propriate corals (Boletzky 1998). Squid deposit their eggs, often en masse, on or 
under appropriate bottom substrate, such as in sand, under rocks, or on sessile or-
ganisms, anchor lines or other support, or in pelagic balloons (Oegopsids). Except 
for family Gonatidae and Bathyteuthida squid (Bush et al. 2012), neither squid nor 
cuttlefish are known to exhibit egg-brooding behaviours.

Most small-egged octopus species cement festoons of eggs to sheltered hard 
substrate, such as inside the roof of a den. Eggs are laid over several days. Females 
typically stop eating just before or about the time of egg laying, although this is 
not invariant. Females then tend eggs, manipulating each strand with arm tips and 
blowing jets of water across them. Dead eggs are removed, as may be any show-
ing signs of fungi or algae (Batham 1957; Gabe 1975; Anderson and Wood 2012). 
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Females brood the eggs continuously and become increasingly pale during this pe-
riod. When the eggs begin to hatch, the female may aid the process by manipulat-
ing the eggs. After paralarvae hatch, or in some cases before, when the female is 
completely spent, she will crawl out of her den and a short distance away to die. 
When a female dies prior to paralarvae hatching, her eggs may be quickly predated 
or overcome by algae and fungi.

2.5.6  Hatching and Paralarvae

Cuttlefish hatch as juveniles, without distinct paralarvae. Immediately after hatch-
ing, cuttlefish begin to learn to capture size-appropriate prey in a fashion similar 
to adults (e.g. Hanlon and Messenger 1988; Guibé et al. 2012). Cuttlefish hatch 
with fully differentiated tentacles and use these for prey capture from the start. In 
contrast, Teuthid squid also have no true larval form but some species do have an 
ecological and morphological paralarvae stage wherein they do not yet assume the 
adult form and lifestyle (Boletzky 2003a). Social interactions, such as schooling 
of adult Loliginid squid, do not occur in newly hatched cephalopods. Loliginid 
squid begin schooling several weeks after hatching and this continues into adult life 
(Boletzky 2003a). Like cuttlefish, Loliginid squid begin learning attack behaviours 
by experience, foraging immediately post hatching (Boletzky 2003a; Darmaillacq 
et al. 2008) but prey choice is partially cued prior to hatching. However, because 
Loliginid squid do not hatch with fully formed tentacles, their prey capture methods 
must change during ontogeny. For both of these cephalopod groups, hatchlings learn 
to position themselves appropriately to attack prey from a direction most likely to 
yield success, and to adopt different attack behaviours depending on the availability 
and density of both prey and competitors (Boletzky 2003a).

Octopus hatchlings will still have a remnant of the yolk sac attached that may 
sustain them for the first few days out of the egg. As for squid, hatchlings that do 
not yet have the adult form and lifestyle are termed paralarvae (Young and Har-
man 1988). These are planktonic, positively phototaxic (causing them to swim 
upwards in the water column), and neustonic (orienting towards the water–air 
interface); at the ocean’s surface they hunt planktonic crustaceans and molluscs 
appropriate for their size. Prey are located visually (Villanueva et al. 1996) and 
must be provided at sufficient density and frequency to facilitate growth. Adequate 
nutrition for paralarvae of meroplanktonic octopus species poses one of the great-
est challenges to cultivation. Paralarvae grow rapidly and move about by jetting 
(Villanueva et al. 1995). As they approach the size at which they settle, they may 
cling to floating objects (Nixon and Mangold 1996). Recruitment of meroplank-
tonic species to the benthic population is heavily influenced by oceanographic 
parameters including temperature influencing growth rate, and current patterns 
influencing retention and recruitment to the source population (Katsanevakis and 
Verriopoulos 2006a). Octopus hatchlings with adult form and lifestyle are termed 
juveniles, and these occur in the large-egged forms (Voight and Grehan 2000; 
Anderson and Wood 2012), many of which are found in deep sea. They adopt a 
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benthic lifestyle immediately, but also grow rapidly, feeding on crustaceans and 
other small prey (Forsythe 1984).

2.6  Conclusions

This chapter reveals how complex and poorly understood are the behaviours of 
cephalopods. Yet, despite this, knowledge of this natural behaviour can serve as a 
foundation for successful culture of different cephalopod species. Even this par-
tial account gives details of limitations, suggestions for how to assure that animals 
thrive in captivity, and, perhaps most importantly, an indication of which behav-
iours to monitor to assure oneself that the animals are doing well or warning signs 
that they are in trouble (see Table 2.2). The major obstacles to successful cultivation 
remain keeping planktonic paralarvae alive, providing adequate diet for growth, and 
avoiding cannibalism within high density captive populations. Progress has been 
made in providing adequate diet, but no satisfactory solution is yet available on 
even this minimum requirement for successful mariculture.

Table 2.2  Signs of problems with cephalopods in captivity
Cuttlefish Semi-solitary
(Provide substrate for digging)
(Hiding in sand, daytime)

Not feeding
Lack of skin colour
Not seeking shelter
Abrasions on posterior, fin edges
Poor posture
Unresponsive to startle
Buoyancy problems (floating)

Squid Social
(Watch for escape response, jet collisions 

with tank)
Not feeding
Lack of skin colour
Separation from group
Settled on substrate
Abrasions on posterior, fins
Unresponsive to startle
Jerky, hesitant swimming

Octopod Solitary
(Manipulation of substrate is normal)
(Prevent escape)

Not feeding
Lack of skin colour (except in sleep)
Poor muscle tone (except in sleep)
End of arms missing (not when previously acquired)
Not seeking shelter (provide it)
Unresponsive to startle
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Abstract Since 1983, when Caddy was able to state that ‘… except in a few ocean 
regions, they (cephalopods) are not subject to exploitation’, the decline in many 
finfish stocks has led to increased attention on other groups such as cephalopods, 
the increasing economic importance of which is evidenced by the rapid rise in their 
global landings over recent decades. World cephalopod landings (capture fisher-
ies) rose from 500,000 t in 1950 to a peak of more than 4 million t in 2007, with 
landings increasing in most regions with the exception of the Northeast Atlantic. 
New regions such as the Southwest Atlantic and the Southeast Pacific subsequently 
became important cephalopod fishery areas, supplying new abundant species to 
world markets (notably Illex argentinus and Dosidicus gigas). In Europe, the poten-
tial expansion of cephalopod fishing will require a new focus on monitoring, assess-
ment and management of these fisheries, taking into account the differences in life 
history between cephalopods and fish. The increasing demand for cephalopods on 
the international markets has stimulated research on rearing and ‘ongrowing’ of 
cephalopods (mainly common octopus) as an alternative to reliance on fisheries.

Keywords Cephalopod fishing · Japanese flying squid · Jumbo squid · Argentine 
shortfin squid · Markets · Fishery biology
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3.1  Introduction

Global marine fisheries are widely perceived to be in crisis. World capture produc-
tion seems to have peaked, there is concern that we are ‘fishing down the food web’, 
many fish stocks are evidently overexploited, it has been suggested that capture 
fisheries will be extinct by the mid-twenty-first century, and even apparent success 
stories like lobster fisheries in the US Gulf of Maine have a less palatable flip side 
of ecological damage and vulnerability to disease outbreaks (Branch et al. 2010; 
Worm et al. 2009; Hilborn 2012).

As many finfish stocks decline, increased attention has been focused on other 
groups such as cephalopods (Caddy 1983). The cephalopods comprise the squid, 
octopuses, cuttlefish (grouped together as the coleoids) and nautiloids. There are 
about 800 living species although cephalopod taxonomy continues to be in a state 
of flux as molecular genetics challenges traditional views of relationships between 
species (Allcock 2010).

In 1983, the Food and Agriculture Organization (FAO) of the United Nations 
issued Fisheries Technical Paper N° 231 (Caddy 1983), in which it was stated that 
‘…except in a few ocean regions, they (cephalopods) are not subject to exploitation. 
Most of the large industrial cephalopod fisheries are concentrated in the Northwest 
and central Pacific, the northwest African coasts, the Mediterranean and the North-
west Atlantic.’ It was also said that ‘in the search for resources that can locally 
support a high level of exploitation in the near future, cephalopods must occupy a 
leading place’. This situation has unquestionably changed over the past 30 years.

Cephalopods are now highly valuable commercial fishery resources with annual 
world catches reaching 4.3 million t in 2007 but decreasing to 3.6 million t in 2010, 
according to FAO statistics (FAO 2011), having increased steadily from around 
600,000 t in 1950 (Jereb and Roper 2010). Caddy and Rodhouse (1998) suggested 
that this may be at least partly due to ecological replacement, with opportunistic 
cephalopod species occupying niches vacated by overfished finfish stocks. How-
ever, Nigmatullin (2010) ascribed the increase mainly to the expansion of fishing 
grounds, targeting new species and increasing fishing effort. Again as shown by 
FAO data, since the 1980s the expansion has slowed down as all the main inshore 
commercial stocks of cephalopods were exploited, and the past few years have 
shown a decrease in total cephalopod landings. Indeed, there is evidence that many 
coastal cephalopod stocks may have been overfished (notably in Asia: see Funge-
Smith et al. 2012).

Besides their importance for human consumption, cephalopods are useful re-
search models not only in medical and biological research, due to their nervous 
system and sense organs (Lee 1994; Koueta and Boucaud-Camou 1999), but also in 
physiology, neuroscience, nutritional biochemistry, ageing, molecular biology and 
immunology (Oestmann et al. 1997; Domingues et al. 2001).

Cephalopods are distributed throughout the world’s oceans and it is evident that 
we are not yet exploiting cephalopods in many areas where they occur, especially far 
from land (Fries 2010). Nigmatullin (2004, 2010) proposed that significant further 



433 Fisheries Production and Market Demand 

growth of cephalopod landings could be achieved through exploitation of oceanic 
resources of ommastrephid squid. Clarke (1987, 1996) estimated that sperm whales 
alone could be consuming almost two orders of magnitude more cephalopods than 
are presently taken by fisheries, although much of this amount would be oceanic 
species, many inaccessible due to them living far from the coast and at depth and 
being unpalatable to humans due to their high ammonia content.

In the European Union (EU), despite their importance in the southern European 
diet, cephalopods have long been regarded as minor resource species. Under the 
EU’s Common Fisheries Policy, it remains the case that there is little assessment or 
regulation of cephalopod fisheries (ICES 2012).

3.2  Why are Cephalopods not Fish but Good Fishery 
Resources?

While researchers working on cephalopods have tended to emphasise the differ-
ences between squid and fish, fishery biologists have pointed to parallels with, for 
example, short-lived pelagic fish (e.g. Pauly 1998).

Firstly, to state the obvious, there are important differences between the various 
groups of cephalopods. Although most species (excluding cuttlefish) have plank-
tonic paralarvae, the juveniles and adults of octopus, cuttlefish and myopsid squid 
are all generally benthic or demersal, and mature females lay eggs attached to the 
seabed or other stationary structures (including fixed fishing gears). Octopuses are 
more sedentary as adults than the other groups; both cuttlefish and myopsid squids 
normally undertake ontogenetic migrations. The oegopsid squids extend into the 
pelagic zone as juveniles and adults and may undertake long migrations to feeding 
and spawning grounds. Their eggs are embedded in gelatinous, free-floating egg 
masses.

Many of the shared characteristics of all coleoid cephalopods relate to being 
‘r-selected’ or pioneer species, selected for their short life cycles with fast growth 
and early breeding. Also consistent with the view that cephalopods are ‘r-selected’ 
is the high metabolic rate, which helps explain why both individual physiology 
(metabolism, growth) and population growth parameters (juvenile survival, recruit-
ment, migration patterns) appear to be very sensitive to environmental conditions. 
This has been shown by experimental studies on juveniles which suggest that tem-
perature conditions experienced around hatching can have profound (and some-
times unexpected) consequences for growth rate, age at maturity and final adult 
size (e.g. Forsythe 1993; Forsythe et al. 2001; Wangvoralak 2011) and are backed 
up by field observations (e.g. Jackson and Domeier 2003). Studies on larger squids 
such as the jumbo squid Dosidicus gigas suggest that high temperatures can be also 
problematic because they lead to elevated metabolic rates in water with low oxy-
gen content, thus effectively excluding these squids from otherwise suitable habitat 
(Rosa and Seibel 2008).
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However, cephalopods also show some life history characteristics that may be 
thought of as ‘k-selected’ and are normally associated with ‘higher’ animals such 
as large fish, birds and mammals: many cephalopods, including familiar coastal 
species of squid, cuttlefish and octopus lay relatively few eggs (compared to, say, 
a cod: a few thousands as opposed to hundreds of thousands). Furthermore, they 
show complex behaviour patterns (leading to suggestions of high intelligence, es-
pecially in octopus) and mating strategies (e.g. in loliginid squids, large males guard 
the females on the spawning grounds while small ‘sneakers’ attempt to mate with 
the females when the larger animals are distracted—and genetic evidence suggests 
they often succeed; Hanlon and Messenger 1998; Shaw and Sauer 2004). Eggs from 
a single female Loligo forbesii may be fertilized by two or more different males 
(Shaw and Boyle 1997). Signal transmission in nerves is rapid (hence, squid giant 
axons are used in medical research) and the squid eye appears quite similar to the 
vertebrate eye in terms of general morphology. Curiously, many cephalopod species 
engage in highly colourful visual displays even though most cephalopods are ap-
parently colour blind (Hanlon and Messenger 1998; Wood and Jackson 2004). The 
answer to this apparent contradiction may lie in the possession of high-resolution 
polarisation vision, as found in cuttlefish by Temple et al. (2012). Octopuses even 
show parental care, with the females of many species protecting their eggs (Rocha 
et al. 2001).

A key aspect of their ecology is the trophic role of cephalopods. Several stud-
ies on ecosystem structure have highlighted cephalopods as keystone species (e.g. 
Gasalla et al. 2010). Cephalopods are both active predators and important sources 
of prey for species ranging from fish to seabirds and marine mammals. Their fast 
metabolism and rapid growth result in a high ratio of production to biomass so that 
the amount of energy flowing through the cephalopod component of marine eco-
systems is high relative to the biomass present at any one time. It should be noted, 
however, that energy flow is likely to show seasonal peaks, especially at higher 
latitudes, reflecting the seasonality of cephalopod life cycles. Ommastrephid squids 
such as Illex argentinus are major nutrient vectors and play a key role as transient 
‘biological pumps’ linking spatially distinct marine ecosystems (Arkhipkin, 2013). 
Cephalopods are a major prey source for commercially important fishes (e.g. hakes, 
tunas and salmon), marine mammals and seabirds in ecosystems worldwide (Hun-
sicker et al. 2010). Two species of hake in the Benguela system are estimated to take 
between 565,000 and 988,000 t of cephalopods annually (Punt et al. 1992; Smale 
1996). Sperm whales may eat 213 to 320 million t of cephalopods per year (Clarke 
1996).

What are the implications of these life cycle and ecological characteristics for 
fisheries? The rapid growth rate and high productivity, coupled with relative ease of 
capture, good nutritional quality and acceptable taste (at least to the southern Euro-
pean, southern American and Asian palates), make them attractive fishery resourc-
es. Experience in many fishing grounds seems to suggest that they are relatively 
resilient stocks. Cephalopods contribute to fisheries in many marine ecosystems, 
both directly as a commodity (harvest and sale of cephalopods) and through provid-
ing an ecological support service (the portion of the landings and landed value of 
other species that rely on cephalopods for their production; Hunsicker et al. 2010).
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However, the flip side of the ‘live fast die young’ life strategy is that most fished 
species live for only 1 year and have little-overlapping generations, so if fisheries 
were to fish out a generation of recruits, there would be almost no reserve of old 
adults to repopulate the stock. The fact that this scenario remains largely hypotheti-
cal is probably at least partly a consequence of the plasticity of the life cycle (Pecl 
et al. 2004). Although breeding of temperate species tends to be seasonal, it is also 
hugely variable and animals in breeding condition can present at most times of the 
year.

Their extreme environmental sensitivity also makes cephalopods rather unpre-
dictable and unreliable fishery resources. Although the extent varies, most exploited 
species (and especially oceanic squids) show hard-to-predict year-to-year fluctua-
tions from high to low abundance. It seems likely that this has discouraged the 
development of directed fisheries in some areas; anecdotal evidence for this exists 
in Scotland (Smith 2011).

3.3  What is the Status of Cephalopod Capture Fisheries 
in Different Parts of the World?

Cephalopod fisheries fall into three general categories. Firstly, there is large-scale 
directed fishing, often using jigging machines, as in the major ommastrephid (short-
finned) squid fisheries mentioned below, or, sometimes, trawling. Secondly, a sub-
stantial proportion of landings of loliginid (long-finned) squid arise as by-catch, 
typically from demersal trawling. Finally, a wide range of small-scale directed fish-
eries exist, for squid, cuttlefish and octopus, using a range of artisanal gears (see 
Sect. 3.4).

At a global level, fishery statistics are available from FAO. Various caveats apply 
to these data: they refer to landings and ignore discards, they often group several 
species together into broad categories, they may be biased by inaccurate recording 
of legal landings and by illegal, unreported and unregulated (IUU) fishing, and 
some countries are (at best) slow in providing data. In the North Atlantic, landings 
data are also compiled by the International Council for the Exploration of the Sea 
(ICES), potentially offering greater temporal, spatial and taxonomic resolution than 
is available from FAO (although not consistently so), but still far from being a per-
fect data source. In various parts of the world, including European Atlantic coastal 
waters, abundance indices are also available from trawling surveys. The FAO di-
vides the world into 18 fishery regions, of which only the three Antarctic regions re-
port few or no landings of cephalopods. Between 1950 and 2007, world cephalopod 
landings rose from around 500,000 t annually to a peak of more than 4 million t. 
The most recent annual total (for 2010) is around 3.5 million t annually, an apparent 
decrease which is evident in trends from several regions (FAO 2011; see Fig. 3.1).

Two previous review papers (Caddy and Rodhouse 1998; Hunsicker et al. 2010) 
examined the general state of world cephalopod fisheries. Caddy and Rodhouse 
(1998) noted how cephalopod landings were increasing in most regions even 
though finfish landings were no longer increasing and suggested that overfishing on 
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finfish was favouring cephalopod expansion. The rise in cephalopod catches was 
seen mainly in ommastrephid squid. The only studied region where cephalopod 
landings had not increased significantly over the past 25 years was the Northeast 

Fig. 3.1  World cephalopod landings in 1950–2010 (FAO data), by country and by commercial 
category
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Atlantic. In support of their general hypothesis, the authors noted the shorter life 
cycle of cephalopods, their more rapid turnover and lower standing stocks than seen 
in longer-lived finfish. They proposed that, under high fishing pressure, groundfish 
are outcompeted by cephalopods as they have less opportunity for spawning and 
replacement.

Hunsicker et al. (2010) examined the relative importance of cephalopods in vari-
ous large marine ecosystems (LMEs) around the world during 1990–2004, in terms 
of their direct contribution to landings (and landed value) and their estimated in-
direct contribution as food of other landed species. They showed that the relative 
(direct) contribution of cephalopods to landings varied widely between areas, being 
the highest on the Patagonian Shelf (around 40 % of landings) but low in LMEs 
in and adjacent to Europe, such as the Canary Current (8 %), Celtic-Biscay Shelf 
(around 2.5 %) and North Sea (< 1 %). In terms of absolute amounts of cephalopods 
caught, there was a striking increase from 1960–1970 to 1990–2004. During the 
former period, only the Sea of Japan supported a large cephalopod fishery (basically 
that for Todarodes pacificus) and cephalopod catches on the Patagonian Shelf were 
minimal. By the latter period, the Patagonian Shelf fishery had become the most im-
portant cephalopod fishery in the world and cephalopod fisheries had expanded in 
most regions. As will be seen from the summary of FAO data below, this picture is 
already out of date, with the rise of China as a major player in squid fishing and the 
expansion of cephalopod fishing along the Pacific coastline of the Americas sup-
ported by a marked increase in jumbo squid Dosidicus gigas abundance. Hunsicker 
et al. (2010) expressed concern that the rapid expansion of cephalopod fishing over 
the past three decades may be unsustainable.

By far, the most important fishery region for cephalopods since 1950 is the 
Northwest Pacific, which accounts for 43.8 % of all recorded cephalopod landings 
across the world during 1950–2010 (to put this in perspective, cephalopod landings 
from the Northeast Atlantic over the same period represent 2 % of the global total). 
Cephalopod catches of almost 1.3 million t were landed from this region in 2010 
(down from a peak of 1.47 million t in 2004). There has been a general trend of in-
creased landings during 1990–2010 although landings have been more stable since 
2000. Until 2002, Japan was the most important country for cephalopod landings, 
and the Japanese flying squid ( T� pacificus, maximum mantle length (ML) = 50 cm) 
was the most important of cephalopods in the landings. The Todarodes fishery suf-
fered a decrease in 1985 and, although it recovered by the mid-1990s, landings 
have again been in decline since 2000. Since 2002, squid (species not recorded) 
landed by China have become the most important category. Although the majority 
of landings from this area in recent years were not identified to species in the FAO 
statistics, two other squids, the neon flying squid ( Ommastrephes bartramii) and 
schoolmaster gonate squid ( Berryteuthis magister), are identified as making up a 
small proportion of catches. In the 1990s, the main squids taken by China appear 
to have been T� pacificus and Uroteuthis (formerly Loligo) edulis (Ling and Zheng 
2000).

The region showing the second highest peak in landings since 1950 (1.2 million t 
in 1999) is the Southwest Atlantic. Catches in this area started to become significant 
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in the late 1970s and climbed relatively steadily until 1999. Catches fell to just more 
than 200,000 t in 2004, and although they peaked at around 1 million t in 2007, they 
have subsequently crashed again. Although 38 different countries have officially 
recorded landings of cephalopods from this area, Argentina and Falkland Islands 
remain the main players, and catches are dominated by the Argentine shortfin squid 
I� argentinus� The only other significant catch identified to species is the Patagonian 
squid Doryteuthis gahi� Two further squid species are identified in catches, albeit in 
small amounts: sevenstar flying squid ( Martialia hyadesi) and greater hooked squid 
( Onykia ingens).

The third most important fishery region for cephalopods is the Southeast Pacific, 
although cephalopod fishing was essentially nonexistent in this area until the 1990s. 
Landings peaked at around 820,000 t in 2006. Slightly more than half of all land-
ings from this area go into Peru and a further 20 % are taken by Chile. Almost 95 % 
of landings are of the jumbo squid Dosidicus gigas, with Patagonian squid (2.7 %) 
coming a distant second.

The fourth most important cephalopod fishery region is the western central Pa-
cific, which has shown a steady increase in landings since the late 1960s, reaching 
almost 550,000 t in 2010, with most catches being taken by Thailand and Vietnam. 
Although only a small proportion of the landings is identified to species, common 
squids, presumably Loliginidae, made up 43 % of total landings since 1950.

Landings from the eastern central Atlantic region increased in the mid-1960s, 
subsequently fluctuating between around 150,000 and 250,000 t, with highest land-
ings seen in 1974 and 1999. However, since this latter peak, landings have fallen to 
around 100,000 t annually, mainly due to reduction of effort by foreign fleets. In the 
1950s, almost all landings were taken by Japan, but Spain became the most impor-
tant fishing nation during the 1970s, in turn being replaced by Morocco. In terms of 
categories of cephalopods landed, octopus is the most important, and fluctuations in 
octopus landings essentially drive the overall trend.

In recent years, landings from the Northeast Atlantic have fluctuated between 
40,000 and 60,000 t. Between 1950 and 1980, Spain was the main player, but since 
then landings by France have increased to reach similar levels, coinciding with the 
increased importance of cuttlefish. There was a marked dip in landings between 
the mid-1970s and the mid-1980s, a trend which would be even more marked if 
the short-lived T� sagittatus fishery in Norway had not substantially boosted total 
landings during 1980–1985. A more detailed interpretation of the landings data is 
difficult since even now, when some European countries are distinguishing all the 
different squid and octopus species landed, a large proportion of landings is report-
ed to the FAO under the general octopus, cuttlefish and squid categories.

Landings from the Mediterranean generally increased up to a peak in 1988 
of slightly more than 80,000 t. There were three periods in which landings rose 
sharply, the mid-1960s, the late 1980s and the mid-2000s, and all were followed by 
marked declines in landings. Italy dominates landings from this area and until the 
mid-1990s was taking more than 50 % of all cephalopod landings from the area. Oc-
topuses and cuttlefishes such as Eledone cirrhosa, E� moschata, Octopus vulgaris 
and Sepia officinalis have been the main categories landed, with octopus landings 
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driving the general trend of an increase to 1988 and subsequent decline, but changes 
in cuttlefish landings contributed more to the above-mentioned sharp increases.

3.4  Small-Scale Fisheries

On a global scale, official statistics on cephalopod landings are dominated by the 
large-scale trawl and jig fisheries for key species such as T� pacificus, I� argentinus, 
Ommastrephes bartramii and Dosidicus gigas� However, an important facet of ceph-
alopod fishing in many parts of the world, including Europe, is the high importance 
of small-scale artisanal fisheries targeting coastal octopus, cuttlefish and squid using 
a variety of traditional gears like hand jigs, pots, trammel nets and traps. In addition, 
squid are targeted by small trawlers, for example, in Scotland (UK; Fig. 3.2): see 
Pierce et al. (2010) for a recent review of European cephalopod fisheries. In Europe 
(and very likely in most parts of the world), information on the numbers of boats 
and fishers involved in small-scale fisheries and amounts landed has, historically, 
been poorly documented. Guerra et al. (2000) estimated that as much as half of all 
cephalopod landings in Galicia (Northwest Spain) did not find their way into official 
statistics. Socially, economically and in terms of protein supplies, small-scale fishing 
makes an enormous contribution to the wellbeing of coastal communities.

3.5  Stock Assessment and Fishery Management

There is no routine assessment of European cephalopod stocks although there have been 
several one-off assessments of particular species in particular areas under the auspices 
of research and data collection projects (e.g. Dunn 1999; Payne et al. 2006; Young et al. 
2004, 2006a, b, etc.) and some preliminary assessments by the ICES Working Group 

Fig. 3.2  Small-scale cephalopod fishing. a Directed (small-scale) trawling for Loligo forbesii in 
the Moray Firth, Scotland (UK) (Photo: Michael Wiseman). b Jigging for squid ( Todarodes sagit-
tatus) in Greece. (Photo: Jennifer Smith)
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on Cephalopod Life History and Fisheries (ICES 2008, 2009, 2010, 2011, 2012). Dunn 
(1999) pointed to the value of simple techniques such as catch curves while several 
authors have also utilised the Gomez-Muñoz model to estimate fishing effort for small-
scale cephalopod fisheries (e.g. Rocha et al. 2006; Young et al. 2006b).

Traditional age-based methods are generally considered inappropriate for such 
short-lived species and even if the approach could be adapted by changing the tim-
escale to follow cohorts through the course of a year, age determination is probably 
too time consuming to be carried out routinely for stock assessment (Ceriola and 
Milone 2007; Arkhipkin and Shcherbich 2012). Unlike the case in many fish, the 
high variability in cephalopod growth rates means that the use of age-length keys 
is impractical.

Historically, production models (Roa-Ureta and Arkhipkin 2007), pre-recruit/re-
cruit surveys and depletion models have all been used with some success (see Pierce 
and Guerra 1994 for a review). However, the theoretical basis for using production 
models is of questionable relevance to cephalopods: Environmental carrying capacity 
is unlikely to be fixed due to the sensitivity of cephalopod population dynamics to 
variation in environmental conditions and it is doubtful that clear stock–recruitment 
relationships exist. Depletion methods work best in well-managed directed fisheries 
such as the Falkland Islands squid fisheries (see, e.g. Beddington et al. 1990; Rosen-
berg et al. 1990; Basson et al. 1996; McAllister et al. 2004; Roa-Ureta and Arkhipkin 
2007), where the licence system required on-board monitoring, allowing real-time as-
sessment, with the possibility of fishery closure if escapement was estimated to have 
fallen below a target value. In addition, the life cycle of the exploited species includes 
a well-defined recruitment period, representing the start of the assessment period.

The absence of management measures for most European cephalopod fisheries 
(apart from some restrictions on gear used and minimum landing size) reflects the 
low importance attached historically to cephalopod fishing, the lack of attention 
paid to nontraditional species and small-scale fishing, the impracticality of impos-
ing catch quotas in by-catch fisheries and, possibly, the perception that cephalopods 
are resilient to overfishing.

However, increased interest in targeting cephalopods in Europe means that even 
small-scale coastal fisheries can no longer be assumed to be sustainable and, as 
noted above, lessons from elsewhere in the world suggest that coastal cephalopod 
species can be overexploited. Contingency plans are also needed to manage the 
expected high level of interannual variation in landings. In addition, even if catch 
quotas are unlikely to be useful, some safeguards need to be put in place even for 
the difficult-to-manage by-catch fisheries. The options include:

• Protection of spawning areas. This is fundamental for coastal demersal and 
benthic species which attach their eggs to the substrate. Experience in Portugal 
shows that fixed gear such as trammel nets and traps can be an attractive site 
for the attachment of loliginid squid eggs (A. Moreno, pers. comm.) and similar 
issues arise for cuttlefish and octopus. Loss of eggs attached to gear could repre-
sent a serious problem for several stocks. In the Saharan Bank octopus fishery, it 
has been suggested that coastal trap fishing impacts adversely on offshore trawl 
fishing by removing mature females and eggs (Faraj and Bez 2007).
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• Allowing young animals to reach market size. Experience in the Moray Firth 
squid fishery in Scotland suggests that heavy exploitation too early in the season 
will yield squid that are too small to market (‘powder’) and adversely affect 
catches later in the season (Young et al. 2006a).

• Control of fishing effort in coastal areas, especially by larger vessels, and di-
versification of target species so that alternatives are available in years of poor 
recruitment.

• Use of selective gears to minimise by-catch.
• International agreements to protect high seas stocks such as the I� argentinus 

stock in the Southwest Atlantic.
• Development of cephalopod fishery certification schemes.

3.6  Certification Schemes

In recent years, there has been a proliferation of voluntary ecolabelling programmes 
for various products and sectors. Product certification and ecolabelling are tools that 
can be used to support fisheries management in order to prevent overfishing and gener-
ally improve sustainability, e.g. to prevent, deter and eliminate IUU fishing (Wessells 
et al. 2001). Product certification is most commonly applied in fisheries where there 
are particular monitoring and enforcement problems (e.g. in regulating access to a 
fishery). It has gained heightened importance with the adoption by the FAO Council 
in 2001 of the International Plan of Action (IPOA) to prevent, deter and eliminate 
IUU fishing. Ensuring the chain of custody of the products, from harvest to importa-
tion into final market, is critical to the effectiveness of a product certification scheme.

One of the best-known independent certification bodies for seafood products 
(among others like the Aquaculture Stewardship Council (ASC) and the Monterey 
Bay Aquarium/Seafood Watch) is the Marine Stewardship Council (MSC), which 
aims to promote sustainable and responsible fisheries and fishing practices world-
wide. In the preamble to the Principles and Criteria of the MSC, a sustainable fish-
ery is defined, for purposes of MSC certification, as one which is conducted fulfill-
ing a series of criteria:

1. It can be continued indefinitely at a reasonable level.
2. It maintains, and seeks to maximise, ecological health and abundance.
3. It maintains the diversity, structure and function of the eco-system on which it 

depends as well as the quality of its habitat, minimising the adverse effects it 
causes.

4. It is managed and operated in a responsible manner, in conformity with local, 
national and international laws and regulations.

5. It maintains present and future economic and social options and benefits.
6. It is conducted in a socially and economically fair and responsible manner.

Labelling is also a means by which producers provide information to consumers, 
so that consumers may make an informed decision. All ecolabelling schemes share 
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the common assumption that consumer product choices are not just motivated by 
price and mandatory product information. Consumers can be moved by other prod-
uct attributes that can relate to environmental and ecological objectives as well as 
economic and social objectives (e.g. fair trade, support to small farmers, discour-
agement of child labour). Third-party certification (i.e. by a body that is not in any 
way involved in the production, marketing or consumption of the goods in question) 
can help ensure that the producer provides the consumer with truthful information 
(Wessells et al. 2001).

3.7  Markets and Trade: To What Extent Could 
Aquaculture Contribute to Supply the Markets?

Fish and fishery products are among the most widely traded natural resource-based 
goods. More than 40 % of global fish production enters international trade. For 
many developing countries, foreign exchange revenues from fish exports make a 
major contribution to their balance of payments and are thus of strategic macro-
economic importance. On the other hand, for the three major global fish import-
ers, namely, Japan, the EU and the USA, processing, wholesaling and retailing of 
imported fish are of considerable economic significance, in addition to satisfying 
consumer demand not met by domestic production (Cochrane and Willmann 2000).

According to FAO trade data, over the period 1976–2009, only three European 
countries have been net exporters of cephalopods: Poland, UK and Ireland. The big-
gest exporters of cephalopods and cephalopod products in Europe were Poland and 
the UK. Poland exported more than 400,000 t of cephalopods, presumably mainly 
squid caught in the Southwest Atlantic, which made up the bulk of Polish land-
ings up until 1996 (Falkland Islands Government 2005). The UK exported more 
than 160,000 t of cephalopods in the same period. Around two-thirds of UK land-
ings arose from the Northeast Atlantic, most of the remainder from the Southwest 
Atlantic. The great majority of European countries were and probably still are net 
importers of cephalopods. The biggest importers of cephalopods in Europe during 
1976–2009 were Spain and Italy, with total imports of more than 5 million and more 
than 4 million t, respectively. Italy was the biggest net importer as it had relatively 
low exports. The third biggest importer of cephalopods was France, whose total 
imports over this period were around 675,000 t.

On a world scale, over the period covered by the FAO data (1976–2009), only 
Japan imported more cephalopods than Italy (almost 7 million t over this period) 
and it had the largest total net import–export deficit of any country in the world. In 
total, 12 countries exported more than 1 million t of cephalopods over that period, 
headed by Spain (although it was a net importer) but also including Thailand, Mo-
rocco, Argentina, China, Taiwan, Republic of Korea, India, Peru, Vietnam, New 
Zealand and USA. Several of these countries also had total net exports of more than 
1 million t, led by Morocco (2.2 million t) but also including Argentina, Thailand, 
Taiwan, Peru, India, Vietnam and New Zealand. In terms of total trade in cephalo-
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pods and cephalopod products (i.e. the sum of imports and exports), world leaders 
were Spain and Japan (more than 7 million t each), followed by China and Italy 
(more than 4 million t) and Republic of Korea and Thailand (more than 2 million t).

As cephalopod catches increased in the 1980s, international trade also increased—
more than doubling during the decade to around 500,000 t in 1989 (Josupeit 1992; 
Shaw 1994). Shaw (1994) noted that both Spain and Portugal were net importers 
of squid, while the UK exported more squid than it imported. While the variability 
in landings within and between years was potentially a problem for processors, it 
appeared that the high market demand would favour increased squid catching.

In the past 3 years of the FAO trade data set (2007–2009), the leading import-
ers were China, Spain, Japan and Italy. These four countries also had the highest 
negative trade balance and (along with the Republic of Korea) were among the top 
five traders of cephalopods. In this period, no European countries had a substantial 
positive trade balance in cephalopods and cephalopod products. Belgium (total net 
exports of 1,714 t) was placed highest in Europe but ranked 30th in the world in 
terms of net exports. Denmark, Ireland and Norway were the only other net export-
ers in Europe at the time.

Cephalopod trade statistics are also compiled by Globefish. Their most recent 
issue (Globefish 2012) makes reference to the adverse effects of the world eco-
nomic situation and limited availability of octopus in 2011. Notable highlights for 
the first half of 2012 included increased imports of octopus into Japan, increased 
octopus catching as a ban on factory and freezer vessels in Mauritania was lifted 
and increased supplies of squid from Argentina. Imports of squid into the USA are 
increasing, reflecting increased consumer appetite for squid.

Imports of squid and cuttlefish from Chile, Peru, the Falkland Islands and Ar-
gentina are currently expanding along with demand for these species from Asian 
countries. Additionally, the high level of net imports of cephalopods into Spain and 
Italy and the fact that most European countries are net importers of cephalopods 
suggest there is a niche for cephalopod aquaculture. Now, the question is to what 
extent aquaculture could contribute to supply these markets. At the World Congress 
on Cephalopods, held in Vigo (Spain) in October 2012, it was said that cephalopods 
(squid, cuttlefish and also octopus) comprise a group for which supplies cannot be 
increased through aquaculture, at least not yet (Ferdouse 2012), but this viewpoint 
reflects the fact that cephalopod culture is a relatively recent development and is not 
yet widely perceived as commercially viable.

3.8  The Future

Examination of FAO cephalopod landings statistics suggests that the boom years 
of cephalopod fisheries may already be over, although the possibility remains that 
greater use can be made of oceanic squids, especially if technological developments 
permit processing of the ammonia-rich flesh of mid-water species belonging to 
families such as the Histioteuthidae, Cranchiidae and Chiroteuthidae (Voight et al. 
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1995; Siebel et al. 2005) into palatable form. In addition, global climate change 
seems certainly to impact species which are notoriously sensitive to environmental 
conditions. As more such fisheries become fully exploited or overexploited, alterna-
tives will be needed.

As is the case for Gulf of Maine lobster fisheries, some fishing practices may fa-
vour proliferation of particular species, effectively moving from hunter–gatherer to 
farming. However, whether this is a desirable practice is questionable. Ongrowing 
in sea cages is already established for some species of octopus (see, e.g. Chaps. 9 
and 24 for Octopus vulgaris) and further development of cephalopod aquaculture 
represents one of the most promising future options (Iglesias et al. 2007).

3.9  Conclusions

Since 1950, as many finfish stocks have declined, cephalopod fishery resources 
have come to occupy a leading place in the search for new resources that could sup-
port a high level of exploitation, reflecting their high abundance in some areas, as 
well as their palatability and nutritional qualities.

Cephalopods play an important role as research models in medical and biological 
research and are keystone species in marine ecosystems, being both active predators 
and important sources of prey for other species ranging from fish to seabirds and 
marine mammals. They are found in all the oceans and seas from coastal waters to 
the high seas, and from the surface to depths of more than 5,000 m.

World cephalopod landings rose from 500,000 t in 1950 to a peak of more than 
4 million t in 2007. Over this period, the Northwest Pacific has been the most impor-
tant fishery region for cephalopods, the Japanese flying squid ( T� pacificus) being the 
most important landed species, mainly caught by the Japanese domestic fleet. In the 
early 1970s, around 40 % of the world catch of cephalopods came from around Ja-
pan. Since this time, the Southwest Atlantic and the Southeast Pacific have assumed 
high importance for catches of abundant marketable species (notably I� argentinus 
and Dosidicus gigas), since the mid-1980s and 1990, respectively. On a global scale, 
cephalopod landings are dominated by the large-scale trawl and jig fisheries, but 
small-scale artisanal fisheries using a variety of traditional gears play an important 
role in cephalopod fisheries worldwide.

Exports of fishery products including cephalopods represent a major income for 
many developing countries, while processing, wholesaling and retailing of imported 
seafood are of considerable economic significance for the three major global seafood 
importers (Japan, the EU and the USA), in addition to satisfying consumer demand. 
FAO data on cephalopod landings suggest that the boom years of cephalopod fisheries 
may already be over, reflecting overexploitation in some areas while, in the future, cli-
mate change may further threaten established cephalopod fisheries. Consequently, the 
development of culture techniques for cephalopods represents an important alternative.
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Abstract This chapter reviews the history of cephalopod culture since the 1960s 
until 2000, compiling the most important contributions in each decade and identifying 
key research laboratories and researchers. The literature found is vast in cephalo-
pod species, methodologies and technology. Hence, this chapter focuses mainly on 
those species with an established aquaculture potential. It includes a description of 
the evolving seawater systems, broodstock acclimatisation to captivity and rearing/
culture methodologies of different life stages.

Keywords Cephalopod culture history · Cuttlefish · Model species · Octopus · 
Squid

4.1  Cephalopods as Model Species for Science—the Need 
for Aquaculture

Cephalopods have been used as experimental models in neurobiology since the be-
ginning of the twentieth century (Gariaeff 1906; van der Sprenkel 1929; Arvanitaki 
et al. 1936a, b; Young 1938). Species of this class gained momentum as models for 
science in 1963, when Alan L. Hodgkin and Andrew F. Huxley won the Nobel Prize 
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in Physiology and Medicine for their work on the behaviour of nerve impulses, 
which used the giant axon of the Atlantic squid Doryteuthis pealeii. In addition, two 
other Nobel Laureates worked with squid: the American, G. Wald honoured in 1967 
for his research on chemical and physiological processes in the eye and Bernard 
Katz of Great Britain, whose discoveries concerning the role played by chemicals 
in nerve impulses won him the prize in 1970. From that point on, cephalopods 
became the most relevant neurological model, with no peer in the animal kingdom 
(Young 1985), and cephalopod culture was more than ever a necessity that needed 
to be met. However, this was easier said than done and there was a need for studies 
regarding the knowledge of species biology and the development of technology that 
would allow for cephalopod culture.

Besides the interest on the cephalopod culture as biological models in neuro-
science (Williamson and Chrachri 2004; Sio 2011), they also have been consis-
tently used as models for research to understand processes of their biology (Wood 
and O’Dor 2000; Koueta et al. 2006), mechatronics (Laschi et al. 2012), behaviour 
(Wells 1962; Hanlon and Messenger 1996; Tricarico et al. 2011), evolution (Budel-
mann 1995; Strugnell et al. 2011) and climate changes (Pörtner and Farrell 2008; 
Melzner et al. 2009). Moreover, they represent a quality food source for human 
consumption (Vaz-Pires et al. 2004; Sykes et al. 2009; Uriarte et al. 2011). Other 
uses, but not all, are presented by Lee et al. (1994). In this sense, the present chapter 
provides a historical perspective of cephalopod culture in the world as informative 
and detailed as possible, but, inevitably, there will be gaps and inaccuracies that 
escaped our attention. The information is given considering a timescale on the ad-
vances on cephalopod culture since the 1960s up to 2000. Detail is given to the most 
researched species, while citations of the existing literature and basic description 
of its content are made for the remaining ones. To avoid any misunderstanding, the 
terminology of maintenance, rearing and culture used throughout the chapter is that 
proposed by Boletzky and Hanlon (1983).

4.2  1960s: The First Dedicated Studies

There are previous reports on maintaining and rearing of cephalopods of early 
years but the first pioneer studies on the experimental culture of cephalopods are 
dated from the 1960s, and many of them were performed by Korean and Japanese 
researchers on species of the Sepiidae family. Ohshima and Choe (1961) described 
the rearing success in four cephalopod species ( Sepioteuthis lessoniana, Sepia 
esculenta, S� lycidas (as S� subaculeata) and Sepiella inermis (as S� maindroni)) 
with paralarvae/hatchlings being fed live mysid shrimp Neomysis japonica. Choe 
and Ohshima (1963) provided more details on the rearing of those species and 
of Euprymna berryi, namely information regarding the care of eggs, time of first 
feeding, food items and survival. On the other hand, Itami et al. (1963) succeeded 
in rearing Octopus vulgaris paralarvae up to the benthic juvenile stage in 33–
40 days on a diet of zoeas of Palaemon serrifer at Hyogo Prefectural Fisheries 
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Experimental Station (Akashi, Japan). After settling, the octopus juveniles were 
fed with small pieces of ovaries, testes and hepatic glands of the crab Charybdis 
japonica, and, then after, with small shrimps or young crabs ( Gaetice depressus). 
This work highlighted high mortalities, which were considered to be due to lack of 
proper food in quantity. Finally, Choe (1966) provided more data on S� esculenta, 
S� lycidas ( as S� subaculeata), S� inermis ( as S� maindroni), S� lessoniana and E� 
berryi eggs, respective rearing setup, food and growth under captive conditions. 
On the other hand, the culture of cephalopods for neurological studies produced 
some research papers that described some techniques to maintain octopuses in 
captivity. For instance, Coates et al. (1965) developed an automatic food dispenser 
for O� vulgaris which was useful for maintaining these animals in captivity. This 
apparatus was designed to make observations on the amount, time and frequency 
of octopus feeding.

4.3  1970s: Cephalopod Biology Studies and Maintenance 
Gain Momentum

In this decade, research generating further development of knowledge regarding 
biology and aquaculture technology of cephalopods progressed with several pub-
lications from researchers from France (Laboratoire Arago, Banyuls-sur-Mer; and 
Laboratoire de Biologie et d’Ecologie Marines, Université de Lille), Spain (Insti-
tuto de Investigaciones Pesqueras, Laboratorio de Cádiz and Vigo), USA (Marine 
Biological Laboratory, Woods Hole; and University of Miami), among others. The 
basic maintenance setups were developed by researchers who wanted to know more 
about cephalopod biology and physiology and needed seawater systems that al-
lowed keeping animals in captivity.

For instance, the doctoral thesis of Richard (1971) dedicated a whole chapter to 
the culture of the European cuttlefish ( S� officinalis). Different temperatures and 
their relation with the duration of embryonic development (e.g. 15 °C—87 days 
against 21.4 °C—31 days), female sizes and hatching sizes were provided. In addi-
tion, conditions of the seawater systems to permit cuttlefish culture were presented, 
such as data on open systems, waters flows (0.5 L min−1 in 100 L tank), water heat-
ing (to insure the minimum specific temperatures of 9–10 °C), the use of sand bot-
tom (better acclimatisation to captive conditions), the use of amphipods as food for 
hatchlings and shrimps and crabs for juveniles or adults and density (D = cuttlefish 
‘surface’/tank bottom surface = 1/10).

LaRoe (1971) described how to culture and maintain the squids S� sepioidea 
and D� plei throughout the life cycle in captivity. In this study, information regard-
ing the most important factors, such as food quantities (daily rates of 30–60 BW 
(body weight) day−1), food conversion efficiency (10–20 %), minimum salinity (27 
psu), minimum and maximum culture temperature (17.5–33 °C), oxygen concen-
trations and other information were provided. A different method for maintaining 
Loligo vulgaris was presented by Neill (1971), which was based on the use of col-
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lapsible plastic home swimming pools converted to ring-shaped arenas by using a 
suspended plastic opaque wall and continuous lighting. According to this author, 
squids should be kept in groups, fed live prawns and the tanks should be part of an 
open seawater system. Boletzky et al. (1971) described the laboratory rearing of 
Sepiolinae in small volumes (5–50 L) in a closed seawater system. Cuttlefish were 
fed on live mysids ( Leptomysis mediterranea) and shrimp ( Leander serratus). A 
description of their behaviour in captivity and feeding was provided, as well as 
indications on growth, maturation and spawning in captivity that were reported 
for the first time.

Two similar types of works were published by Boletzky (1974b, c). In these 
articles, Boletzky described the methods used to rear cephalopods in the labora-
tory for several orders, such as Sepioidea, Teuthoidea and Octopoda. It reviewed 
aspects such as water supply (open and semiopen seawater systems), water quality 
through filtering, reproduction behaviour, egg collection either from nature or from 
captive spawners, embryonic development periods according to given tempera-
tures and rearing of paralarvae or hatchlings (food, temperature, light, enriched 
environments, feeding rates and densities). In that same year, Boletzky (1974d) 
also published a review on the biology of embryonic and post-embryonic devel-
opment of cephalopods with the aim of defining whether cephalopod hatchlings 
should be called larvae, and a study on the effects of malnutrition on the develop-
ment of S� officinalis cuttlebone (Boletzky 1974a). At the same time, Arnold et al. 
(1974) published a guide for the laboratory use of the squid D� pealeii, which 
included information regarding collection, maintenance, reproductive behaviour, 
embryonic development, the visual system, plus protocols for the use of squid for 
electrophysiology, among others. Summers and McMahon (1974) and Summers 
et al. (1974) described capture methods and seawater systems for maintenance of 
the same species. In addition, Overath and Boletzky (1974) described basic condi-
tions to maintain eggs of the blue-ringed octopus Hapalochlaena lunulata through 
the embryonic development.

Boletzky (1975) described how to rear Eledone moschata from hatching to 
adulthood in aquaria, by feeding a diet of shrimp and crabs. He verified that, in 
this species, males mature later than females. In that same year, Richard (1975) 
published a very complete guide on cuttlefish culture, resulting from 10 years of 
research. Due to the location of the research laboratory (Station Marine de Wi-
mereux, France), the cuttlefish culture setup used open seawater systems, water 
heaters (to maintain water temperature above the minimum reported for the spe-
cies), sand in the bottom of the tanks and dim illumination. This author also re-
ported values for optimal density (1/10 of the animals’ surface to the tank surface) 
and the use of live prey items with half the size of cuttlefish (which should not be 
provided in excess).

O’Dor et al. (1977) described methods for collection and maintenance of Illex 
illecebrosus in a 15 m diameter tank and gave information on reproduction and life 
cycle in captivity. Guerra (1978) described a basic seawater setup to maintain O� 
vulgaris individuals in the laboratory. In this latter study, not only were a wide va-
riety of live and dead prey items tested as food for octopuses but also its behaviour 
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towards the acceptance of food was recorded. If fed sufficient quantities, octopuses 
would prefer crustaceans to fish.

Van Heukelem (1977) introduced O� maya as a better laboratory animal than 
other cephalopods due to its larger eggs and easier rearing and maintenance. In this 
work, he described how to collect, ship and incubate eggs. He also described rear-
ing conditions such as temperature (21.8–26.7 °C), the use of egg incubators, tank 
volumes (20–120 L) and its maintenance and the use of several food items accord-
ing to age (live brine shrimp, crabs, amphipods and isopods during the first month 
and frozen afterwards).

Together with Richard, Pascual (1978) was one of the first researchers who cul-
tured S� officinalis for more than one generation, collecting, in this way, valuable 
information regarding growth, feeding and different water parameters in inbred 
populations. This study was one of the first to be performed aiming ultimately at 
mass production, for human consumption, of a given cephalopod species. Informa-
tion on how to assemble an open seawater system with water temperature regula-
tion and security alarms, plus switches, was given. In addition, the types of tanks 
were described considering their use for rearing all life stages of cuttlefish, with 
the exception of the egg stage (which was performed in a closed system). Data on 
embryonic development periods for the species at different culture temperatures (30 
days for 22.5 °C and 54 days for 17 °C) as well as thermal tolerance of eggs were 
reported. This was one of the first studies reporting the removal of enriched envi-
ronments in the tanks to avoid problems with food remains leading to deterioration, 
which were reported later by other authors for this and other cephalopod species. 
Several prey types were tested for the hatchling stage, such as mysid species ( Dia-
mysis bahirensis and Mesodopsis slabberi), grass shrimp ( Palaemonetes varians) 
and Artemia spp., P� varians being the prey generating the best results in survival. 
This study also reported urethane (0.3–0.5 %) as an anaesthetic for the manipulation 
of cuttlefish. Under these conditions, individuals of 150–200 g were obtained in 4 
months, displaying a food conversion efficiency of 40–45 % (from 2.2 to 2.5 kg of 
food to attain 1.0 kg of cuttlefish).

Boletzky (1979a) used 50 L round covered tanks (PVC or plexiglass), under con-
tinuous light (fluorescent white), in an open seawater system to test the acceptance 
of different prey types and prey quantities. Mysids, artemia and amphipods were 
tested for hatchlings, with a clear preference for mysids, palaemonid and crangonid 
prawns. Very small crabs and small fish were assessed for cuttlefish juveniles and 
larger fish, prawns and crabs for subadults and adults. The same author (Boletzky 
1979b) also reported extremely high mortality rates in L� vulgaris paralarvae when 
fed mysids under continuous light conditions.

Detailed information on the reproduction of I� illecebrosus in captivity, performed in 
the Aquatron pool (system described by O’Dor et al. (1977)), was reported by Durward 
et al. (1979); while Hulet et al. (1979) described fin damage of several squid species 
( D� pealeii, D� plei, Lolliguncula brevis and D� opalescens) during capture, transport 
and maintenance or rearing in the 1,000 L circular tanks and 10,000 L raceway tanks of 
a closed seawater system at the National Resource Center for Cephalopods (NRCC).
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4.4  1980s: The First Studies on Mass Culture

It was during this decade that methods for large-scale culture were investigated 
and cephalopod culture technology reported rapidly increasing numbers. This boom 
correlates with the establishment of the NRCC in 1975, which was a scientific pro-
gramme supporting the mission of the Marine Biomedical Institute (MBI) of the 
University of Texas Medical Branch. The NRCC was located in Galveston (50 
miles south of Houston), with access to the Gulf of Mexico, and it established a 30-
year history of providing the biomedical research community with squid, cuttlefish 
and other cephalopods for research. It had the capacity to maintain 1,000–2,500 
adult cuttlefish, S� officinalis and S� pharaonis (122,000 L of water in five systems) 
per year, 800 squid, S� lessoniana (98,000 L of water) per year, 10–40 Nautilus 
pompilius (3,000 L of water) per year. In addition, this facility had the capacity to 
maintain field-caught bay squid, L� brevis (1,000–2,000 adults year−1), the sepiolids 
E� scolopes and E� tasmanica (200 adults year−1), O� bimaculoides (300 year−1) in 
relatively small 500 L tanks. Giant Pacific octopuses were held in 3,500 L chilled 
recirculating seawater display tanks. During this time, the NRCC was the only facil-
ity able to culture squids from egg to adulthood for multiple generations. Also, they 
were able to provide cuttlefish and octopuses, as well as cells, tissues and organ sys-
tems to researchers without causing the trauma of mass harvesting, thus providing 
excellent research animals while preserving the natural populations of cephalopods 
in the oceans. A great contribution of the NRCC was performing numerous experi-
ments on the development of culture technology with more than one cephalopod 
species, making results applicable in a general sense to most cephalopods.

Boletzky and Hanlon (1983) reviewed the laboratory maintenance, rearing and 
culture of several cephalopod species. In this article, the authors provided a stan-
dardization of terminology to be used while having cephalopods in captivity: main-
tenance—holding juvenile or adult cephalopods with no intention of growing them; 
rearing—growing cephalopods through several life stages of a single generation; 
and culture—growing a cephalopod from hatching until hatchlings of a consecutive 
generation are obtained. The different sections of this work addressed technologi-
cal limitations faced by those having a cephalopod in captivity as well as species-
specific biological limitations to culture. In a general way, cephalopods need to be 
handled carefully to avoid skin damage, require enough space for their benthonic 
or nektonic mode of life, high-quality water and sufficient live food. Hanlon and 
Hixon (1983) wrote a chapter on laboratory maintenance and culture of octopuses 
and loliginid squids in Culture of Marine Invertebrates. In this work, the technology 
described for O� joubini was set up as an example for the culture of other octopus 
species, such as O� briareus (culture methods later described by Robaina (1983) and 
Hanlon and Wolterding (1989)), O� maya and O� bimaculoides. The methods were 
also described to have a possible application to O� vulgaris paralarvae. Information 
on rearing methodologies for these and other species was given and included details 
on seawater systems for several octopus and loliginid species. Two years later, Han-
lon and Forsythe (1985) published the results of large-scale culture of five species 
of octopuses that included the four octopus species already mentioned above and 
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Paroctopus digueti, and in which O� bimaculoides was pinpointed as the best spe-
cies for culture. A full description of the seawater systems was given as well as its 
maintenance and operability logistics. Closed seawater systems were suggested as a 
way of preventing high variability in salinity conditions. However, caution with the 
use of copper in these systems was recommended due to its toxicity to cephalopods. 
Details on stocking density (300–700 hatchlings m−2), prey size (1/3 to 2× octopus 
mantle length), prey type (mysids and palaemonid shrimps) and alternative foods 
were presented. Moreover, the effects of temperature on growth, reproduction and 
duration of life cycle were assessed by Forsythe and Hanlon (1988).

Regarding squids, Yang et al. (1980) were the first to successfully rear D� pealeii 
hatchlings. A full description of the conditions (seawater systems and food) that 
allowed the rearing of D� opalescens to the juvenile stage were published by Yang 
et al. (1983), experiments of adaptation of D� plei, D� pealeii and Lolliguncula bre-
vis to captive conditions by Hanlon et al. (1983) and the culture in captivity was 
established 3 years later by Yang et al. (1986). In that same year, Turk et al. (1986) 
reared L� vulgaris from hatching with some success. In a series of trials, they col-
lected information regarding food type, feeding densities, growth and survival. 
Culture conditions for L� forbesii were published by Hanlon et al. (1989). All the 
gathered knowledge resulted in a review on how to design closed seawater systems 
and culture loliginid squids by Yang et al. (1989). According to these authors, squid 
hatchlings should be reared in 3,000 L circular tanks, with low light intensities 
(4–53 Lx) and fed on mysid shrimps. As for juveniles, a setup of a 10,000 L raceway 
tank should be used with constant illumination not exceeding 88 Lx. Further details 
and schemes are presented in the work.

All the previous research lead to the reviews on alternative diets for maintaining 
and rearing cephalopods in captivity by Toll and Strain (1988) and DeRusha et al. 
(1989), where the suitability of several freshwater and terrestrial food organisms 
(crayfish, fishes, clams, snails, earthworms, insect larvae and salamanders) as well 
as live and frozen diets (marine shrimps, marine worms, marine crabs, marine fish, 
adult brine shrimp) were assessed for different cephalopod species ( O� bimaculoi-
des, O� maya, P� digueti, O� joubini and S� officinalis) and life stages. Crayfish was 
the most accepted diet and the one providing the best results in growth among the 
freshwater and terrestrial food items tried. On the other hand, frozen diets provided 
similar growth compared to live diets.

During those years, the NRCC researchers also published a vast group of publi-
cations regarding cephalopod pathologies and healing methods that are revised in 
Chap. 6—Welfare and diseases under culture conditions.

In 1983, the first volume (Species Accounts) of the book Cephalopod Life Cycles 
was published by Academic Press and edited by Peter Boyle. Four years later, the 
second volume (Comparative Reviews) was published including a full chapter dedi-
cated to reviewing cephalopod culture (Mariculture by Hanlon (1987)) and another 
one to cephalopod diets (Nixon 1987).

During this decade, several papers (Boucaud-Camou 1981; Boucaud-Camou and 
Yim 1981; Boucaud-Camou 1982; Boucaud-Camou et al. 1985) and book chapters 
(Boucaud-Camou and Boucher-Rodoni 1983; Boucher-Rodoni et al. 1987) were 
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published on feeding and digestion of cephalopods, with emphasis on S� officinalis. 
In Europe, and still during the 1980s, some Italian researchers made a series of ex-
periments (Sequi 1980; Palmegiano and Sequi 1981; D’Apote and Palmegiano 1982; 
Palmegiano and D’Apote 1983; Palmegiano and Sequi 1984; Sequi and Palmegiano 
1984, 1985) with the objective of understanding the feasibility of cuttlefish culture 
in earthen ponds. Further details on these studies are given in Chap. 11—European 
Cuttlefish, S� officinalis. In fact, at the end of this decade, this species and O� vul-
garis were identified as the most probable species to be mass cultured in Europe by 
some authors (Boucaud-Camou 1989; Coelho et al. 1989).

4.5  1990–2000: The Optimization of Culture Protocols

The potential for commercial aquaculture of cephalopods was engaging in its first 
steps but it was already acknowledged in several articles (Boucaud-Camou 1990; 
Bernardino 2000) and books (Barnabé 1996) regarding such activity. After estab-
lishing basic culture methods for several species in the 1980s, protocols for new 
species, reliable seawater systems and optimization of protocols were published 
during this decade.

The main optimizations (applicable to all closed and semiclosed seawater sys-
tems) were the use of biological denitrification (Whitson et al. 1993; Lee et al. 
2000), which was controlled by computer hardware and software (Lee 1994, 1995), 
and the use of airlifts to substitute pump-driven closed recirculating marine culture 
systems (Hanlon et al. 1991).

Updated information on maintenance, rearing and culture of teuthoid and sepioid 
squids was published by Hanlon (1990) that included culture protocols for given 
species ( D� pealeii, D� opalescens, L� forbesii, S� lessoniana and S� officinalis), 
critical information on how to choose the type of seawater system and its design 
(location, tank design, control of water physicochemical conditions) and methods 
for capture and transport of eggs, juveniles and adults (when these are not available 
near the research facilities). This comprised considerations on culture protocols and 
seawater systems regarding anatomical and behavioural traits of these species (e.g. 
delicate skin and excellent vision) and their locomotor habits (e.g. jet-propulsion es-
cape and the coping with painted tank walls and bottom substrate). While loliginid 
squid were characterized as especially sensitive to captive conditions, S� officinalis 
was presented as a rather hardy species, able to tolerate relatively high amounts of 
nitrogenous compounds (1.0 mg L−1 of ammonia and nitrite and more than 125 mg 
L−1 of nitrate) and lower salinity (as low as 20 psu).

Boyle (1991) published the Universities Federation for Animal Welfare (UFAW) 
handbook on the care and management of cephalopods in the laboratory, which 
covered almost every single aspect regarding keeping a culture of a cephalopod for 
science purposes. Among those included, methods for capture, handling and trans-
port, water quality, space requirements and housing and substrate had applicability 
for large-scale application.
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However, regarding S� officinalis, Forsythe et al. (1991) and Forsythe et al. 
(1994) provided information on large-scale culture (in a surface area of 38 m2 and 
a total volume of 18,000 L) of several consecutive captive generations in closed 
seawater systems (described in detail in Hanlon and Forsythe (1985) and Yang et al. 
(1989) for other cephalopod species). Information herein demonstrated that the spe-
cies may be cultured in most tank configurations (round, square or rectangular), the 
tank bottom area being the most important dimension in high-density culture lead-
ing to the use of shallow tanks (5 cm for hatchlings to 30–40 cm for juvenile/adults). 
This setup allowed the rearing of 3,000 juveniles (up to 4 cm mantle length—ML; 
250–300 hatchlings m−2) or 200–400 10 cm ML juveniles (≈ 20 cuttlefish m−2) or 
75–100 adults with ≈ 20 cm ML (2 cuttlefish m−2) in a tank with ≈ 10,000 L. These 
articles also provided methods for broodstock management related to the repro-
ductive biology of the species. Tank sex ratios of 1♂:3♀ instead of 1♂:1♀ were 
suggested as a way to diminish the aggressive sexual behaviour displayed by Sepia 
adults. While fecundity in captivity was reported to be at similar levels to those 
reported for wild animals, fertility was less than 50 % after the first generation and 
null after only seven generations. Whether this was due to inbreeding or to the lack 
of symbiotic bacterial populations remains to be determined. Culture cycles were 
temperature related, being shorter at higher temperatures, with mean individual 
weights of 2.1 kg being achieved in only 14 months.

Other improvements to the culture methodologies of European cuttlefish were 
published. For instance, Hanley et al. (1998) described the use of a 34,500 L semi-
closed system at the Marine Biological Laboratory (Woods Hole, USA.), the wa-
ter being maintained between 18 and 20 °C (through the use of heating or chilling 
technology), but most importantly at lower nitrogenous compound concentrations. 
The use of UV filtration instead of ozone was suggested, due to eventual equipment 
malfunction, and the use of large-grain particles instead of oyster shells as substrate 
presented the advantage of reducing bacterial settlement and fouling and diseases 
resulting from skin damage. A maintenance protocol and measurements of contain-
ment were also presented in this work. The use of black plastic curtains in the tank 
was suggested by Hanley et al. (1999) as a way to reduce pathologies associated 
with wall banging. In addition, Koueta and Boucaud-Camou (1999) described the 
use of a semiclosed seawater system (80 % water renewal day−1) for the rearing of 
hatchlings, which was similar in technology to what was previously reported by 
NRCC researchers.

The European cuttlefish was not the only one being successfully cultured for 
more than one generation and attaining a real culture potential derived from re-
search at the NRCC (Lee et al. 1998). In fact, Hanlon et al. (1991) reported the 
culture of four generations (up to F3) of the Indo-Pacific squid S� lessoniana. Not 
only was this species important at that time due to similar neuroanatomical features 
to Loligo spp. but it also displayed high market prices in Japan. After being reared in 
circular tanks (75–125 cm water column) at hatching (Lee et al. 1998), the squid at-
tained 1–2 kg in just 6 months, with high survival, and tolerated densities of 2.5 kg 
m−3 (3 squid m−3) in raceway recirculating culture (Lee et al. 1994). Again, accord-
ing to the latter two publications, the use of dark tank walls was recommended, 
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water quality was suggested to be maintained at the highest standards (lowest ni-
trogenous compounds concentrations as possible) by using protein skimmers to re-
move ink and addition of sodium bicarbonate to buffer pH. S� lessoniana as well as 
Sepiella inermis and S� pharaonis were being cultured and studied in Thailand (at 
the Rayong Coastal Aquaculture Station; Nabhitabhata 1996, 1997, Nabhitabhata 
and Nilaphat 1999, 2000) with the purpose of mass culture and restocking related to 
local stocks depletion (Nabhitabhata 1995). More details on the existing technology 
associated with the culture of S� lessoniana and S� inermis are given in Chaps. 17 
and 13, respectively.

Villanueva (1995) was able to rear O� vulgaris paralarvae to settlement, fol-
lowing a previous study (Villanueva 1994) on the suitability of decapod crab zoea 
( Pagurus prideaux, Dardanus arrosor, Liocarcinus depurator, Artemia nauplii and 
adult, mysidacean shrimp) as first food for both O� vulgaris and L� vulgaris paralar-
vae. The latter trials were performed in cylindrical plastic tanks, with very small 
volumes (13–33 L) and low water flows (35–90 L h−1). Rearing temperatures for 
L� vulgaris were ≈ 11 °C and 19 °C, while temperatures of ≈ 21 °C were used on O� 
vulgaris. The culture of the common octopus had particular interest for Mediterra-
nean countries from the mid-1990s onward. In this sense, several Spanish research 
centres were dedicated to this task and some companies in Galicia (northeast region 
of Spain) dedicated to the fattening of O� vulgaris subadults (García et al. 2004). 
Details on these endeavours may be found in Chap. 9. On the other hand, Cagnetta 
(2000) and Iglesias et al. (2000) revised some critical points and rearing strategies 
for the species. These included capture and transport, acclimatisation, reproduc-
tion, feeding, the use of shelters, competition and aggressiveness and mortality of 
animals that could be fattened onshore and inshore through the use of tanks in open 
or closed seawater systems or in cages. The last report from 2000 was published by 
Cagnetta and Sublimi (2000) and concerns the productive performance of the com-
mon octopus fed different monodiets ( Carcinus mediterraneus, I� coindetii, Mugil 
cephalus and Sardina pilchardus), with crab attaining the best results. Chapters 23 
and 24 detail the seawater systems and protocols developed at that time for the dif-
ferent life stages.

During this time, interest in octopus culture had risen. However, the existing 
technology for cephalopods’ fattening was considered a high-risk activity with low 
profits, due to the dependence on subadults collected from the wild and high prices 
of natural prey used in feeding. Therefore, it was generally assumed by many re-
searchers that an adequate nutritional programme was necessary to develop a profit-
able commercial diet. Hence, research on the use of artificial diets for cephalopods 
started in this decade. Bernardino Castro and Ángel Guerra were pioneers on tro-
phic studies that were used to design semi-purified diets for S� officinalis (Castro 
and Guerra 1990). In that study, they found that the natural diet of the European cut-
tlefish was mainly crustaceans (80.8 %) and fish (15.2 %). The remaining stomach 
content was represented by polychaetes (0.7 %) and unidentified materials (3.3 %). 
From that point on, several studies were performed on the use of different raw 
materials. Castro (1991) tested the acceptance of 2.5 cm cylindrical pellets weigh-
ing ≈ 1 g (20 % dry prawn powder, 4 % alginate and 76 % water) by S� officinalis 
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juveniles with success. This led to a series of experiments on palatability and 
growth trials on pelleted diets for O� bimaculoides and S� officinalis juveniles. The 
following diets were tested by Lee et al. (1991): live and frozen shrimp, live fish 
and fish fillets, surimi, raw chicken meat, pureed shrimp and chicken, turkey hot 
dogs and pellets of penaeid shrimp, mysid shrimp and chicken. None of the species 
ingested surimi and both preferred live food. However, octopuses were faster in ac-
cepting the non-natural diets. Despite the acceptance and ingestion of the remaining 
diets, this trial was characterized by cannibalism after 30–40 days in group-reared 
animals, which suggested nutritional deficiencies or imbalances of the non-natural 
diets. The attractiveness of several chemical and crude extracts were tested in O� 
maya (Lee 1992), which demonstrated chemotaxis to proline, ATP and crab extract. 
In a subsequent study, Castro et al. (1993) tested the effects of fish surimi and pel-
leted diets on the species growth, survival and feeding rates during 45 days. Despite 
acceptance and ingestion of surimi in the first 30 days, survival and growth was 
poor with either diet (67.5 % and 22.5 %; 0.33 % and 0.54 BW day−1, respectively). 
Due to the results of acceptance of this study, Castro and Lee (1994) tested different 
surimi formulations (fish myofibrillar protein concentrate) for S� officinalis, vary-
ing its content with the use or not of egg albumin, casein, whole egg, menhaden oil, 
cholesterol and lecithin. Once again, growth was feeble with any diet, despite being 
accepted and ingested.

As a result of those studies, one of the main bottlenecks in cephalopod culture 
was identified to be nutrition and physiology. The efforts performed on solving this 
lack of specific knowledge are revised in the following Chap. 5—Nutrition as a key 
factor for cephalopod aquaculture.

Cephalopods being senescent by nature and some species hard to keep and breed 
in captivity, led Japanese researchers to develop the in vitro fertilization of squid, 
as a way to obtain hatchlings of oceanic squid (Arnold and O’Dor 1990). This tech-
nique was used mainly with ommastrephid squid species with commercial inter-
est as Todarodes pacificus (Ikeda et al 1993; Ikeda and Shimazaki 1995; Sakurai 
et al. 1996; Watanabe et al. 1996), I� argentinus (Sakai and Brunetti 1997; Sakai 
et al. 1998), Ommastrephes bartramii and Sthenoteuthis oualaniensis (Sakurai et al. 
1995). This technique has been updated and the literature reviewed recently by Vil-
lanueva et al. (2012).

4.6  Conclusions

The introduction of a new species in aquaculture requires a series of preliminary 
studies related to the biology, ecology and physiology of the species. Despite 
the increased number of researchers directly or indirectly dedicated to this task, and 
the increased output of information over the past 20–30 years, the main constraints 
in developing feasible cephalopod culture technology are considerable. This has 
primarily to do with the fact that cephalopods are very specialized in their physiol-
ogy and are the most intelligent marine invertebrates. Up till now, the available 
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technology, its logistics and operational costs only allow cephalopods to be cultured 
for their use as animal models in the laboratory. Nonetheless, there are some species 
which might be on the verge for mass commercial culture in the coming 5–10 years. 
This information is presented in detail for a given species in the next chapters by 
researchers who have been trying to solve these limitations since 2000.
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Abstract Cephalopods are fast-growing animals, active swimmers and top preda-
tors, which require substantial amounts of food. As such, they show high metabolic 
rates dependent on a carnivorous diet, thus hypothetically linked to a predominant 
amino acid metabolism. Their body composition is mainly constituted by high lev-
els of total protein, and their lipids, although quantitatively low, reveal the presence 
of substantial amounts of long-chain polyunsaturated fatty acids. All in all, little is 
known about their nutritional requirements, especially during the early stages, very 
prone to high mortalities under culture. This chapter is a brief account of key infor-
mation concerning relevant points linked to the nutritional requirements that cepha-
lopods have for proteins, lipids, carotenoids, carbohydrates, minerals and vitamins. 
Moreover, some considerations on populational metabolism are also presented.

Keywords Amino acids · Carbohydrates · Fatty acids · Lipids · Nutrition · Octopus 
vulgaris · Populational metabolism · Proteins · Sepia officinalis

5.1  Introduction

Cephalopods potential for aquaculture production was acknowledged by several 
researchers in the last decades of the twentieth century (e.g. Hanlon 1987; Bou-
caud-Camou 1989, 1990; Hanlon et al. 1991; Barnabé 1996). Nonetheless, several 
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bottlenecks remain and are impeding the transition of technology from pilot to full-
scale, namely the existing knowledge on cephalopod nutrition. Nutrition is a key 
factor for proper growth and survival under captive conditions and mass culture. 
This chapter picks up from the last review on this subject, made by Lee (1994). 
Firstly, it presents a nutritional approach, which is mostly based on the biochemical 
composition of both cephalopods and preys, and finalizes with a metabolic hypoth-
esis, which considers other variables such as enzymes, geographical adaptation and 
stress. Due to the low amount of existing information for most cephalopod species, 
this chapter mainly focuses on nutritional studies conducted in Sepia officinalis and 
Octopus vulgaris, arguably the cephalopod species of greatest commercial interests.

5.2  Proteins

Proteins are the most abundant macronutrient in cephalopods (Zlatanos et al. 
2006) and, as stated by Lee (1994), large protein and amino acid contents in the 
diet of cephalopods are required for sustaining growth and fulfilling energy de-
mands. According to Lee (1994), cephalopods efficiently absorb, digest and uti-
lize dietary proteins that are further used for locomotion, structural support, ener-
gy source, oxygen transport and osmoregulation. Cephalopods display high rates 
of protein synthesis and retention, and low rates of protein degradation (Houlihan 
et al. 1990; Moltschaniwskyj and Carter 2010). In order to evaluate the dietary 
requirements of the common octopus O� vulgaris during the fast-growing stages, 
the total and free amino acid (FAA) composition of paralarvae and juveniles was 
determined by Villanueva et al. (2004). Similar to the amino acid content found 
in the mantle of juveniles of O� vulgaris, S� officinalis and Loligo vulgaris by 
Zlatanos et al. (2006), these authors found that glutamate and aspartate were the 
most abundant nonessential amino acids (NEAAs) in O� vulgaris paralarvae, with 
lysine, leucine and arginine accounting for nearly half of the essential amino acids 
(EAAs). Interestingly, arginine was the most abundant FAA in paralarvae, possi-
bly indicating its further use for octopine formation produced during an anaerobic 
work (Baldwin et al. 1976; Hochachka et al. 1976, 1983; Storey and Storey 1979; 
Storey et al. 1979; Hochachka and Fields 1982) or an active metabolism for en-
ergy production and biosynthesis of other amino acids. On the other hand, cepha-
lopods might use proline during oxidative metabolism, either as energy source 
or as means for augmenting the Krebs cycle (Hochachka and Fields 1982). Both 
arginine and proline are potentially interconvertible through glutamate and orni-
thine (Mommsen et al. 1982).

In a general way, there is already information on the amino acids of O� vulgaris 
prey species, such as for Artemia spp. (Aragão et al. 2004) and crustaceans such as 
the spider crab (Andrés et al. 2010), as well as for raw materials used for prepared 
diets (Valverde et al. 2013). Cephalopod’s growth is primarily an increase in body 
muscle mass by protein synthesis and accretion, and individuals display very high 
growth rates (especially at the paralarvae and hatchling stages), which means that 
they have a high dietary requirement for amino acids. In addition, these high growth 
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rates are most probably due to highly efficient ingestion, digestion (Boucher-Rodo-
ni et al. 1987) and assimilation of protein (Domingues et al. 2005), which have to be 
supplied by a diet with balanced levels of amino acids, despite the capacity of some 
cephalopods to perform integumental amino acid uptake from seawater (de Egu-
ileor et al. 2000; Villanueva et al. 2004). Recent results point to the possibility that 
cuttlefish might not be able to use protein that has been denaturated (Domingues 
et al. 2009) and to the favour on amino acid use through the pyruvate and tricar-
boxylic acid pathways in detriment of the ketogenic pathway in starving O� vul-
garis (García-Garrido et al. 2012). Given its importance for cephalopods metabo-
lism (Lee 1994), there is a need for characterization of the amino acids pool (these 
should be predominantly used as metabolic fuel, but they should also be utilized for 
body protein synthesis) at different life stages of different species and preys used for 
cephalopod rearing. The latter assumes greater importance since marine fish larvae 
seem to have a lower capacity to digest and absorb complex proteins than juvenile 
fish (Conceição et al. 2010), and display high amino acid requirements for protein 
deposition, turnover and catabolism to attain rapid growth (Rønnestad et al. 2003).

In a similar way to demersal fish eggs (Rønnestad et al. 1999), the FAA and pro-
tein amino acid pools of S� officinalis wild and culture eggs are largely dominated 
by taurine (more than 50 %; Sykes et al. unpublished data). Taurine is an amino acid 
analogue that is not incorporated into protein, but well known for its multiple roles 
that include inotropy of high and low calcium, modulator of neuron excitability, re-
sistance to anoxia and hypoxia, bile salt synthesis and simulation of glycolysis and 
glycogenesis (Huxtable 1992). Taurine is also abundant during planktonic stages of 
the common octopus where it might play a role in osmoregulation (Villanueva et al. 
2004). Nonetheless, its effect on metabolism and growth performance in a fish like 
gilthead seabream was only related to the increasing methionine availability for sev-
eral important physiological purposes (Pinto et al. 2013).

5.3  Lipids

Little is known about the lipid requirements of cephalopods, apart from the general 
information drawn from the analysis of their body composition and assumptions 
made from their feeding habits. It is then difficult to separate early stages from adult 
requirements, or establish specific differences. Efforts devoted to the culture of cer-
tain species like O� vulgaris and S� officinalis have provided some information.

Very low levels of total lipids (TL) are present in the mantle of adults (Boucaud-
Camou 1990; Sykes et al. 2009b) and hatchlings (Navarro and Villanueva 2000, 
2003). This fact, combined with their poor capacity for mitochondrial lipid oxida-
tion (O’Dor et al. 1984; Hochachka 1994), has somehow put aside research on 
cephalopod lipid nutrition until recently, when research on the causes of the massive 
mortalities encountered during the culture of early stages of merobenthic species 
has brought back the protagonism of these essential components on cephalopod nu-
trition, perhaps with an overemphasis on quantitative rather than qualitative points 
of view, given the poor essential lipid composition of the live preys commonly used 
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in aquaculture. Besides, other particular aspects, like the lipid-rich nervous system 
of hatchlings of O� vulgaris paralarvae representing approximately one quarter of 
the animal’s fresh weight (Packard and Albergoni 1970), suggest the importance 
of lipids for suitable growth during planktonic life. Navarro and Villanueva (2000, 
2003) made the first approach towards the study of lipid requirements in early stag-
es of cephalopods to conclude that a nutritional imbalance in the lipid and fatty 
acid (FA) profile of the artificial feeding protocol may be responsible for the high 
mortalities encountered. In particular, O� vulgaris should require feeding on low-
lipid preys, rich in polar lipids (PL), long-chain polyunsaturated fatty acids (PUFA) 
and possibly cholesterol (Navarro and Villanueva 2000, 2003; Okumura et al. 2005; 
Seixas et al. 2008). This closely resembles the composition of a ‘natural’ diet based 
on crustacean larvae and other marine planktonic organisms like copepods, but is 
far from the typical composition of the enriched Artemia spp. in any of its forms. 
The picture is even more complicated after evidences pointing at the paralarvae as 
specialist predators, contrary to the general concept by which they had been often 
regarded as generalist predators (Roura et al. 2012).

On the other hand, cuttlefish are unable to store lipids in the digestive gland 
(Fluckiger et al. 2008) and require high levels of phosphatidylcholine, phospha-
tidylethanolamine (PE) and cholesterol in their diets (Almansa et al. 2006). This 
conclusion was drawn by the latter authors based on data of whole animal (Navarro 
and Villanueva 2000), cuttlefish mantle (Sinanoglou and Miniadis-Meimaroglou 
1998, 2000) and also of prey lipid content (Domingues et al. 2003; Domingues 
et al. 2004). It is, however, interesting to verify that these same lipid classes have 
the highest levels throughout cuttlefish wild and culture egg embryonic develop-
ment and that, although there is a difference in the amount of TL of eggs from 
different geographical locations (Sykes et al. 2009a), there is maintenance on the 
amount of TL until hatching (Bouchaud and Galois 1990). According to Bouchaud 
and Galois (1990), the egg-yolk lipids correspond to 14 % dry weight in eggs and 
15 % in hatchlings (mainly phospholipids that may be used for energetic purposes).

However, in the case of octopus, up to now, there is no paralarval food from the 
aquaculture artificial food chain that can compare with the lipid composition of nat-
ural live food, and every effort has to be made to try to increase the essential long-
chain PUFA and PL content of live preys. In fact, it is not only the bulk provision 
of essential lipids that is important but also the adequate lipid form (Guinot et al. 
2013). This scenario may be more important for early stages, and even paramount 
in some animal groups like cephalopods, whose FA composition is essentially con-
stituted by palmitic acid (16:0), stearic acid (18:0), docosahexaenoic acid (22:6n-3, 
DHA) and eicosapentaenoic acid (20:5n-3, EPA), the latter two being essential long-
chain highly unsaturated fatty acids (HUFA) for marine organisms (Sinanoglou and 
Miniadis-Meimaroglou 1998; Navarro and Villanueva 2000; Passi et al. 2002; Ozy-
urt et al. 2006; Zlatanos et al. 2006). However, the most recent results from Seixas 
et al. (2010) do not completely exclude the importance of DHA for the successful 
rearing of O� vulgaris paralarvae but seem to point that maybe other n-3 HUFA 
would be more vital. Very interesting results from Quintana (2009) have shown that 
EPA is particularly important in paralarvae lipids, with 1:1 EPA:DHA proportions 
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in the PE, as opposed to the 1:2 proportion generally reported for marine fish. Like-
wise, EPA is higher in shrimp than fish diets tested as cuttlefish food (Domingues 
et al. 2003) and its importance for normal growth was proposed by Almansa et al. 
(2006). The latter authors also indicated that cuttlefish metabolism of both EPA 
and DHA might be somehow different from fish, where in general the reduction of 
EPA and DHA sources implies a reduction of the level of these FA in several tissues 
(Sargent et al. 1995). In addition, Domingues et al. (2003) indicated a 2:1 EPA:DHA 
proportion in the prey supplied to hatchlings and, in the Ferreira et al. (2010) work, 
cuttlefish juveniles attaining the best growth and survival rates were fed shrimp with 
a similar EPA:DHA ratio and PUFA content. On the other hand, Koueta et al. (2002) 
and Perrin et al. (2004) have suggested the importance of these FAs and PUFA in 
cuttlefish hatchling survival when facing a stressful situation (either lower water 
quality or improper prey size, respectively). This suggests the importance of PUFA 
in cephalopod nutrition and may suggest, for example, that in addition to DHA, EPA 
may play an important role in the brain and visual system of cephalopods.

A closer look at the available results on the FA profile of O� vulgaris paralarvae 
(Navarro and Villanueva 2000; Miliou et al. 2006) reveals that, apart from the high 
levels of DHA, 16:0 and EPA, arachidonic acid (20:4n-6, ARA) is one of the most 
abundant FA, with surprisingly high values of 18:2n-6 and other n-6 FA being found 
in marine species. From these and other findings in other marine molluscs (Uki 
et al. 1986; Dunstan et al. 1996; Durazo-Beltran et al. 2003), it has been suggested 
that 20:4n-6 might not be essential, since the ability for enzymatic bioconversion 
from adequate precursors to 20:4n-6 could be present in this species. On the other 
hand, 18:3n-3 is not present in octopus paralarval tissues (Navarro and Villanueva 
2000, 2003; Miliou et al. 2006) although this FA is massively included through the 
Artemia spp. feeding. Moreover, 18:3n-3 may compete with 24:5n-3 for the Δ6 
desaturase in the metabolic route leading to DHA production. Therefore, it might 
be possible that a diet rich in 18:3n-3 could be affecting the proper production 
of n-3 essential FA (EFA) of paralarvae. An opposite hypothesis is that the C18 
desaturation–elongation pathways of 18:3n-3 and 18:2n-6 may be active in O� vul-
garis so as to produce physiologically essential n-3 and n-6 FA. To explore these 
and other aspects of lipid metabolism research on dynamic aspects of lipid nutri-
tion and metabolism by characterizing enzymes involved in lipid biosynthesis in 
these organisms, i.e. desaturases and elongases, is an invaluable tool. Monroig et al. 
(2012a) have recently isolated a complementary DNA (cDNA) with high homology 
to fatty acyl desaturases (Fad) in adult octopus. Functional characterization of this 
enzyme showed that the octopus Fad exhibited Δ5-desaturation activity towards 
saturated and polyunsaturated fatty acyl substrates. Thus, it efficiently converted 
16:0 and 18:0 to 16:1n-11 and 18:1n-13, respectively, and desaturated PUFA sub-
strates 20:4n-3 and 20:3n-6 to 20:5n-3 (EPA) and 20:4n-6 (ARA), respectively. 
Although the Δ5 Fad enables common octopus to produce EPA and ARA, the low 
availability of its adequate substrates 20:4n-3 and 20:3n-6, either in the diet or by 
limited endogenous synthesis from C18 PUFA, might indicate that EPA and ARA 
are indeed EFA for this species. Interestingly, the octopus Δ5 Fad can also partici-
pate in the biosynthesis of non-methylene-interrupted diene (NMID) FA, PUFA that 
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are generally uncommon in vertebrates but have been found previously in marine 
invertebrates, including molluscs, and now also confirmed to be present in specific 
tissues of common octopus.

Molecular cloning and functional characterization of a cDNA encoding a puta-
tive elongase of very long-chain fatty acids (Elovl), a critical enzyme that catalyzes 
the elongation of FA including PUFA, in common octopus, suggests its phyloge-
netic relation to Elovl5 and Elovl2, two elongases with demonstrated roles in PUFA 
biosynthesis in vertebrates (Monroig et al. 2012b). Functional characterization of 
the octopus Elovl showed the ability to elongate some C18 and C20 PUFAs, while 
C22 PUFA substrates remained unmodified. Interestingly, the octopus Elovl elon-
gates n-6 PUFA substrates more efficiently than their homologous n-3 substrates, 
suggesting that n-6 PUFA may have particular biological significance in O� vul-
garis, as mentioned above, and stressing again the essentiality of long-chain n-3 
PUFA, and in particular DHA. Besides, the elongase also plays a pivotal role in the 
biosynthesis of NMID FA.

Similar studies carried out in other cephalopods like S� officinalis show a strict 
parallelism in terms of both qualitative FA composition (see Navarro and Villan-
ueva 2000; Almansa et al. 2006) and biosynthetic capacity (Monroig et al., un-
published data). This, along with tissue FA composition (Monroig et al. 2012a), 
emphasizes the importance and essentiality of long-chain FA for cephalopods, and 
validates the idea of using the information to establish the guidelines of the require-
ments for coastal cephalopods. The recent manuscript by Valverde et al. (2012) on 
lipid classes from marine species and meals intended for cephalopod feeding has 
provided additional information on lipids.

5.4  Carotenoids

Carotenoid deposition has been described in cephalopods at the digestive gland 
(Fox 1966) and in accessory nidamental glands (Decleir and Richard 1972; Van 
den Branden et al. 1978; Van Den Branden et al. 1980) of S� officinalis and pro-
posed to be designated as sepiaxanthine, but there is scarce information about its 
physiological role. Carotenoid astaxanthin can also be deposited in the skin of S� 
officinalis when fed on grass shrimp ( Palaemonetes varians; Almansa et al. 2006) 
and this prey, used for cuttlefish hatchlings rearing, displays up to ten times more 
carotenoid content (Domingues et al. 2004). O� vulgaris paralarvae seem to be able 
to deposit part of the canthaxanthin present in Artemia spp. and to metabolize this 
carotenoid to astaxanthin (Rodríguez et al., Universidad de La Laguna, unpublished 
data). Fisher et al. (1956) reported the existence of vitamin A and, in some spe-
cies, β-carotene in cephalopods. Taking into account the pro-vitamin A and antioxi-
dant activity of carotenoids (Liñán-Cabello et al. 2002), and the importance of this 
vitamin in photoreception, growth and development, it would be very interesting 
to carry out more studies to determine the role of carotenoids in early stages of 
cephalopods as suggested by Villanueva et al. (2009).
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5.5  Carbohydrates

Contrary to proteins and lipids, carbohydrate (CH) nutrition in the common octo-
pus has barely been investigated. Considering their limited abundance compared to 
other macronutrients (normally under 1 % of total dry weight; Vlieg 1984; Kreuzer 
1984), it is generally accepted that cephalopods do not have a specific requirement 
for dietary CH (Lee 1994). While protein and amino acids are the primary energy 
source for cephalopods, it has been reported that cephalopods including O� vulgaris 
are able to rapidly catabolize dietary CH to account for energy demands in explo-
sive activities such as prey capture and fleeing from predators (Morillo-Velarde 
et al. 2011). Therefore, CH may significantly contribute to fuelling metabolism in 
O� vulgaris under starvation conditions and, consequently, adequate CH inclusion 
of diets for octopus culture should not be underestimated. The source of CH utilized 
in diet formulation also needs to be considered. For instance, while glucose was 
easily digested by O� vulgaris (O’Dor et al. 1984), a recent study has revealed that 
other sugar types such as starch present in freeze-dried pea may exhibit extremely 
low digestibility (Morillo-Velarde et al. 2012).

On the other hand, the existence of a CH metabolism has been suggested by 
Sykes et al. (2009a), due to different temperatures of specific geographical loca-
tions that may influence the egg nutritional content and metabolism in S� officina-
lis. The sepia egg yolk is composed by a water-soluble glyco-lipoprotein (Ito et al. 
1962; Blanchier 1981). This glyco-lipoprotein has 20 % lipids (with 65 % phospho-
lipid and minor or no cholesterol contents) and 12.6 % of CHs (Ito and Fujii 1962). 
In fact, cuttlefish eggs from Faro (Portugal) have more CHs than lipids (Sykes et al. 
2012). Bouchaud (1991) studied the energetic expenditure of S� officinalis during 
embryonic development and found that eggs with more than 0.075 g displayed a 
similar amount of energy (1,600 J), which led to a theory on the use of yolk for 
growth and catabolic purposes that is inversely correlated with temperature (e.g. 
higher temperature implies higher catabolism). In addition, higher temperatures 
will imply higher oxygen uptake by the embryo (Wolf et al. 1985), which is attained 
by the increased water volumes of eggs (Sykes et al. 2009a).

5.6  Minerals

The elemental requirements of O� vulgaris, as for cephalopods in general, are poorly 
understood. Nevertheless, it is accepted that octopuses, as carnivorous species, meet 
the majority of their elemental requirements from the diet, although direct uptake 
from the seawater has also been shown to occur through an ion balance mechanism 
regulated by the digestive gland appendages (Wells and Wells 1989). A literature 
review on the element concentrations in a series of tissues from cephalopods was 
reported by Napoleão et al. (2005a). While specific (quantitative) requirements 
for both essential and nonessential elements have not yet been determined, some 
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studies aiming to determine the elemental composition of O� vulgaris have been 
conducted as a first approach to establish the dietary requirements in this species 
(Napoleão et al. 2005a; Napoleão et al. 2005b). Thus, Villanueva and Bustamante 
(2006) reported the elemental composition of the mature ovary, hatchlings, eggs at 
different developmental stages, wild juvenile individuals and also paralarvae fed a 
variety of experimental diets. Generally, S, Na, K, P and Mg were determined as the 
most abundant elements in O� vulgaris. Compared to other cephalopods, hatchlings 
from O� vulgaris contained higher levels of Ag, Cu, Mn, Ni and Zn. Compared to 
subadults and adults of the common octopus (Seixas et al. 2005), the contents of 
some nonessential elements, namely Ag, Al, Ba, Cd, Hg and Pb, were lower in 
hatchlings and reared paralarvae, suggesting an accumulation of such elements dur-
ing development. Similar accumulation of oligoelements seems to occur in cuttle-
fish (Lacoue-Labarthe et al. 2008a, b, 2009, 2010a, b, Lourenço et al. 2009). Certain 
elements with potentially pivotal roles in the octopus and cuttlefish physiology have 
been studied more extensively. Copper (Cu), a key element in the respiratory func-
tion of haemocyanin (Ghiretti 1966; D´Aniello et al. 1986), has been postulated to 
be required for octopus paralarvae, as suggested by the high levels encountered in 
paralarvae fed on the natural prey Maja brachydactyla zoeae in comparison with 
Artemia spp. nauplii (Villanueva and Bustamante 2006). Moreover, octopuses fed 
on crustacean-based diets contained increased Cu levels compared to fish-fed octo-
puses, and therefore hypothesized to partly account for a higher cannibalism rate in 
the latter (García-García and Cerezo-Valverde 2006). The importance of Cu is also 
high in S� officinalis (Decleir et al. 1978), especially during maturation of haemo-
cyanin (Decleir and Richard 1970; Decleir et al. 1971; Wolf et al. 1980; Beuerlein 
et al. 2004), and this probably extends to other cephalopods species (Taylor and 
Anstiss 1999). Similar to octopus, the low content of Cu in prepared diets has been 
pinpointed to provoke mortality by Castro et al. (1993).

Sulphur (S) is also regarded as an essential element for the common octopus and 
cuttlefish that needs to be provided in the diet at high quantities to sustain formation 
of muscular proteins (Lee 1994; Villanueva et al. 2004), vestigial shell (Napoleão 
et al. 2005b) and chitinized structures such as beaks (Hunt and Nixon 1981). Other 
elements such as strontium (Sr) and cobalt (Co) appear to be incorporated by the 
common octopus directly from the seawater and by food intake in cuttlefish. It has 
been demonstrated that Sr is critical for adequate statolith development and conse-
quently for normal swimming and survival of newly hatched octopus, among other 
cephalopods (Hanlon et al. 1989). In addition to its potential role as an integral 
component of vitamin B12, Co has also been pointed out as important in the devel-
opment of adenochrome, a pigment found in the branchial heart, and therefore with 
a potential role in excretion (Miyazaki et al. 2001).

The cuttlefish S� officinalis has a cuttlebone which is made of calcium aragonite 
(Hewitt 1975) and may suffer malformation resulting from malnutrition (Boletzky 1974). 
Since food is the primary pathway for the accumulation of trace elements (Bustamante 
et al. 2004), the inclusion of calcium in a prepared diet is implicit. In fact, the mineral 
fraction of cuttlefish accounts for 22–32 % in eggs (Sykes et al. 2012) and 6 % of dry 
weight at hatching (Villanueva et al. 2004), which can only be attained in such way.
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5.7  Vitamins

Villanueva et al. (2009) reported that information on the vitamin composition of 
cephalopods is mainly limited to the subadult and adult forms in relation to their 
edible body portions (mantle and arms) or selected organs (Fisher 1956; Sidwell 
et al. 1978; Motoe et al. 1997; Cho et al. 2001; Pandit and Magar 1972; Passi et al. 
2002; Sikorski and Kolodziejska 1986). These authors analysed the vitamin content 
of the early stages of cephalopods as an approach to establish their requirements 
in culture. Antioxidants such as tocopherols are regarded to be very important for 
the prevention of lipid oxidation, particularly α-tocopherol since it is degraded to 
protect PUFA against oxidation in fish larvae (Sargent et al. 1997). In fact, it has 
been reported that the α-tocopherol requirement may depend on the dietary PUFA 
level (Stéphan et al. 1995; Halver 2002; Brown et al. 2005). Vitamin A and E (α- 
and γ-tocopherols) profiles of the European cuttlefish S� officinalis, European squid 
L� vulgaris and common octopus O� vulgaris laboratory hatchlings and wild juve-
niles were determined. The vitamin A content in early stages of cephalopods was 
not much different from that observed in other marine molluscs and fish larvae. 
Besides, relatively high content of vitamin E was observed in the hatchlings and 
juveniles. These authors postulated that the high levels of vitamin E are probably 
associated with the high percentage of oxidation-prone PUFA that are particularly 
high in paralarval and juvenile cephalopods. In general terms, they concluded that 
the natural and artificial preys ( Artemia spp.) of early stages of cephalopods ei-
ther fulfilled their vitamin requirements directly or provided precursors (i.e. carot-
enoids) that could be transformed in vitamins.

5.8  Populational Metabolism Differences

Captive cephalopods have a different physiology than those from the wild and their 
tissues are characterized by thicker mantles, a greater proportion of mitochondria-
rich tissue, muscle fibres with smaller mitochondrial cores and fewer small muscle 
fibres (Pecl and Moltschaniwskyj 1999). This suggests a reduced rate of new fibre 
generation, indicating an alteration to the cellular growth mechanisms and not sim-
ply a change in the physiological growth rate observed in several laboratory and 
field studies (Semmens et al. 2004). Growth registered in captive individuals is usu-
ally lower than that estimated or verified for those from nature (an example of this 
is presented in Chap. 11, in the part of cuttlefish culture in earthen ponds).

As stated by Sykes et al. (2006), the particular metabolism of cephalopods needs 
to be considered if a successful artificial diet is to be designed. The partitioning of the 
dietary energy intake by cephalopods in the various types of metabolism, excretion 
and growth was reviewed by O’Dor and Wells (1987). Bearing that in mind, the nu-
tritional content of the diet must be good enough to sustain the existing cephalopod 
metabolic costs, so the animal is able to allocate an optimal distribution of surplus 
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energy to somatic growth and, later, to reproduction (Wells and Clarke 1996). There-
fore, the animal has to feed on a diet correctly balanced to its metabolic needs at a 
given temperature (André et al. 2009). The existing information is resumed to two 
theories that clash in terms of what the cephalopods use as energy substrate. The first 
one, by Lee (1994) and Boucher-Rodoni and Mangold (1994), considers that under 
normal feeding conditions, both growth and energy use the protein fraction as fuel. 
The second theory, by Storey and Storey (1983) and Hochachka (1994), considers 
that the CH fraction is used as energy source and the protein fraction is exclusively 
used for growth. Such contrasting theories may originate from the fact that the same 
species is physiologically adapted to a given geographical location, with different 
temperature regimes and food nutritional composition. For instance, S� officinalis 
populations from the English Channel and southern Portugal have been reported to 
be genetically different (Wolfram et al. 2006). In addition, this species displays a 
physiological plasticity (Oellermann et al. 2012), which is temperature- and food-
dependent (reliant on the lifestyle of cephalopods and their low energy reserves).

Cephalopods have appropriate catabolic pathways to breakdown protein to amino 
acids to obtain energy (Ballantyne et al. 1981). However, most cephalopods’ living 
strategy is to lay down protein reserves into rapid growth to convert them into gam-
etes (O’Dor et al. 1984; Moltschaniwskyj and Carter 2013). Hypothetically, it would 
be a waste to partially use amino acids for energy, these being reserves only used 
in case of starving or at reproduction. This would point to the use of other reserves 
before protein and amino acids at early stages of life. Fast-growing cephalopods, 
when fed properly, are extremely efficient in converting food to protein, display 
low protein degradation and exhibit increased efficiency of retaining synthesized 
protein (Carter et al. 2009). On the other hand, cephalopods are said to have a lim-
ited capacity for lipid oxidation (Ballantyne et al. 1981), and its digestion becomes 
slow and inefficient due to the lack of emulsifiers (biliary salts) in the digestive tract 
(Vonk 1962). On the contrary, Moltschaniwskyj and Johnston (2006) have shown 
that Euprymna tasmanica has the ability to digest lipids (very high levels of lipase 
were found in the digestive gland) but these are not stored in the digestive gland, 
which indicates the species capacity of using lipids as a source of fuel (Swift et al. 
2005). This species is known to have a very sedentary lifestyle (it does not move a 
lot, so there are not many mantle burst activities) in Southern Australia temperate 
waters. A similar ability to use lipids had already been displayed by individuals of S� 
officinalis from the English Channel populations, which metabolized lipids instead 
of protein or CHs when facing prolonged starvation (Castro et al. 1992). On the 
other hand, Lamarre et al. (2012) observed the mixed use of lipids and protein, and 
after 8 days the exclusive use of protein in short starvation, in cuttlefish from the 
Mediterranean Sea. This use of lipids by cuttlefish might be eventually identical, at 
the cellular level, to what is described by Finn and Dice (2006) in vertebrates.

The higher growth rates observed in cephalopods that live or are cultured in sub-
tropical regions (with high temperatures than those observed in temperate waters) 
would mean that from a given temperature threshold, cephalopods would use CHs 
as energy, while at lower temperatures, they would preferably use other sources such 
as lipids and protein (depending on food availability). The enzyme content of the 
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different life stages helps to understand the eventual existence of different metabo-
lisms. While the enzyme content of the English Channel population of S� officinalis 
has been reported, for several years and by numerous researchers, those of Faro or 
Mediterranean populations have never, to the best of our knowledge, been reported. 
Regarding the first, Boucaud-Camou (1969, 1947) characterized amylase and pro-
tease activities in different digestive organs of juvenile cuttlefish and Yim (1978) 
detected amylase activity in mature cuttlefish. According to Koueta et al. (2000), 
this activity increases with age, not being present at hatching, which is concomitant 
with the maturation of the sepia digestive system (Boucaud-Camou et al. 1985). 
Nonetheless, the use of silage as enrichment for shrimp given as prey to cuttlefish 
hatchlings promoted an increase of total CH and peptides in the diet and supported 
100 % survival plus increased growth, when compared with natural diets, and de-
spite the lower content in total protein (Le Bihan et al. 2006). However, these same 
authors reported an inhibition of amylase activity but higher proteolytic activity.

Higher temperatures promote oxygen-efficient adenosine triphosphate (ATP) 
production due to limitations in available oxygen (Hochachka 1994; Pörtner 2010). 
However, most studies on cephalopod metabolism have been performed in fasting 
animals, where the stressful situation of meeting the energy requirements will pro-
mote the use of protein reserves (McCue 2010). In addition, one has to consider that 
all animals exhibit adaptive biochemical and physiological responses to the lack 
of food (Wang et al. 2006). This is particularly true regarding cephalopods, most 
of which inhabit environments in which food availability fluctuates or encounters 
with appropriate food items might be rare and unpredictable at given geographical 
locations or seasons.

Houlihan et al. (1990) studied protein metabolism in O� vulgaris and concluded 
that the high growth rates displayed by this species rely on high rates of protein 
synthesis and high efficiencies of retention of synthesized protein and little pro-
tein degradation. According to Oellermann et al. (2012), the European cuttlefish 
has the capability of adjusting its cellular and mitochondrial energetics over short- 
and long-term changes of temperature and environmental conditions, which is an 
evolutionary adaptation of given populations, such as S� officinalis. In addition, 
temperature has a significant effect on oxygen consumption (Grigoriou and Rich-
ardson 2009) and energy metabolism of cuttlefish (Mark et al. 2008). Furthermore, 
temperate cuttlefish (English Channel populations) display a predominant oxidation 
of proline in systemic heart, while subtropical cuttlefish (Mediterranean popula-
tions) exhibit enhanced pyruvate oxidation. The latter is supported by the findings 
of Ballantyne et al. (1981) on octopine dehydrogenase linking amino acid (arginine) 
and CH (pyruvate) metabolism, which are said to occur during hypoxic conditions, 
burst activity or both.

In this sense, cold-adapted metabolism in cuttlefish will show a suppressed CH 
metabolism, favoring the use of lipids (e.g. results of Koueta et al. (2002); Perrin 
et al. (2004) and Koueta et al. (2006)) and proline, which are less oxygen efficient 
(Hochachka 1994). At lower temperatures, amino acids such as glutamate, ornithine 
or arginine may sustain the supply of succinate (Ballantyne et al. 1981; Hochachka 
et al. 1983). Cephalopods should have developed an aerobic CH–amino acid metabo-
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lism that maximizes ATP yield per unit of consumed oxygen due to the lack of an 
intracellular myoglobin analogue and the exclusive localization of mitochondria in 
interfibrillar zones (Hochachka 1994; Ballantyne 2004). CH are catabolized rapidly 
following ingestion, and are not used during fasting, but mobilized for locomotor ac-
tivity (O’Dor et al. 1984). According to Hochachka and Fields (1982) and Storey and 
Storey (1978), glucose metabolism may be coupled to that of proline through glucose 
conversion to pyruvate, which is oxidized in the Krebs cycle, and proline simultane-
ously augments the cycle intermediates. These first authors still add that glutamate, 
proline and most probably arginine can be used directly as gluconeogenic precursors.

5.9  Conclusions

Proteins are the most abundant macronutrient in cephalopods, and large protein and 
amino acid contents in the diet are required for sustaining growth and eventually 
fulfilling energy demands. Although low in quantitative terms, lipids are essential in 
cephalopod nutrition, with long-chain PUFA playing a pivotal role, since the enzy-
matic machinery unveiled through molecular research points at their inability in the 
synthesis of these important nutrients. Therefore, the effect of dietary protein/lipid 
ratios on amino acid absorption efficiency and metabolism needs to be researched.

Cephalopods also require an adequate provision of antioxidants like pro-vitamin 
A and carotenoids, since the importance of vitamins in photoreception, growth and 
development must not be neglected. It is generally accepted that cephalopods do not 
have a specific requirements for dietary CH, but it has been reported that they are 
able to rapidly catabolize dietary CH to account for energy demands in explosive 
activities such as prey capture and fleeing from predators, and the existence of a 
CH metabolism has been established. However, the CH theory presented in this 
chapter needs to be proven. Finally, it is accepted that octopuses and cuttlefish, as 
carnivorous species, meet the majority of their elemental requirements from the 
diet, although direct uptake from the seawater has also been shown to occur through 
an ion balance mechanism regulated by the digestive gland appendages.

Methods for the determination of possible metabolic pathways have been de-
veloped for fish larvae (Conceição et al. 2003; Morais et al. 2004) and these may 
be adapted for the study of metabolism in cephalopods. Additionally, the use of 
systems biology modelling to cephalopod nutrition, similar to that published by 
Hormiga et al. (2010), might help on a faster progress towards our understanding of 
cephalopods’ physiology and nutrition.
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Abstract This chapter reviews the welfare and diseases that have been reported 
since cephalopods are maintained, reared or cultured in captivity. Although cephalo-
pod welfare is only going to be assured in terms of the European Union (EU) legis-
lation from January 2013, it has long been enforced in other regions or countries all 
over the world. Pathologies registered under captive conditions derive, most of the 
times, from bad welfare practices. A revision of cephalopods’ immune system and 
the most important pathologies are presented, which are divided into viral, bacterial, 
fungal and parasitic pathogenic agents as well as chemical and mechanical damages. 
In addition, information regarding healing, antibiotics application and surgery is 
provided. Welfare under research and commercial culture conditions is discussed in 
terms of the use of anaesthesia and euthanasia agents and their assessment in terms 
of effectiveness. Further research on the different aspects considered is suggested.

Keywords Welfare and diseases under research and culture conditions · Cephalopods 
immune system · Pathological agents · Mechanical and chemical damage · Healing · 
Antibiotics and surgery

6.1  Welfare in Cephalopods Under Captive Conditions

6.1.1  Legislation

According to Ohl and van der Staay (2012), animal welfare is a complex concept 
which needs to have a scientific definition. These authors define positive welfare as 
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being dependable “on the freedom to react appropriately and adequately to” a set 
of different aspects, such as: “hunger, thirst or incorrect food; thermal and physical 
discomfort; injuries or diseases; fear and chronic stress, and thus, the freedom to 
display normal, species-specific behavioural patterns and adapt to changing living 
conditions up to a level that is perceived as positive”. Despite being quite reason-
able, dynamic and complete, these authors warned that this definition still does not 
consider positive emotions. On the other hand, welfare should be considered “as a 
measure of biological function, (…) not considered a static concept”, but should 
contemplate “(…) the dynamics of the individual’s interaction with its environment 
over time”.

“Cephalopods welfare” is a recent subject in most of the European countries 
due to the inclusion of this class on the latest European Union (EU) animal welfare 
legislation (“Directive 2010/63/EU” (EU 2010)). Nonetheless, legislation regard-
ing the safeguard of cephalopod welfare has long been enforced in non-European 
countries such as New Zealand, Australia (ACT 2012) and Canada (Harvey-Clark 
2011). Within the EU, animal welfare legislation was only applied to cephalopods 
in the UK under the scope of the Animals Act 1986 updated by the Animal Welfare 
Bill 58 (Bennett 2005) and to octopus and squid in Norway by the Animal Welfare 
Act 2010.

Cephalopod researchers and technicians have been trying to promote the best 
welfare practices since there is a need to keep these animals for research or public 
display purposes. This new EU legislation, based on the enforcement of the 3 Rs 
(reduction, refinement and replacement) policy suggested by Russell et al. (1992) 
and with the ultimate goal of replacing the use of animals in experimentation, is of-
ficially endorsed by the European Science Foundation since 2001 and, for the first 
time, includes the class Cephalopoda. This Directive is likely to have a high impact 
and many practical implications for researchers that use cephalopods in their inves-
tigation, irrespective of its field of research, and for those performing research with 
aquaculture development purposes (Sykes et al. 2012). It covers animal welfare, ex-
perimental design, housing, husbandry and experimental protocols. Implementation 
of the Directive in cephalopods welfare will also require guidelines for different 
species. There is lack of scientific data to support the fact that cephalopods are actu-
ally able to feel pain and suffering (see a review on this discussion in Sykes et al. 
2012). Nonetheless, not only do cephalopod researchers cherish their working mod-
els but they also agree that, despite no scientific evidence is known or published, 
the enforcement of pre-emptive measures is needed. This chapter does not intend 
to accomplish that mission. Actually, it just centres on the cephalopod immune sys-
tem, disruption of welfare under culture conditions and the resulting pathologies.

6.1.2  “Pathology” in Cephalopods

The practice of good (positive) or bad (negative) welfare in research, maintenance, 
rearing or culture conditions will determine the existence of pathologies. The cause 
of pathologies may be divided into viral, bacterial, fungal, parasitic, chemical and 
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mechanical agents. Despite the fact that cephalopods have a “rudimental immuno-
logical system” when compared to vertebrates, this system is quite effective. In fact, 
the simplicity of cephalopods as living animals and of this system has determined 
the scarce reporting of illnesses in captivity for this class over the years. Cephalo-
pods have such a simple way of life that when they suffer injury, they will, depend-
ing on the importance to their survival, regenerate some structures such as arms 
(Feral 1978, 1979, 1988; Rohrbach and Schmidtberg 2006). This way of living fast 
and dying young is particularly evident in their protein turnover (Houlihan et al. 
1990) and in their fast growth.

Most literature regarding the pathology of cephalopods in captivity, covering an 
extensive list of pathological causes, was elaborated at the end of the 1980s and in 
the beginning of the 1990s, when interest on the culture of these classes emerged. In 
captive conditions, pathological findings are usually related to problems in seawater 
systems’ design and daily running and transportation of live animals to and from the 
laboratory. Since this is an area of research with a very short report list, this section 
includes published and unpublished data.

6.1.2.1  “Cephalopods Immune System”

Cephalopods have a well-developed circulatory system conformed by a systemic 
heart and two accessory hearts (branchial hearts) that function co-ordinately to 
distribute haemolymph through arteries and capillaries to the whole body (Fiedler 
and Schipp 1987, 1991; Fiedler 1992; Schipp 1987a; Versen et al. 1997; Wells and 
Smith 1987). Additionally, haemocyanin production and the elimination of particles 
are attributed to the branchial hearts (Beuerlein et al. 1998; Beuerlein and Schipp 
1998; Beuerlein et al. 2002b). In molluscs, the haemocytes play a main role in 
the internal defence by the recognition and the elimination of foreign materials as 
well as shell and wound repair (Cheng 1975). In cephalopods, “haemocytes” are 
produced in the white body located behind the eyes in the orbital pits of the cranial 
cartilages (Cowden 1972). The functional morphology of the white bodies of Sepia 
officinalis and comparisons with other cephalopod species were studied by Claes 
(1996), who found similarities that support the hypothesis that the white blood 
cells are involved in haemopoiesis and reticuloendothelial functions. A single type 
of hemocytes has been identified classically in cephalopods. However, recently 
Castellanos-Martínez et al. (2013) described two types of hemocytes in the common 
octopus Octopus vulgaris, involved as in other molluscs, in the repair of damaged 
has been identified in cephalopods and it is involved in the repair of damaged tis-
sues, nutrient transport and digestion and internal defence against nonself material 
(Cheng 2000; Chu 2000). Wound repair involves the movement and aggregation of 
haemocytes at the injured site to prevent bleeding until epithelial cells grow over 
the wound to complete the healing (Chu 2000). Haemocytes are capable of forming 
a plug which is accompanied with vasoconstriction and collagen synthesis to repair 
a lesion (Feral 1988).

Similar to other molluscs, cephalopods have a nonadaptive (or innate) im-
mune system; they do not have immunoglobulins and therefore they do not have 
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immunological memory (Fisher and Di Nuzzo 1991; Nyholm and McFall-Ngai 
2004). Nonetheless, this system is quite effective to attach the pathogens they can 
be exposed to and to manage the communities of resident bacteria present in the gut 
(McFall-Ngai 2007). The cephalopod immune system works based on cellular fac-
tors. The haemocytes respond by phagocytosis, encapsulation, infiltration or cyto-
toxic activities to destroy or isolate pathogens (Beuerlein et al. 2002a). In addition, 
haemocytes are also involved in the production of oxygen and nitrogen radicals 
(Castellanos-Martínez et al. 2013; Ford 1992; Malham et al. 1997; Malham and 
Runham 1998; Nyholm et al. 2009; Rodríguez-Domínguez et al. 2006). Destruction 
of pathogens through phagocytosis or under haemocyte stimulation is complement-
ed with the production of oxidative chemicals, frequently, the release of reactive 
oxygen intermediates (ROIs), collectively known as respiratory burst (Chu 2000). 
Another kind of oxidative chemical, which is part of the innate immune response, is 
nitric oxide (NO). NO is a highly reactive free radical gas that is not stored and read-
ily diffuses through membranes (Jacklet 1997), so it is an effective agent against 
pathogens. Both oxidative chemicals have been identified in different cephalopod 
species in response to stress and against pathogens (Castellanos-Martínez and Ge-
stal 2013; Castellanos-Martínez et al. 2014; Malham et al. 2002; McFall-Ngai et al. 
2010).

In addition, the dissolved molecules in the serum (opsonins, agglutinins, lyso-
zyme) also contribute to the immune response of cephalopods (Ford 1992).These 
humoral factors complement the cellular activity. Recently, Alpuche et al. (2010) 
described a new lectin of 66 kDa (OmA) found in Octopus maya, and a homologue 
to the type A haemocyanin from O� dofleini. Due to the specificity of this lectin 
to galactosamine, mannose and fucose, these authors suggested that it could work 
in the immune response by recognizing and agglutinating oligosaccharides from 
pathogens. The enzyme lysozyme is also part of the defence mechanism. It has been 
found in haemocytes and tissue from Eledone cirrhosa, showing higher activity in 
haemocytes of octopuses infected by Vibrio anguillarum when measured immedi-
ately, compared to when measured after 4 and 24 h (Malham et al. 1998).

6.1.2.2  “Pathological Agents”

Virus

Viruses are the most abundant components of aquatic microbial communities 
(Wommack and Colwell 2000). However, there are few records of viruses produc-
ing pathologies in cephalopods. Virus-like particles have been associated with tu-
mours in O� vulgaris embedded in arm musculature and may be found in up to 
8 % of wild specimens (Hanlon and Forsythe 1990a; Hanlon and Forsythe 1990b; 
Rungger et al. 1971). In addition, virus-like particles have also been identified in the 
stomach epithelium of S� officinalis, but without any detail related to what produced 
the disease (Devauchelle and Vago 1971). Nonetheless, the latter authors suggested 
that the development and structure of these particles appeared to be similar to those 
of the vertebrate reovirus.
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Other reports include the identification of virus-like particles in the epithelial 
cells of the tubules of the digestive gland of Loligo pealei and in the renal append-
ages of several octopod species (Hanlon and Forsythe 1990b).

Bacteria

Bacterial infections are usually developed on the cephalopod’s mantle after injuries 
produced during collection or on lesions suffered in captivity (Hanlon et al. 1988), 
which cause the spread of the infection to other organisms sharing the tank (Hanlon 
et al. 1983). A number of bacterial infections of cultured cephalopods were summa-
rized by Hanlon and Forsythe (1990a) in their review of cephalopod diseases. Vib-
riosis is the most significant bacterial disease encountered in cephalopods (Sherrill 
et al. 2000).

Hanlon et al. (1984) observed “skin ulcers” on the dorsal mantle, head and arms 
showing hyperplasia of the epidermis and increased mucus production in high-den-
sity rearing of O� joubini and O� briareus. Gram-negative bacteria including V� al-
ginolyticus, V� damsela, Pseudomonas stutzeri and Aeromonas caviae were isolated 
from O� joubini ulcers, while V� parahaemolyticus, V� damsela and P� stutzeri where 
isolated from ulcers of O� briareus which resulted in chromatophore damage.

Ford et al. (1986) described the bacterial populations of normal and ulcerated 
mantle in Lolliguncula brevis and found that laboratory-maintained squids had sig-
nificantly higher viable bacterial cells per cm2 of mantle tissue than wild squids, 
although the latter had a slightly higher species diversity. Thus, the gram-negative 
bacteria Aeromonas sp., Flavobacterium sp., Pseudomonas sp., Vibrio sp., Proteus 
sp., V� parahaemolyticus, V� alginolyticus and Flexibacter as well as the gram-pos-
itive bacteria Bacillus sp., Streptococcus sp., Staphylociccus sp., Micrococcus sp. 
and Planococcus sp. were identified in wild squids. In laboratory-maintained squids, 
V� alginiolyticus, Vibrio sp., Aeromonas sp., V� paraahaemolyticus, V� metschnikovii, 
Flavobacterium sp., Proteus sp., Bacillus sp. and Streptococcus sp. were identified 
in normal-skin squids, and V� alginolyticus, Vibrio sp., V� metschinikovii, Aeromonas 
sp., Pseudomonas sp., Bacillus sp. and Staphylococcus sp. were identified in squids 
showing ulcerated skin.

Mantle and arms are not the only tissues susceptible to bacterial infection. The 
gills of reared O� vulgaris have been found to be infected by Rickettsiales-like or-
ganisms observed in the form of basophilic intracytoplasmic microcolonies within 
epithelial cells. The invaded cells were hypertrophic and necrosis was occasionally 
observed. No significant harm has been observed in the host, but under culture con-
ditions, bacteria are able to have a detrimental effect on the host respiratory gaseous 
exchange (Gestal et al. 1998).

Farto et al. (2003) identified the gram-negative bacteria V� lentus isolated for 
the first time from an octopus’s internal organ, in the gill heart of wild O� vulgaris. 
The specimens also showed lesions in the mantle tissue. Experimental infections in 
the laboratory demonstrated that V� lentus induced mortality in 50 % of octopuses 
in the first 6 h. The lesions showed a typical round pattern in the arms or head. Ac-
cording to these authors, low salinity (29 %) could be a stressing factor related to 
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the differences in the immune response of the octopuses against the opportunistic 
pathogen V� lentus (Ford et al. 1986).

Hanlon and co-authors (1989) reported bacterial infection of damaged eyes in 
L� forbesi and Sepiotheuthis lessoniana. Infection of the vitreous humor with the 
gram-positive bacteria Micrococcus sp. provoked one swollen eye much larger than 
the other in occasions with cloudy-to-opaque corneal tissue.

Fungi

Reports on fungal activity are very scarce and most of them related to eggs’ embry-
onic development. A simple procedure to avoid problems during this stage is given 
by Sykes et al. (2006) and in Chap. 11 of this book. Hanlon and Forsythe (1990a) also 
described occasional fungal activity in O� vulgaris.

Parasites

Most wild cephalopods host parasites including protozoans, dicyemids and metazo-
ans. Generally, cephalopod parasites are found in skin, gills, digestive tract, diges-
tive glands and kidneys (Gestal et al. 1999; Hochberg 1982, 1990; McLean et al. 
1987; Pascual et al. 1996). Among the protozoans, one of the main epizootiological 
agents in both wild and cultured cephalopods is the gastrointestinal coccidian of the 
genus Aggregata. This protozoan parasite produces a severe disease in octopods 
and cuttlefish causing a malabsorption syndrome, diminishing nutrient absorption 
and reducing immune response capability (Gestal et al. 2002; Gestal et al. 2007).

Dicyemids are endosymbionts that inhabit the renal sacs of cephalopods in-
cluding octopuses, cuttlefishes and loliginid squids (Furuya et al. 2004; Hochberg 
1990). No damage has been reported for dicyemids. In fact, a possible contribution 
to eliminate ammonium from the host’s urine has been proposed (Hochberg 1990). 
However, dicyemids could be a problem when the population rises so much that it 
blocks the ducts of the renal sacs conducts.

Cephalopods are secondary, third or parathenic hosts for different metazoan 
parasites, namely trematodes digenea, cestodes and nematodes infected through the 
food chain (Hochberg 1990; Pascual et al. 1996). Among them, the nematodes ani-
sakids are one of the most abundant and frequent parasites found in cephalopods 
with important pathological effects (Abollo et al. 2001). Crustaceans, such as cope-
pods and isopods, are also encountered parasitizing gills and mantle cavity of ceph-
alopods, therefore affecting the body condition of the host (Pascual et al. 1996).

Mechanical and chemical damage

These types of damages share a very small occurrence but have been reported over 
the years by several authors (Forsythe et al. 1987; Hanlon et al. 1984). Despite 
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congenital morphology, related alterations have ever been reported; they have been 
occasionally observed (Fig. 6.1).

Neoplasia of tissues in the head of hatchlings (Fig. 6.1) was observed in animals 
resulting from eggs of a captive population cultured in an open seawater system. 
The reasons for this malformation are unknown and this was only observed at this 
time, so this pathology might be related to chemicals in the water during embryonic 
development.

On the other hand, cephalopods have occasionally shown injuries produced dur-
ing collection and maintenance in the laboratory (Boyle 1991). In addition, cephalo-
pods reared or cultured in captivity may develop skin lesions provoked by individ-
ual interactions under crowded conditions or inadequate seawater system designs 
(Forsythe et al. 1987; Hanlon et al. 1984; Hanlon et al. 1988; Hanlon and Forsythe 
1990b; Oestmann et al. 1997). Hanlon and Forsythe (1990a) described four stages 
of progressive infection after skin abrasion (Table 6.1).

In cuttlefish, several mechanical and eventual chemical damage descriptions 
may be found in the literature. Hanley et al. (1998) described ulcerative dermatitis 
and cellulitis in the mantle of a small number of cuttlefish (Fig. 6.2a), which may 
be followed by septicaemia and fluid accumulation between the cuttlebone and the 
dermis (Fig. 6.2b). This has also been observed at Centro de Ciências do Mar do Al-
garve (CCMAR) but no mortality was ever registered even in animals where most 
of the mantle covering the cuttlebone was removed (Fig. 6.2c).

Other less common pathologies have been observed over these years, such as 
those related to the cuttlebone. For instance, the development of vesicles (Fig. 6.2d) 
and partial or full fracture of this structure has been seen in captive animals 
(Fig. 6.2e, f). Whether this type of abnormality is congenital or related to trauma 
due to fighting or banging against the tank walls remains to be determined. Sev-
eral skin pathologies have been registered during reproduction over the years. For 

Fig. 6.1  Cuttlefish hatchlings suffering from neoplasia. Histological pictures result from 3-µm 
sections stained with toluidine blue O. (Photos by A. Sykes)
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instance, idiopathic bulbous protrusions of one or two eyes (Hanley et al. 1998) 
have been seen, especially in females (Fig. 6.3a, arrows in black), which might 
promote opaque corneas and swelling of periorbital tissues. Some animals devel-
op skin wounds resulting from a fast escape during mating, which will eventually 
expose the cuttlebone and interfere with buoyancy (Fig. 6.3b, c). Cuttlefish are 
extremely aggressive when they copulate or fight for copula, and this results in mul-
tiple skin wounds (Fig. 6.3a, arrows in white) or even extended biting (Fig. 6.3d), 
with eventual internal organ exposure. Nonetheless, reports on mortality associated 
with this type of trauma are inexistent. As senescence takes over, the degree of skin 
“wounds” increases (Anderson et al. 2002). By this time and until death, cuttlefish 
will mostly display an increased destruction of the mantle epidermis (Fig. 6.3f, i). 
Nonetheless, sometimes this effect will only be seen mostly on the animal’s head 
(Fig. 6.3e) or on both head and mantle (Fig. 6.3g, h). The use of euthanasia as a way 
to avoid pain at this stage is currently under discussion and shall be included in the 
EU cephalopod guidelines.

The polluted environment in open, semiopen and closed seawater systems as 
well as in offshore, onshore or inshore rearing cages, tanks or ponds might also be 
detrimental to cephalopods’ health. The impact of diseases increases with stress 
and pollutant conditions, which can suppress the immune response and allow 
microorganisms, such as virus, bacteria and fungi, to proliferate. Therefore, the op-
portunistic microorganisms will generate secondary infections to these lesions.

6.1.2.3  Healing, Antibiotics and Surgery

According to Hanlon and Forsythe (1990a), wound healing in cephalopods in-
volves a sequence of muscular contraction, dermal cellular reaction and epidermal 
migration.

Stage Anatomical manifestations Dead animals?
One Extensive damage to microvil-

lus epidermis of the dorsal 
mantle and dysfunction 
of the underlying chro-
matophores (destruction of 
nerves and radial muscle)

No

Two Destruction of epidermis and 
dermal chromatophores 
(clear or white lesions)

No

Penetration of infection into 
the underlying muscle lay-
ers of the mantle

Three Lesion spread to the lateral 
and ventral surfaces of the 
mantle

Yes

Exposure of internal organs
Four Lesion spread to head and 

arms
Yes

Table 6.1  Stages of 
progressive infection after 
skin abrasion in Octopus 
joubini and O� briareus. 
(Adapted from Hanlon and 
Forsythe 1990b)
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Fig. 6.2  Examples of mechanical damage in cuttlefish juveniles and adults. a Ulcerative derma-
titis and cellulitis. b Septicaemia and fluid accumulation. c Mantle absence over the cuttlebone. d 
Vesicle in the distal tip of the mantle. e Full fracture of cuttlebone. f Partial fracture of the cuttle-
bone. (Photos by A. Sykes)

 

Fig. 6.3  Examples of mechanical damage in cuttlefish juveniles and adults. a Idiopathic bulbous 
protrusions of the eyes. b, c Skin wounds at the distal tip of the mantle resulting from banging 
against the tank walls. d Bite wound in male. e Senescent female. f, i Senescent animals’ destruc-
tion of the mantle epidermis. g, h Increased destruction of the mantle and head epidermis. (Photos 
by A. Sykes)
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Tetracycline injected in food was used to treat lesions with spreads of Pseu-
domonas sp. and Acinetobacter anitratus with success in O� dofleini by Stoskopf 
et al. (1987). Hanlon and Forsythe (1990a) described the use of chloramphenicol 
injected in food as having some success in treating infections by V� carchariae. The 
same authors described the use of chloramphenicol (40 mg kg−1) and gentamycin 
(20 mg kg−1), either by intramuscular injection or via food, to treat S� officinalis 
infected by V� pelagicus, V� splendidus and P� stutzeri related to internal infection of 
the blood vessels.

Forsythe et al. (1987) and Forsythe et al. (1990) described the use of several 
antibacterial and antiprotozoacidal agents administered by short-term baths or dips, 
continuous baths, intramuscular injection or by injection in food, which may be 
used on infected animals or eggs. In the latter work, safe concentrations for the ap-
plication of these therapeutic agents are also given. In general, these treatments are 
only effective for cuttlefish and octopus and the preferable method of application is 
oral administration. There is still need for further research in this field.

Reports on surgery performed in cephalopods are scarce and may be an addi-
tional focus of infections, as described by Harms et al. (2006).

6.2  Welfare Under Research and Commercial Culture 
Conditions

To avoid the pathologies mentioned in the previous sections, a good welfare prac-
tice must be implemented at different stages of maintenance, rearing and culture of 
cephalopod species. Both Mather and Anderson (2007) and Moltschaniwskyj et al. 
(2007) reviewed the ethical and welfare considerations when using cephalopods as 
research animals. These authors presented the refinement of methods as the most 
important task to ensure protection of cephalopods both in the laboratory and in the 
field. However, by considering cephalopods as sentient animals, one cannot talk 
about welfare without defining stressors and stress in cephalopods. More recently, 
Sykes et al. (2012) reviewed the application of Directive 2010/63/EU concerning 
cephalopod breeding and experimentation in aquaculture research. In that work, the 
authors proposed a definition of “acceptable stress” for cephalopods as the biologi-
cal response of the animal when subjected to or when it perceives a stressor. To be 
defined as “acceptable,” this biological response must not promote the development 
of a state of illness, provoke physical pain nor extended suffering (although the 
latter two have not been proved yet to occur in cephalopods). This will be the bor-
derline to the use of anaesthetics, analgesia or euthanasia in aquaculture -related 
procedures or protocols. These authors also reviewed the application of several an-
aesthesia and euthanasia agents in cephalopods.

The use of effective anaesthesia and euthanasia agents as welfare promoters in 
fish has been shown by several authors (such as Pottinger (2008) and Ross and Ross 
(1984)), but similar works in the class Cephalopoda are scarce, lack solid grounds 
or have never been performed (Sykes et al. 2012).
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The use of anaesthetics facilitates work at the research level and is required for 
invasive studies, where cephalopods must be held immobile for extended periods 
of time. Nonetheless, anaesthetics are also used to reduce the level of stress associ-
ated with such procedures. In addition, an overdose of anaesthetics is also routinely 
used as an effective and humane mean of euthanizing fish, and similar procedures 
are already in use for cephalopods. However, the correct assessment of anaesthesia, 
analgesia and euthanasia agents is a key aspect to determine the best agents, and the 
physiology-based methods used for fish still need to be validated in cephalopods. 
It is also important that the study of effective agents should be performed using a 
welfare-based approach and this requires the development of new methods to ac-
complish this mission in the most ethical and humane way as possible. Studies to 
determine a given agent and the best dose of an anaesthetic usually only display 
information regarding (1) times of induction, sedation and recovery; (2) scarce be-
haviour description; and (3) measurements of hormonal levels (circulating concen-
trations of catecholamines and cortisol) and immune functions (circulating haemo-
cytes and haemocyte phagocytotic activity). In cephalopods, not only the amount of 
anaesthetics tested is high and not fully proven (Sykes et al. 2012) but also the great 
majority of these types of studies only include items concerning (1) and, recently, 
(2) (e.g. Seol et al. (2007) and Estefanell et al. (2011)). According to Broom (2008), 
this is insufficient information to determine the viability of a given anaesthetic.

The development of new tools and the correct application of the existing ones for 
the assessment of anaesthetics are of utmost importance to obtain a clear and full 
understanding of animal reaction during the evaluation of anaesthesia and eutha-
nasia procedures. There is increasing evidence that alternative methods (Kittilsen 
et al. 2009) and available technology may provide simpler and more humane meth-
ods of assessing stress responsiveness than invasive methods, such as determination 
of plasma cortisol, which is widely used in fish (Ellis et al. 2012). In addition, the 
most established methods of assessing primary and secondary stress response in 
fish (such as plasma cortisol and glucose (Pottinger 2008)) were never applied to 
cephalopods nor do they have a non-humane application (small amount of available 
blood and difficult access for extraction will require slaughtering), whether due to 
the type and location of the circulatory system of this class (Schipp 1987b) or by 
lack of reliability of these methods at given conditions, as suggested by Martínez-
Porchas et al. (2009). Moreover, according to Ashley (2007), both behavioural and 
physiological measures of welfare are necessary for the correct interpretation of 
stress responsiveness. While there is a wealth of knowledge on the physiological 
consequences of many aquaculture practices in fish, it is now equally important 
to understand the behavioural responses to these practices and to relate them to 
welfare in cephalopods (Gonçalves et al. 2012). The assessment of welfare during 
the application of these agents should be performed using noninvasive and multiple 
methods that need to be certified or developed. Furthermore, the study of stress 
responsiveness of anaesthesia, analgesia and euthanasia agents should be accom-
plished through refined animal welfare methodologies (based on the 3 Rs principle) 
in cephalopods.
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6.3  Conclusions

While the study of pathologies has been performed since cephalopods are kept in 
captivity, welfare is a new growing line of research that started in the twenty-first 
century. Both are, however, in need of more attention in the years to come, not only 
because of welfare legislations arising in most countries but also because they have 
an intrinsic importance in cephalopod culture. In fact, the existing knowledge is 
poor when compared with what exists in fish. In terms of welfare, while several 
agents for anaesthesia and euthanasia have been tested, there is not a single study on 
the physiology behind it (anaesthetic site of action). Therefore, we cannot be sure 
that when we are suggesting a given agent, this is in fact an anaesthetic. In addition, 
the existing methods used to assess anaesthesia and euthanasia need revision and a 
common methodology for assessment needs to be developed.

Regarding pathologies of cephalopods in captivity, with the development of cul-
ture technology, these animals will be subjected to different conditions than those 
observed in small-scale culture. Although the methods under development consider 
the practice of good welfare, diseases will be predictably more common in industri-
al culture. Several pathologies have been identified in the laboratory and these have 
been used as a basis to gather information regarding healing, antibiotics application 
and changes to culture setups. Nonetheless, further research is needed.
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Abstract Restocking of cephalopods originated from the awareness of the deple-
tion of natural resources and a need for conservation from stakeholders, public and 
private sectors. The concept of cephalopod restocking activities is to produce the 
cephalopod seeds and then release them back into the habitat where the species 
occur. The process of seed production comprises the collection of broodstocks from 
the wild, incubation of egg masses, post-hatching management and releasing the 
seeds at selected locations. The aquaculture methodology that enhances the hatch-
ing rate of the eggs and survival rate of the hatchling must produce high yields for 
the success of restocking. The neritic species, particularly Sepioteuthis lessoniana, 
Sepia spp. and Octopus vulgaris have been one key focus for restocking due to its 
success in previous studies on aquaculture as well as their importance to fisheries. 
The success of aquaculture restocking, supported by the public sector, has been 
outstanding in Japan and Thailand with a long historical background. Millions of 
cephalopod seeds were annually released during the peak activities. Although the 
biological significance of restocking activities to natural stocks requires further 
research and evaluation, the activities are considered to have produced a significant 
social success.

Keywords Restocking · Seed production · Neritic species · Stakeholders
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7.1  Introduction

Marine natural resources, including cephalopods, are declining due to the conse-
quences of climate change in the global environment and anthropogenic activi-
ties. Cephalopods are more commercially vulnerable due to their short lifespan, 
compared to fish, crustaceans and other molluscs. Based on this awareness, public 
sectors in Japan and Thailand have initiated the restocking programme using the 
aquaculture methodology. The aquaculture-restocking activities in the two coun-
tries have been outstanding. Cephalopod restocking has a long history in Japan 
for as long as 50 years, i.e. since 1963 (JASFA 2003). The attempt began with 
studies on aquaculture and restocking of Octopus vulgaris and Sepioteuthis lesso-
niana. In Thailand, the history of cephalopod restocking is more than 20 years old 
(since 1990), but the attempt on developing the aquaculture technology had started 
10 years earlier, in 1978 (Nabhitabhata 1978a, b). The economic status of the two 
countries is different; therefore, this has led to differences in the details of the two 
developed methodologies, although the objective is similar, since the reduction of 
cost of production is one of the main common concerns.

7.2  Restocking in Japan

7.2.1  Background

A total of ten species of cephalopods found in Japanese waters have been report-
ed to be reared or cultured from eggs for the purpose of studying their basic life 
histories and the culture of cephalopods (Boletzky and Hanlon 1983) but none of 
these studies were initially aimed at restocking. Nominated species were Sepia es-
culenta, Sepia lycidas (as Sepia subaculeata), Sepia latimanus, Euprymna berryi, 
Idiosepius paradoxus, S� lessoniana, Heterololigo bleekeri, Todarodes pacificus, O� 
vulgaris and Amphioctopus fangsiao (as Octopus ocellatus) (Choe 1966; Choe and 
Oshima 1963; Inoha 1971; Natsukari 1970; Inoha and Sezoko 1967; Soichi 1976; 
Matsumoto 1976; Hamabe 1963; Itami et al. 1963; Yamauchi and Takeda 1964). 
Among them, S� esculenta, S� latimanus, S� lessoniana, O� vulgaris and A� fangsiao 
(Fig. 7.1, Table 7.1) are presently reared from eggs to their sub-adult stages to help 
to clarify the life history of the species and to provide basic information for aqua-
culture (Boletzky and Hanlon 1983).

In Japan, the production of finfish seed for restocking has been promoted by the 
Seto Inland Sea Fish Farming Association (SISFFA), established in 1963. This orga-
nization was, later, merged with the Japan Sea-Farming Association (JASFA) in 1978 
with one of its aims being to develop the technology for restocking of aquatic resourc-
es under the Japan Fisheries Agency. SISFFA and JASFA have played a major role 
in the development of the technology for seed production for restocking not only for 
finfish (Fushimi 2001) but also for cephalopods. In 1963, SISFFA began experiments 
to incubate the egg masses of O� vulgaris and S� lessoniana collected from the sea for 
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the release of hatchlings. In 1964, S� lessoniana hatchlings were reared up to 70 mm 
in total length (TL) in 2 months and O� vulgaris from eggs to the paralarval stage with 
14–15 suckers in 20–25 days (JASFA 2003). In 1982, JASFA succeeded in rearing O� 
vulgaris to the stage of paralarval settlement (JASFA 2003). The targeted cephalopod 
species for the development of technology for restocking by JASFA were O� vulgaris, 
S� lessoniana, H� bleekeri (as Loligo bleekeri), S� esculenta and S� latimanus� The 
Fisheries Research Agency (FRA) took over the duties of JASFA in 2003.

In addition to the activities of developing the technology for restocking, artificial 
spawning substrata were installed in the spawning ground to enhance the stock of 
the target species such as for S� lessonina (Ueta et al. 1995; Ueta and Kitakado 1996) 
and Yariika ( H� bleekeri) in the coastal area of Japanese waters. For the propagation 
of O� vulgaris to enhance the stock in fishing grounds, octopus pots for spawning 
were set in the octopus spawning areas in Seto Inland Sea, Japan (Itami 1975).

Fig. 7.1  Localities, names and target species of the stations of the Japan Sea-Farming Association 
(JASFA) that produced cephalopod seeds
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7.2.2  Hatchery Seed Production and Seed Release

7.2.2.1  Octopus vulgaris

The common octopus, O� vulgaris, is an economic marine species especially in the 
Seto Inland Sea of Japan. Octopus pots have been introduced into the fishing ground 
as a spawning aid during the spawning period of O� vulgaris since 1931 with the aim 
to protect females for enhancement of the stock (Tauti and Matsumoto 1954). Itami 
et al. (1963) reared the planktonic hatchlings (paralarvae) of this species to its set-
tling young stage and beyond by feeding with the zoea larvae of Palaemon serrifer. 
SISFFA also started a project in 1964 to culture O� vulgaris for restocking. The proj-
ect produced 150,000 paralarval individuals (with 14–15 suckers over 20–25 days 
after hatching) in the first year, and 157 settling paralarvae (with 12–19 suckers over 
31 days after hatching) in 1982 with a yield rate of 13.1 % from hatching (JASFA 
2003). Except from mid-1967 to 1980, JASFA and FRA have continued this project 
until the present day (JASFA 2003). In addition to seed production for restocking oc-
topus, the Kagawa Prefecture has irregularly transplanted juvenile octopus into the 
spawning grounds in the Seto Inland Sea every year in order to enhance the stocks: 
15,000 juveniles in 1979 and 5,432 juveniles of 64 mm mean TL in 2002.

Table 7.1  Species, numbers of cephalopod seeds (× 103 individuals) produced and released for 
restocking in Japan by the Japan Sea-Farming Association (JASFA) during the 19 years from 1983 
to 2001 and average total length (mm) in brackets; + is a number less than 103 individuals. (JASFA 
2003)
Year Octopus 

vulgaris
Sepia 
esculenta

Sepia latimanus Loligo 
bleekeri

Sepioteuthis 
lessoniana

produced produced produced released produced produced
1983 1 (11) – – – – 2 (35)
1984 1 (11) – – – – –
1985 – – – – + (6) 1 (12)
1986 + (11) + (30) + (30) – + (8) + (23)
1987 1 (12) – 1 (30) – + (6) + (19)
1988 7 (8) – 1 (30) + (80) 1 (6) 1 (9)
1989 26 (7) – 6 (30) 2 (68) 5 (6) –
1990 17 (15) – 6 (25) 1 (83) 1 1
1991 5 (7) – 8 (30) + (100) + (12) + 
1992 33 (6) – 37 (17) – – –
1993 15 (7) – – – + (4) –
1994 25 (7) – – – – –
1995 17 (7) – – – – –
1996 38 (8) – – – – –
1997 3 (8) – 119 (14) 94 (14) – –
1998 10 (7) – 52 (14) 51 (14) – –
1999 13 (6) – 20 (13) 20 (13) – –
2000 8 (6) – 77 (13) 76 (13) – –
2001 18 (8) – + (30) + (80) – –
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Research on providing adequate food and nutrition to grow healthy paralarvae 
and juvenile was also performed from the beginning of the SISFFA and JASFA proj-
ects. In 2001, JASFA achieved the production of settling paralarvae at a high sur-
vival rate through feeding with the frozen Pacific sand eel Ammodytes personatus 
and large-sized nauplii of Artemia tibetiana (Shiraki 1997; Okumura et al. 2005).

7.2.2.2  Sepioteuthis lessoniana

Choe and Oshima (1963) reared S� lessoniana from hatching to the age of 45 days 
fed on Neomysis japonica. Later, there were several studies to rear this species for 
the purpose of aquaculture (Choe 1966; Inoha and Sezoko 1967; Tsuchiya 1982; 
Segawa 1987). SISFFA began incubating wild-collected egg masses of this species 
for the release of hatchlings in 1963 and reared them to juveniles of 70 mm TL at the 
age of 2 months in 1964 (JASFA 2003). In 1982, JASFA restarted experiments to 
develop the technology for seed production to restock S� lessoniana in Goto Island, 
Nagasaki Prefecture (Fig. 7.1), because of the declining catches of the species, but 
this activity ended in 1992 (JASFA 2003). In the first year, eggs were collected from 
live females spawning in captivity and from an artificial substrate in the wild. The 
artificial substrate was made from tree branches immersed in the spawning ground 
as an artificial spawning bed. The collected eggs were then incubated in a tank and 
hatchlings were produced. One of the purposes of this project was to develop effec-
tive artificial spawning beds for the species. Ueta et al. (1995) developed several 
types of effective man-made spawning beds for S� lessoniana.

7.2.2.3  Heterololigo bleekeri

Matsumoto (1976) maintained adults of this species in tanks for 3 weeks. JASFA 
addressed the development of technology for spawning and hatching of this species 
for use in restocking between 1985 and 1993 in Miyazu which faces Wakasa Bay 
in the Kyoto Prefecture (JASFA 2003). In 1985, JASFA reared hatchlings fed on 
live zooplankton, Artemia and hatchlings of scorpion fish and produced 134 squid 
(6–7 mm in mantle length (ML), with a 0.35 % survival rate from hatchlings) at 40 
days after hatching. In 1986, 81,000 eggs were collected from an artificial spawn-
ing bed experiment in the sea (JASFA 2003). This project accomplished certain 
results in developing adequate spawning beds and ended because of the difficulties 
encountered for mass culturing of this species.

7.2.2.4  Sepia latimanus

Inoha (1971) observed that S� latimanus laid eggs and attached them to corals of 
the genus Millepora in Okinawa and they were easy to rear in the aquarium. JASFA 
has conducted research and development of the technology for seed production of 
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this species and restocking in Okinawa and Ishigaki Island, Okinawa, since 1987. 
Technologies were established for collecting eggs in the laboratory and producing 
hatchlings for release (Oka et al. 1989; Oka 1993). In 1989, JASFA started a lagoon 
nursery project in Ishigaki Island, Okinawa, and S� latimanus was nominated as 
one of the main target species for aquaculture (JASFA 2003). Since this species has 
large hatchlings of 11–15 mm ML competent in camouflage and foraging, restock-
ing with these hatchlings was effective (Dan et al. 2008). Based on these results, 
JASFA began a large-scale project to release hatchlings for restocking of this spe-
cies in 1992. To evaluate the restocking effectiveness, hatchlings were released with 
their cuttlebones stained with Alizarin red S and these were subsequently examined 
for specimens collected at fish markets and from beaches during the period from 
2000 to 2003. The stained cuttlebones were mostly collected on the beaches around 
the release sites. Cuttlefish were caught in the bays after they were released from 
the autumn of the same year to the spring 2 years later. The proportion of released 
cuttlefish in different catches ranged from 4.5 to 18 % (Dan et al. 2008).

7.2.2.5  Other Cephalopod Species

Oshima and Choe (1961) and Choe (1966) reared S� esculenta, S� lycidas (which they 
identified as S� subaculeata) and Sepiella japonica (which they identified as Sepiella 
maindroni) in the laboratory from hatchlings for up to 4 months by feeding them on 
N� japonica. Arima et al. (1963, 1964) studied the technologies for developing spawn-
ing beds, seed production and cultivation of S� esculenta, S� lycidas and S� japonica 
and grew them from eggs spawned in tanks and fed on the larvae of shrimp, obtaining 
detailed results on feeding rate, food conversion rate and growth. JASFA tried once to 
rear S� esculenta and produced 30,000 hatchlings in 1986 for the purpose of restocking.

Hamabe (1963) obtained hatchlings of Todarodes pacificus spawned in the labo-
ratory but they did not survive. Soichi (1976) kept juveniles of this species collected 
from the wild for 67 days in a public aquarium by feeding with juvenile mullet. T� 
pacificus has not been raised from eggs as the diet of the paralarvae is unknown. 
Techniques for the artificial fertilization of ommastrephid squids were established 
by Sakurai et al. (1995). The embryonic developmental process from artificial fer-
tilization to hatching of T� pacificus was described by Watanabe et al. (1996). There 
is a possibility that technologies for seed production will be developed for this spe-
cies in the future, if the food organisms and feeding behaviour of the paralarvae of 
this species in the wild were determined.

7.3  Restocking in Thailand

7.3.1  Background

Squid trapping is an artisanal fishery activity that is very popular around the coasts 
of Thailand since its origin in about 1985. The trap itself is made from local materials 



1197 Aquaculture to Restocking 

and the fishing technique operates from the experience and understanding of squid 
behaviour by local fishermen (see also Chap. 17 ‘Sepioteuthis lessoniana’). The 
trap frame is made of locally available wood and covered by a polyethylene fish-
ing net of 25 mm mesh size. The trap size is 50–80 × 80–120 × 50–65 cm, typically 
60 × 100 × 50 cm. Coconut fronds are used to cover the trap to give it the appearance 
of a natural shelter. Bigfin squid egg clusters are hung inside the trap to persuade 
the squid to enter (Fig. 7.2). Stripped plastic shopping bags can also be used as 
substitutes when egg clusters are in short supply. For fishing, the trap is suspended 
in the water column at 2–3 m above the bottom using rock sinkers and styrofoam 
and bamboo floats. The fishing depth is from approximately 6 to 40 m, depending 
on the maximum yield. The female squid, escorted by her male mate, will enter the 
trap searching for appropriate substrates for spawning. The trap is left overnight or 
more. The fishermen come back, pull up the traps and collect the yields. The main 
target species of squid traps is the bigfin squid, S� lessoniana, 90–95 % of the catch, 
but Sepia pharaonis is a major by-catch, 5–10 % with a maximum of 30 % (Boong-
erd and Rachaniyom 1990; Chotiyaputta and Yamrungreung 1998).

The squid trap is likely to be an appropriate gear in view of natural resource 
conservation. There are two reasons to support this view. Firstly, the fishing period 
is about 9 months in each year and only 20 days in each of those months, with 
the remaining period reserved for natural stock recruitment. Secondly, most of the 
squids captured in traps are fully mature, since 80 % are larger than 140 mm, equal 
to the first maturation size (Chotiyaputta 1988). However, one disadvantage is that 
the female enters the trap for spawning and to find shelter for her eggs. The egg 
capsules are attached all over the covering net and any suspending ropes and floats. 
These capsules will be discarded or left for sun drying when the trap is landed for 

Fig. 7.2  A squid trap with an egg cluster hung inside covered with coconut leaves to create a pro-
tective environment, on a beach in eastern Thailand. (Photograph J Nabhitabhata)
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cleaning or replacing. Some capsules might be thrown back into the sea and sink 
to the bottom, but these have a low chance of hatching (Chindamaikul et al. 1994).

This disadvantage of squid trapping in view of conservation has not been over-
looked by the biologists and a primary solution was initiated. In 1990, the Thailand 
Department of Fisheries (DOF) launched a research programme on cephalopod cul-
ture at the Rayong Coastal Fisheries Research and Development Center (RCRC) in 
Rayong Province, about 200 km from Bangkok. One of the activities in this pro-
gramme was for restocking through aquaculture methods. The RCRC was in a good 
location where artisanal squid trapping was popular and this enhanced the possibili-
ties for tackling the mentioned disadvantages. The first step of a possible solution 
was to collect the egg capsules before they were discarded. The fishermen were paid 
for the live egg capsules they collected at about US$ 0.33 per 1 kg. This payment 
was intended to be an additional source of income for the fishermen and, on the 
other hand, to raise their awareness of the economic value of natural resources. The 
second step was to endorse hatching of those eggs in a hatchery through aquaculture 
management. Previous studies revealed that the hatching rate of egg capsules incu-
bated in plastic baskets was 20 % higher than when left at the bottom (Chindamaikul 
et al. 1994). The third step was the release of the produced squid seeds back into the 
actual fishing grounds in order to maximise restocking efficiency. Unfortunately, 
this activity has declined since 2003 because there have been changes in policy of 
the Thailand DOF, and the cephalopod hatchery has been shut down.

7.3.2  Methods

7.3.2.1  Hatchery Seed Production

Sepia pharaonis Broodstock Live cuttlefish are collected from traps and main-
tained in concrete tanks as broodstock. The fisherman maintains the live cuttlefish 
in a partition in his boat through which fresh seawater can flow. The cuttlefish can 
survive for more than 24 h in this chamber. The body weight of the spawners range 
from 400 to 1,500 g at 200–300 mm ML. At landing, the cuttlefish are transported to 
the hatchery in a plastic transportation tank of 500-L capacity. They are maintained 
in 2 m3 concrete tanks at a male-to-female ratio of 1:2 (Fig. 7.3). The cuttlefish will 
mate in less than an hour after being released into the tank. Pieces of fishing net, 
25 mm mesh size, with stone sinkers are put in the tanks as artificial substrates.

Spawning in the tank proceeds within that day or during the next morning. 
The females attach their egg capsules in clusters to the artificial substrates. Each 
female is able to spawn approximately 1,600 (500–3,000) egg capsules in total. 
(Nabhitabhata 1978b, Nabhitabhata and Nilaphat 1999). One female lays eggs in 
one cluster (Fig. 7.4) or more every day or every other day if they are interrupted 
while spawning. The spawning period can be more than 3 weeks, depending on the 
female size, the numbers of eggs produced and her condition. The male escorts and 
protects his mate from other males during spawning, but will turn to form a pair 
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with another female after her last spawning. Mating and spawning are observed in 
the early morning and late afternoon.

Eggs are collected daily from the broodstock tanks and transferred to be nursed in 
other tanks in the hatchery under controlled conditions. The capsules are collected 
by hand each day after the females pause their spawning. The egg clusters are also 
available from some squid traps.

Sepioteuthis lessoniana Broodstock Live bigfin squid can be collected using a simi-
lar method to that for cuttlefish, but the collection of only egg masses is an appropriate 
current choice. Firstly, it is more economical and convenient because the percentage 
of egg capsules attached to traps is more than 95 % in quantity compared to 5 % for the 
cuttlefish. Secondly, most of the collected broodstock squid are not healthy enough to 
produce healthy eggs due to their pelagic habit and high metabolic rate.

Primary Handling of Egg Capsules The egg capsules collected from the wild 
occur in various sizes, hence differ in their embryonic stages, and have to be graded. 
Squid egg capsules are graded into four stages according to their size and shape. 
The first stage is the newly spawned egg capsule with a cylindrical shape and is at 

Fig. 7.3  Diagram of the 
cephalopod seed production 
methods in Thailand
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least 50 % smaller than those near to hatching. Second-stage egg capsules are simi-
lar in shape but with comparatively larger egg chambers. In the third stage, each 
chamber of the egg capsule is globular in shape, becoming cubic in the fourth stage 
with a finger-like shape and comparatively more transparent. The capsules collected 
and transported at the early stages can yield a better hatching rate than those col-
lected nearer to hatching (Nabhitabhata 1978a, b).

The egg capsules require good aeration and ventilation to yield a good hatch-
ing rate. After being transported to the hatchery and being left overnight for 
acclimatization (Fig. 7.5), the capsules have to be separated from their clusters by 
cutting with scissors. Squid egg capsules are put into baskets of 5 mm mesh size for 
those in the first and second stages and of 10 mm mesh size for those in the third 
and the fourth stages (Fig. 7.6). Cuttlefish egg capsules require just one kind of 
plastic basket, with a 5 mm mesh size. The capsules are maintained until hatching 
in such baskets floating in concrete tanks of 4,000-L capacity and 1.8 m diameter 
(Nabhitabhata 1978a, b, 1996; Nabhitabhata and Kbinrum 1981). The egg capsules 
of squid and cuttlefish are always in separate tanks, due to differences in their em-
bryonic periods, and hence the incubation periods are required.

Nursing of Egg Capsules Egg capsules are nursed under controlled conditions in 
tanks of similar size and water quality to the acclimatization tanks in the hatchery. 
An open system is employed where any changes in physical and chemical param-
eters are minimized. Egg capsules are visually checked every morning, and empty 
capsules and those with dead or abnormally developed embryos are discarded in 

Fig. 7.4  An egg cluster of the pharaoh cuttlefish, Sepia pharaonis. (Photograph J Nabhitabhata)
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order to prevent microbial infection and self-decomposition, which will reduce 
water quality. Brief changes in temperature, salinity and mechanical stimuli, which 
can cause premature hatching, are avoided. In order to minimize temperature fluctu-
ations, a water flow-through method is applied at a rate of 1 L min–1. Fresh seawater 
is pumped through an activated carbon filter and stored in a 200-m3 concrete tank 
before gravity-feeding to the hatchery (Fig. 7.7). The current generated by the water 
feed also assists in removing waste products by producing an upwelling outflow 
through drainage pipes at the centre of the tank. This system is able to maintain an 
average temperature of 28°C, a salinity of 30–33 practical salinity unit (psu) and a 

Fig. 7.6  Two types of plastic baskets used for nursing the egg capsules, 5 mm mesh ( left) and 
10 mm mesh ( right). (Photograph J Nabhitabhata)

 

Fig. 7.5  Egg clusters of the bigfin squid, Sepioteuthis lessoniana acclimatized in a plastic basket. 
(Photograph J Nabhitabhata)
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pH of 6.0–8.0 (Nabhitabhata et al. 1991a, 2005). The salinity range to obtain a 50 % 
hatching rate of eggs is 22–38 psu (Nabhitabhata et al. 1991b, 1993a, 2001).

The length of the embryonic period depends on both biotic and abiotic factors, 
but particularly on temperature. The average embryonic period is 14 days (9–25) 
for the cuttlefish S� pharaonis (Anil et al. 2005; Nabhitabhata 1978b, Nabhitabhata 
and Nilaphat 1999) and 20 days (17–23) for the squid, S� lessoniana (Nabhitabhata 
1978a, 1995, 1996; Nabhitabhata and Kbinrum 1981) each at about 28°C. The em-
bryonic period can be shortened at a higher temperature and extended at a lower 
one. The hatching period, from the hatching of the first egg to the hatching of the 
last eggs of the same cluster from the same spawning, is 3–10 days. Most of the 
hatching, i.e. more than 50 %, occurs at night on the second and third day from 
the first hatching. The hatching rate is more than 90 % (Nabhitabhata and Nilaphat 
1999) under the above-mentioned management conditions.

Other important physical factors are turbidity or suspended solids and light. Tur-
bidity should be maintained as low as possible (Nabhitabhata 1995) through filtra-
tion and/or prior sedimentation, particularly in open systems. Cephalopods have 
a high metabolic rate and their gills have a low efficiency for removing sediment. 
High levels of suspended solids or high turbidity are critical, since it can easily 
reduce or block oxygen exchange. Any unnatural or artificial lighting as well as un-
natural daily light–dark periods should be avoided. The growth of algae and fungi 
on the surface of the egg capsule is due to excess light and this reduces the hatching 
rate by blocking the oxygen supply. The attachment of algae also initiates fungal 

Fig. 7.7  Seawater system for the open-system cephalopod hatchery in Thailand. (Photograph J 
Nabhitabhata)
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growth on the capsule membrane and, later, infection to the embryo. In order to 
reduce light, curtaining of the hatchery with a camouflage net with a light-reducing 
efficiency of 80 % (Nabhitabhata et al. 2005) is the most convenient method.

Other Cephalopod Species Rearing and culture experiments associated with 
other species of cephalopods occasionally produce excess numbers of seeds for 
experimental performance, which can then be released for restocking (Table 7.2). 
Detailed methods are provided in other chapters of this volume, such as for the 
spineless cuttlefish Sepiella inermis (Chap. 13), the bobtail squid Euprymna hylle-
bergi (Chap. 15), the octopus Amphioctopus aegina (Chap. 18) and Amphioctopus 
neglectus and Amphioctopus rex (following the methods described for A� aegina).

Post-hatching Management and Seed Releasing The hatching of cephalopod 
eggs has unique characteristics. The period, from the hatching of the first egg to the 
hatching of the last eggs of the same cluster of the same spawning, extends for 3–10 
days. Most hatching (more than 50 %) occurs at night on the second and third day 
from the first hatching. The overall hatching rate is more than 90 % (Nabhitabhata 
and Nilaphat 1999) under the above-mentioned management conditions. The hatch-
lings pass through the basket mesh into the nursing tank. When the optimum density 
in the tank is achieved, the egg baskets are transferred to another tank of previously 
prepared water of similar quality.

Table 7.2  Numbers of cephalopod seeds ( × 104 individuals) produced and released for restocking 
in Thailand during the 14 years from 1999 to 2003. (Nabhitabhata et al. 1993b, 2002, 2003, 2004, 
2005; Timdee and Wongwiwatanawute 2000; Timdee et al. 2003)
Year Sepioteuthis 

lessoniana
Sepia pharaonis Othersa Total

1990 144.68 1.26 – 145.94
1991 166.86 2.66 – 169.52
1992 304.89 15.16 – 320.05
1993 198.38 20.21 – 218.59
1994 378.64 27.00 – 405.64
1995 86.42 53.09 – 139.51
1996 187.45 14.28 – 201.73
1997 225.21 33.26 – 258.47
1998 104.65 12.76 – 117.41
1999 147.40 44.16 – 191.56
2000 166.08 12.16 2.86 181.10
2001 173.83 32.36 6.71 213.58
2002 22.01 8.36 1.28 31.65
2003 – 10.73 – 10.73
Total 2,306.50 287.45 10.85 2,605.48
Average 177.42 20.53 3.62 186.11
SE 24.34 4.12 0.97 27.42
a Spineless cuttlefish, Sepiella inermis; bobtail squid, Euprymna hyllebergi; octopus, Amphiocto-
pus aegina, Amphioctopus neglectus and Amphioctopus rex
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The cephalopod seeds are collected for release during the next day. The water 
in the nursing tanks is drained through the centre pipe into a 50-L tank with an im-
mersed hand scoop for reducing the flow rate and collecting the cephalopods. With 
aeration from a portable air pump, the tank with seeds is transported to the selected 
releasing sites.

The total numbers of released seeds was 25.95 million over 14 years (1990–2003): 
23.06 million for bigfin squid, 2.77 million for pharaoh cuttlefish and 1.08 million 
for other species (Table 7.2). The average number released was 2.14 million seeds 
per year. About 90 % of the seed was the bigfin squid and the remaining 10 % was 
mostly pharaoh cuttlefish but included other species.

7.3.2.2  In situ Seed Production

The project is being conducted by a community of squid-trapping fishermen who are 
aware of the need to conserve their livelihood through the conservation of natural re-
sources. The first trial, the so-called Cephalopod Seed Bank, was conducted in June 
2012, in Chumporn Province, southern Thailand, Gulf of Thailand. The activity was 
funded by the Thailand DOF with technical consultation by the Prince of Songkla 
University. The eggs were collected from traps owned by the fishermen themselves.

The idea was to incubate the collected egg capsules in field conditions. The egg 
capsules were placed in net bags made from fishing net of 0.5 cm mesh size (Fig. 7.8). 
Each bag was about 50 cm long and 30 cm in diameter. The bags were hung from a 
rope with a 30-cm interval at one end and kept suspended with a 100-mm plastic float 
at the other end. Seven strings of rope were fastened to the frame that was made from 
iron pipes and floated with empty polyvinyl chloride (PVC) barrels. A net cage of 
300 × 200 × 200 cm, 0.5 cm mesh size was also hung from this frame to serve as a fence 
for the egg bags. The ‘set’ was then covered by a piece of shutter net to reduce excess 
light. The sites were selected by the community. In order to reduce the cost, bamboo 
frames were used as a substitute for the iron pipe frame. This project has been contin-
ued up to the present time and has been extended to neighbouring fishing communities.

The advantage is that there is little cost for the hatchery operation. The fisherman 
will stop by the site during his homeward journey and put his collected egg capsules 
into the bags. The hatchlings pass through the mesh into natural waters, using the 
floating facility as a temporary shelter for primary acclimatization. This method 
can also be applied for aquaculture as an in situ nursery of eggs and hatchlings that 
requires little expense and is cost effective compared to a land-based hatchery.

7.4  Conclusions

Aquaculture to restock cephalopods has been performed by public sectors in both 
Japan and Thailand with a long history of about 50 years. The restocking activi-
ties are based on public awareness about the depletion of natural resources. Most 
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cephalopod species in focus are neritic, including the sepiid cuttlefish and benthic 
octopus. The major species are S� lessoniana, H� bleekeri, S� latimanus, S� phara-
onis and O� vulgaris. Broodstocks are collected from the wild and seeds are pro-
duced in the hatchery before their release. Attempts at aquaculture have yielded a 
certain level of success (see other chapters on corresponding species in this volume) 

Fig. 7.8  The in situ hatchery operated by a fishing community in southern Thailand, illustrating 
a raft with an iron-piped frame and hanging ropes for egg net bags ( above) and in the diagram 
( below). (Photograph courtesy of J Petchkamnerd)
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and restocking activity has been routinely performed. The reduction of the costs of 
a restocking process is a primary concern and has generated methods of in situ seed 
production which can be applied to commercial-scale production. The scientific or 
biological significance of the restocking of natural populations and fishery yields 
requires further research and evaluation. The methods used in the studies of fishery 
biology, i.e. tagging and labelling and release and recapture, should be applied to 
such research. The restocking activities require the cooperation of local fishermen 
or local fishery associations who are the most important stakeholders for utiliza-
tion of natural resources, and who ultimately ensure the success of these activities. 
However, previous results in both Japan and Thailand have succeeded in raising 
public awareness of the importance of cephalopod natural resources and restocking.
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Abstract The worldwide catch of cephalopod species (squid, cuttlefish and 
octopuses) was close to 4 million t in 2008. The utilization and the processing of 
cephalopods result in the generation of a large amount of by-products. Generated 
by-products represent 35 % of the total mass caught and these include head, vis-
cera, skin, bone, etc. These wastes are currently unvalued. Serious environmental 
problems can be created without appropriate management. Numerous studies have 
demonstrated that cephalopod by-products are suitable for human consumption, 
animal food and other applications with high market value. Indeed, cephalopod by-
products are a source of interest for molecules such as polyunsaturated acids, chitin, 
collagen, etc. This chapter provides an overview of the extraordinary potential of 
cephalopod by-products and their applications.

Keywords Cephalopod · Processing · Underutilized by-product · Valorisation · 
High value molecule

8.1  Introduction

The world total catch of cephalopods (squids, cuttlefish and octopuses) continues to 
increase and had reached a threshold of 4 million t in 2008 (FAO 2010). The total catch 
of this species group suffered a decrease of 0.8 million t in 2009, before beginning to 
grow again in 2010 and reach 4 % in the world fish trade (FAO 2012). Such a growth 
in the exploitation of cephalopods has resulted in a similar expansion in processing 
industries and the generation of large amounts of waste, with considerable disposal 
costs. As a result, the valorisation of by-products would allow increased company 
competitiveness and reduce costs. By-products of the cephalopod fishery are widely 
used—in food or animal feed, cosmetics and medicine. By-product valorisation is a 
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historical practice. Fish sauce fermentation is a common practice in Southeast Asia as 
a means of preserving and producing value-added products from underutilized fish 
species. Associated with the sophistication of technical fishing, the valorisation of 
marine by-products allows better management and exploitation of marine resources. 
Attitudes have evolved and now it is inconceivable to waste any of the biomass: By-
products are a wealth (Le Bihan and Koueta 2010). The development of technological 
tools opens new possibilities for the valorisation of markets which are aspirant and 
increasing. Furthermore, it is important to develop complementary approaches to valo-
risation. Further research is needed into the development of green processes to limit 
the impact on the environment (Le Bihan and Koueta 2010). The wide chemical and 
biological diversity observed in the marine environment makes the ocean an extraor-
dinary source of high value-added compounds which can be used in many applica-
tions. The cephalopod-processing industry generates large amounts of solid and liquid 
wastes, which can cause major problems for the environment. After processing, the 
solid wastes from the cuttlefish-processing industry may represent 35 % of the original 
material (Le Bihan 2006; Balti et al. 2010). Occasionally, the wastes may reach 75 % 
of the total catch weight from squid fishery, in forms of skin, head, cuttlebone, pen, ink 
and viscera (Shahidi 2006; Fig. 8.1). These wastes constitute an important source of 
proteins, lipids and other bioactive molecules with high commercial value (Fig. 8.2).

8.2  Uses and Applications

8.2.1  Marine Oil

Marine oil can be obtained by extracting fatty acids from cephalopods, particularly 
using viscera or skin. Ω-3 fatty acid concentrates remain a topic of general inter-
est for the pharmaceutical and food industries, for the production of drugs which 
enhance performance and for the production of nutritional supplements. The valori-
sation of fish by-products by recovering their oil is of great interest in the fish-pro-
cessing industry because of the high quality of seafood oil and the natural sourcing 
of Ω-3 polyunsaturated fatty acids (PUFAs). In addition, due to the demand–supply 
issues, the economic value of fish oil continues to increase. By-products can be 
an alternative to commercial fish oil. Fish oil production is a good opportunity for 
adding value to fish wastes and increasing the competitiveness of the fish industry 
(Chow 2000). Several authors have explored the potentiality to extract oil from 
cephalopod by-products.

Sinanoglou and Miniadis-Meimaroglou (1999) specify that for cephalopods, the 
major PUFAs are eicopentaenoic acid (EPA; C20:5n-3) and docosahexaenoic acid 
(DHA; C22:6n-3). The percentage composition of EPA and DHA with respect to 
the total fatty acids was studied by several authors; for example, it was 30.2 % in the 
cuttlefish oil, 36.2 % in Octopus vulgaris at early stage, 48 % in Sepia officinalis and 
45.5 % in Loligo vulgaris (Navarro and Villanueva 2000). Hwanga and Liang (2001) 
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studied the viscera oil composition of squid and explained that this oil contains 15–
25 % of EPA and DHA. Squid contains more DHA than EPA in its lipids (Liang and 
Hwang 2000). The oil extracted from the viscera of cuttlefish ( Sepiella maindroni 
de Rochebruns) was studied by Shen et al. (2007). Fatty acid composition, choles-
terol content and volatile compound composition were analysed by these authors. 
The composition of fatty acids was 50 % monounsaturated fatty acids (MUFAs), fol-
lowed by 31 % PUFAs and finally 19 % saturated fatty acids (Shen et al. 2007). In 
their study, Shen et al. (2007) revealed that cuttlefish oil from East China had an 
unsaturated fatty acid content of 81 %. Cuttlefish oil is also suitable as a high-energy 
feedstuff in aquaculture because of its fatty acid content and the strong fishy odour, 
which is an attractant for fish or shrimp. Even the residual portion after the extraction 
of PUFA and MUFA can be used for biodiesel production (Shen et al. 2007). Tavakoli 
and Yoshida (2006) studied squid oil hydrolysis as a mechanism for the production 
of Ω-3 PUFA and fatty acids for biodiesel. When using cuttlefish oil for functional 
ingredients, the EPA and DHA yields can be optimized. Park et al. (2011) devel-
oped a refined oil from raw cuttlefish ( Todarodes pacificus) viscera and obtained 
a significantly higher composition, 14.7 % of EPA and 28.6 % of DHA; this refined 
product has a good stability. The cuttlefish digestive gland, which constitutes about 
7–12 % of body weight, is also rich in EPA and DHA (Joseph et al. 2005). The study 
of Joseph et al. (2005) has shown that the use of Ω-3 PUFA, from cuttlefish digestive 

Fig. 8.1  Some cephalopod by-products: bone, ink, beak, skin. (Source: IVAMER)
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gland, as a feeding ingredient has beneficial effects in rats on cellular proliferation 
(spleen cells and bone marrow cells) and on humoral immune functions. Sinanoglou 
and Miniadis-Meimaroglou (1999) have examined the mantles of three species of 
cephalopod molluscs from Saronicos Bay (Greece) for its fatty acids. They found 
that cephalopod skins can be excellent sources for PUFAs, especially Ω-3. Total lip-
ids in the mantle of the cephalopods Eledone moschata, S� officinalis and Todarodes 
sagittatus constituted 2.0, 1.4 and 1.7 % of wet tissue, respectively (Sinanoglou and 
Miniadis-Meimaroglou 1999).

8.2.2  Chitin and Chitosan

Cuttlebones and pens from cephalopods are rich in chitin. In general, squid and cuttle-
fish contained 3–20 % of chitin (Patil and Satam 2002). Sometimes, higher quantities 
of chitin were observed, for example, the chitin content was about 40 % of the original 
weight of the dried pens (Tolaimate et al. 2000). Chitin can be industrially converted 
into a more applicable chitosan, a structural modification of chitin often performed 
by alkaline hydrolysis (Wang et al. 2009b). Chitosan, produced by thermochemical 
alkaline deacetylation of chitin, is a biopolymer with unique properties favourable 
for a broad variety of industrial and biomedical applications (Tolaimate et al. 2000). 
Chitin has been identified in nature as the main supporting structure in a wide variety 
of organisms such as the exoskeleton or cuticle of different invertebrates (Cortizo 

Fig. 8.2  General scheme for the utilization of cephalopod by-products. (Source: IVAMER)
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et al. 2008). Chitin in cuttlebone and pen is in the β-conformation. The β-chitin is 
more easily solubilized and more reactive than the α-chitin (Cortizo et al. 2008). Muz-
zarelli and Muzzarelli (2005) describe many chitin and chitosan derivatives of major 
importance (complexes with hyaluronic acid, chitin ethers and esters, oxychitin, etc.) 
and in various forms (nanoparticles, hydrogels, films, etc.). Chitosan can be produced 
by chemical methods or by hydrolysis. Chitosanase hydrolysis is becoming the prefer-
ential method over chemical processes. Chitosanase hydrolysis has many advantages, 
in terms of the environment, cost and reproducibility (Wang et al. 2009a). Recent 
studies concern the optimization of bacterial culture conditions for protease and chi-
tosanase productivity by using a sole carbon/nitrogen source from squid pen powder 
and deproteinisation of squid pen for β-chitin (Wang et al. 2009a, b). The process de-
veloped by these authors is a less expensive way to produce chitosanase, with the aim 
of obtaining a high value-added product, such as chitosan oligosaccharides, with high 
potential in the production of functional foods. Revathi et al. (2012) developed a pro-
cess to produce and characterize chitin from Vibrio species and a combination of waste 
from two species, head waste of shrimp and cuttlebone chitin. Chitin and its deriva-
tives, mainly chitosan, have attracted the interest of many researchers and industries 
in the past 30 years owing to its physical–chemical properties. Recently, Barwin et al. 
(2011) determined the physicochemical characterization of biopolymers chitin and 
chitosan, extracted from Doryteuthis sibogae squid pen. Moreover, the same authors 
(Barwin et al. 2012) characterized chitosan and sulphated chitosan from cuttlebone. 
The obtained yield is 21 % of chitin and 49.71 % of chitosan. These authors suggested 
that sulphated chitosan contribute significantly towards the observed antioxidant ef-
fect of cuttlefish food products. These polymers also display antimicrobial activity, 
biocompatibility, biodegradability and they also interact strongly with pesticides and 
metal ions in aqueous solutions (Lavall et al. 2007; Al-Sagheer et al. 2009). Thus, they 
display a wide range of applications in different fields such as cosmetic manufacture, 
medicine, agriculture, food production, pharmacy, biomedicine, the paper industry 
and also as absorbent materials for wastewater treatment for the uptake of metal ions 
from polluted water as well as for analytical applications (Lavall et al. 2007; Al-Sa-
gheer et al. 2009). Moreover, chitosan can be used to modify the surface of nonwoven 
fabrics and polypropylene films to improve antimicrobial properties (Al-Sagheer et al. 
2009). Composite films based on gelatine and chitosan have a potential application 
as preservatives in fish products (Gómez-Estaca et al. 2009). Uriarte-Montoya et al. 
(2010) detected a positive plastizer effect of squid collagen over a chitosan film. The 
blending of acid-soluble collagen from jumbo squid mantle and commercial chitosan 
gives the possibility of producing new material with food or biomedical applications. 
Various functions of chitin, such as moisture retention, adsorption and physiologi-
cal activity, have been discovered and studies on the application of chitin have been 
performed in the textile, medicine and food fields (Yamashita et al. 2003). Chitin can 
suppress protein denaturation and increase the amount of unfrozen water in cells. The 
results revealed that, with a concentration of more than 5.0 % chitin hydrolysate, the 
freeze denaturation of myofibrillar protein was completely suppressed and the unfro-
zen water content of myofibrillar protein increased (Yamashita et al. 2003). Figueiredo 
et al. (2005) assayed natural waste materials containing chitin as adsorbents for textile 
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dyestuffs. They tested cuttlefish ( S� officinalis) bone and squid ( L� vulgaris) pens. 
These authors concluded that the deproteinised squid pen had the highest adsorption 
capacity but showed an inferior performance to the granular activated carbon tested in 
the column experiments (Figueiredo et al. 2005).

8.2.3  Collagen and Gelatine

Collagen is one of the major protein components of connective tissue in multicel-
lular animals. It is also a food constituent and important in developing the texture of 
edible tissues and their processed products. A number of studies have demonstrated 
that the collagen present in many aquatic animals is an important determinant of the 
texture of the processed meats obtained from them. Cephalopods are rich in collagen, 
at different concentrations, from 3 to 11 % in the mantle of squid like Illex and Loligo 
(Sikorski and Kolodziejska 1986), 18.33 % in the mantle of Dosidicus gigas (Torres-
Arreola et al. 2008). Also, skins are rich in collagen: About 70–80 % of the squid skin 
dry matter is collagen (Lin and Li 2012). Two genetically distinct types of collagen 
have been identified in the mantle muscle and skin of the common squid T� pacificus 
(Mizuta et al. 2009), suggesting that collagens from these species may have relatively 
high resistance to hot-water extraction even after their denaturation. This thermal be-
haviour of squid collagens may contribute to the maintenance of mechanical strength 
or structural integration of heat-processed squid meats (Mizuta et al. 2009).

Gelatine is a thermally denatured protein obtained from collagen, generally by 
acidic or alkaline processes. Gelatine is a highly nutritious food and low in calories. 
Its use in the manufacture of low-fat products or diet products is very common. 
Generally, gelatine has a wide range of food, cosmetic, biomedical and pharmaceu-
tical applications, including leather and encapsulation (Balti et al. 2011). Recently, 
and especially in the food industry, an increasing number of new applications have 
been found for gelatine in products such as emulsifiers (Aewsiri et al. 2011), foam-
ing agents, colloid stabilizers, biodegradable film-forming materials (Hoque et al. 
2011b) and microencapsulating agents, in line with the growing trend to replace 
synthetic agents with more natural ones. Hoque et al. (2011b) investigated the 
properties of blend film based on cuttlefish skin gelatine. During the processing of 
cuttlefish, the skin is generated as a by-product with a low market value. To increase 
its profitability, cuttlefish skin has recently been used for gelatine extraction (Hoque 
et al. 2011a; Aewsiri et al. 2011). However, gelatine yield is low, 2.6 % obtained 
from skin of the giant squid D� gigas (Gómez-Guillén et al. 2002). A higher extrac-
tion temperature can improve the yield but can negatively affect functional proper-
ties. Nagarajan et al. (2012) successfully extracted gelatine from splendid squid 
skin at an appropriate temperature. Cuttlefish skin gelatine, modified with tannic 
acid, has emulsifying activity and can improve the antioxidative activity. In this 
way, it can be used as a natural and safe additive in the food industry (Aewsiri et al. 
2010). Balti et al. (2011) improved a gelatine extraction process from cuttlefish skin 
by a protease-aided process using smooth hound crude acid protease extract, which 
has greater functional properties than bovine skin gelatine, such as foam capacity, 
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foam stability and gel strength. This gelatine extract can be used as an additive in 
food materials. Alemán et al. (2011b) have hydrolysed gelatines obtained from the 
skins of jumbo flying squid to produce antioxidant peptides. Hydrophobic amino 
acids have been obtained in several antioxidant peptide sequences, and, in addition, 
these authors suggested that the presence of hydrophobic amino acids in the peptide 
sequences in jumbo squid skin gelatine contributed greatly to its antioxidant prop-
erties, mainly inhibition of lipid peroxidation. In this way, hydrolysates of jumbo 
flying squid skin gelatine had a scavenging effect on radicals, probably because of 
the presence of proline residues in the peptide sequence.

8.2.4  Calcium and Hydroxyapatite

Cuttlebone from cuttlefish is rich in calcium. Shells are found to be the richest 
sources of calcium carbonate and have been utilized for various purposes after fol-
lowing appropriate treatments. Due to its similarity with the mineral constituents 
of bones, hydroxyapatite (HAP; Ca10(PO4)6(OH)2) has excellent biocompatibility 
and has been studied for many years as an implant material (Le Geros and Le Geros 
1993). When shells are calcined at a proper temperature, calcium carbonate con-
verts into calcium oxide (CaO), which is a metal oxide. Researchers have found that 
the CaO prepared from the waste shells can be used as a catalyst in the biodiesel 
production process. Utilization of waste shells as a source of CaO not only gives an 
opportunity to use it as catalyst but also adds value to the waste generated (Boroa 
et al. 2012). Ngamcharussrivichai et al. (2010) investigated the possibility of us-
ing various types of natural calcium as the catalysts for the methanolysis of palm 
kernel oil, which is readily available at a relatively low price from Thailand. Pow-
ders of recycled cuttlefish bone and phosphoric acid solutions were used to synthe-
size HAP. The calcium materials applied to the study included calcite, cuttlebone, 
dolomite, HAP and dicalcium phosphate. The effects of calcination temperature 
on the physicochemical properties of the resultant catalysts as well as the effects 
of reaction conditions on the formation of methyl esters have been investigated 
(Ngamcharussrivichai et al. 2010). HAP structures for tissue engineering applica-
tions can be produced by hydrothermal treatment of the aragonitic form of cuttlefish 
bone at 200°C for 24 h as processed by Ivankovic et al. (2009).

8.2.5  Functional Peptides

Dietary proteins are a source of biologically active peptides, which are inactive in the 
parent protein sequence but can be liberated during gastrointestinal digestion, food 
processing or fermentation. Viscera, digestive organs, brain and endocrine organs 
are rich in a number of peptides, hormones and neuropeptides, some of which have 
already been used as therapeutics. This includes generally immunomodulatory, anti-
bacterial, antithrombic and antihypertensive activity (Murray and FitzGerald 2007). 
Peptides can stimulate blood cells proliferation (Thongthai and Gildberg 2005; Ch-
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uang et al. 2000), improve the health and function of the digestive system, positively 
affect the neurological system (Dorman et al. 1995; Le Poncin 1996a, b), have anti-
oxidative effects (Boukortt et al. 2004) and can inactivate angiotensin I-converting 
enzyme (ACE; Wako et al. 1996). Moreover, bioactive substances may be derived 
from the enzymatic hydrolysis of some by-products followed by a qualitative separa-
tion of proteins or peptides with specific properties. Depending on the species and 
by-products, the diversity of potentially bioactive molecules is high. Their properties 
are numerous: immune stimulation, anti-hypertension, antistress, gastric stimulation 
and regulation of calcium metabolism (Le Bihan 2006) but they need to be optimized 
(Guérard 2006). In this way, bioactive peptides can be released by enzymatic prote-
olysis of food proteins and may act as potential physiological modulators of metabo-
lism during the intestinal digestion of the diet. Bioactive peptides usually contain 
3–20 amino acid residues and their activity is based on their amino acid composition 
and sequence (Le Bihan 2006).

In the last decade, a large number of studies have examined the enzymatic hydroly-
sis of collagen or gelatine for the production of bioactive peptides. Besides exploring 
different types of bioactivities, of an antimicrobial, antioxidant or antihypertensive 
nature, studies have also focused on the effect of oral intake in both animal and hu-
man models, revealing the excellent absorption and metabolism of peptides contain-
ing hydroxyproline (hyp; Gómez-Guillén et al. 2011). Giménez et al. (2009a) showed 
that antioxidant capacity of squid gelatines was largely increased by hydrolysis with 
alcalase for 3 h at 50 °C. Balti et al. (2008) showed that selective enzymatic hydroly-
sis of cuttlefish product proteins improved their functional and biological activities.

Gelatine produces bioactive peptides by protease hydrolysis which act as inhibi-
tors of ACE (Kim et al. 2001). This enzyme plays an important physiological role in 
regulating blood pressure. Balti et al. (2010) concluded that the hydrolysate of cuttle-
fish by-product proteins has an excellent solubility and a high ACE-inhibitory activ-
ity. Alemán et al. (2011b) hydrolysed gelatine obtained from giant squid ( D� gigas) 
with the aim of producing bioactive hydrolysates. Squid skin gelatines have been re-
ported to give rise to biologically active peptides with high ACE-inhibitory and anti-
oxidant activity, the latter due to its radical-scavenging capacity, metal-chelating ef-
fects and reducing power or lipid peroxidation inhibition (Alemán et al. 2011b). Lin 
and Li (2012) conclude that ACE inhibitors derived from squid by-products could 
be used to prevent hypertension. In this study, the hydrolysate produced from squid 
skin gelatine had good ACE-inhibitory activity in vitro (IC50 = 0.33 mg mL−1). Gel-
atine also produces bioactive peptides by hydrolysis which acts as antioxidants (Lin 
and Li 2006). Giménez et al. (2009b) concluded in their study that the squid gelatine 
hydrolysate can be used in food systems as a natural additive with antioxidant prop-
erties and foaming and emulsifying functionalities. In another study, Ramasamy 
et al. (2011) extracted some polysaccharides from cuttlebone and demonstrated that 
there exists antibacterial activity against different bacterial strains. At the same time, 
no antifungal activity was detected (Ramasamy et al. 2011).

Le Bihan (2006) has studied the possibility of valorising cuttlefish viscera using 
a silage method. The author demonstrates that cuttlefish visceral silage can be used 
in aquaculture for its functional properties. Indeed, the produced silage contains 
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more than 80 % of peptides; many of them are functional peptides with numerous 
bioactivities, such as stimulating the digestion, immune stimulation and growth ac-
celeration (Le Bihan 2006).

8.2.6  Peptones

Peptones are water-soluble protein hydrolysates which are non-coagulating with 
heat. Their high content in crude protein (resulting from the hydrolysis of proteins) 
and their natural wealth in fat, salt minerals and vitamins make them an ideal sub-
strate for the microbial industry producing pharmacological substances and start-
ers (lactic acid products, dairy, fungi for the manufacture of cheese, etc.). Thus, it 
would be very advantageous to convert by-products into a fermentation substrate 
for microbial growth and production of bio-products. Indeed, growth substrates 
constitute a major cost in the production of microbial cells and bio-products by the 
fermentation industry. In most instances, the growth medium accounts for approxi-
mately 40 % of the production cost of industrial enzymes. Several researchers have 
explored the potentiality of cephalopod by-products to produce peptones. Peptones 
are usually obtained from casein, soy protein, gelatine and meat (Reissbrodt et al. 
1995). Nevertheless, due to its favourable amino acid balance and high protein con-
tent, marine wastes represent a potential source of industrial peptones.

Souissi et al. (2008) studied the cuttlefish powder from S� officinalis by-products 
and tested it as a fermentation substrate for microbial growth and protease produc-
tion using several species of bacteria. Cuttlefish powder is a complex substrate; 
notably it contains substances essential to microbial media such as carbon and ni-
trogen and minerals. This process, which converts underutilized wastes into more 
marketable and acceptable forms, coupled with protease production, could provide 
an alternative to the biological treatment of solid and liquid wastes generated by the 
cuttlefish-processing industry (Souissi et al. 2008). Vázquez et al. (2004) studied 
various peptones obtained from hydrolysed visceral homogenates of four fishery 
residues, and showed their suitability for promoting the growth of lactic acid bac-
teria, microorganisms with particularly complex requirements regarding peptidic 
nutrients. This work demonstrates that squid hydrolysate can substitute for other 
peptones in the habitual formulations for culture of lactic acid bacteria, promoting 
biomass and bacteriocin production that equals or surpasses those obtained on high-
cost media traditionally recommended for these purposes. Vázquez and Murado 
(2008) considered diverse groups of peptones obtained by enzymatic hydrolysis of 
wastewater from the industrial processing of octopus and showed their effectiveness 
to promote the growth of lactic acid bacteria and the production of bacteriocins. Le 
Bihan (2006) explored the potential to use cuttlefish silage as peptones for microor-
ganisms. This study demonstrated the conceivable use of silage as peptone as it can 
obtain growth kinetics equivalent to that of commercial peptones of various origins 
(meat, soy and casein).
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8.2.7  Enzyme

The fish-producing wastes represent an important source of proteins and enzymes, 
especially digestive proteases, which are used in many applications in the food in-
dustry (Shahidi and Janak Kamil 2001; Gildberg et al. 2000), and other applications, 
such as the detergent, pharmaceutical, leather and silk industries (Gupta et al. 2002).

The use of proteolytic enzymes is part of many traditional methods of fish treat-
ment as fish sauces, canned, semi-preserved or salted fish. Protease constitutes an 
important group of industrial enzymes, representing more than 65 % of the total 
industrial enzyme market (Banik and Prakash 2004). All these processes depend 
on varying degrees of activity of proteolytic enzymes associated with the viscera 
themselves (Shahidi and Janak Kamil 2001) with digestive enzymes or other tissues 
with cathepsins. Nowadays, enzyme-based technology represents an important con-
tribution for many industrial applications. Aquatic invertebrates constitute natural 
sources of enzymes with colossal interest, such as aspartic pepsin, serine proteases, 
trypsin, chymotrypsin, collagenase, etc. Due to the prevailing environmental condi-
tions, marine enzymes can effectively operate at low temperatures, below 4°C, and 
within neutral to alkaline pH values. Enzymatic methods have become an important 
and essential part of the processes used by the modern food and feed industry, to 
produce a large and diverse range of products for human and animal consumption. 
The aquatic environment contains the largest pool of genetic material and hence 
has enormous potential for the sourcing of different enzymes (Shahidi and Janak 
Kamil 2001). Cuttlefish wastes constitute an important source of proteolytic en-
zymes, particularly the digestive gland which contains a high number of protein-
ases (Hatate et al. 2000). Balti et al. (2009) extracted and purified trypsin from 
the digestive gland of cuttlefish. A cysteine proteinase was partially purified from 
the jumbo squid digestive gland (Cárdenas-López and Haard 2009). Hameed and 
Haard (1985) recovered cathepsin C from the Atlantic short-finned squid digestive 
gland. Some authors suggested that the salt-tolerant and exopeptidase activity of 
this enzyme contributes to the pleasant flavour of fermented fish products (Shahidi 
and Janak Kamil 2001).

8.2.8  Fish Sauce

Some of the potential uses of squid digestive gland proteinases are towards the prep-
aration of fish sauce. The possibility of utilizing squid-processing by-products for 
low-salt fish sauce production has been investigated since the 1980s (Lee et al. 1982; 
Raksakulthai et al. 1986). Raksakulthai et al. (1986) showed the high potential of 
squid digestive gland, containing proteolytic enzymes, which aid the fermentation 
under optimal conditions.

Xu et al. (2008) concluded that squid by-products could be quickly fermented 
into low-salt fish sauce with acceptable qualities in terms of aroma and nutrition. 
Squid viscera have large and wide variety of uses in processed feeds and food sup-
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plements because of their nutritional and functional ingredients content. But viscera 
contain heavy metals, particularly cadmium, so the application of viscera to food is 
limited (Kawasaki et al. 2008). Some research has been reported, for example, the 
study of Kawasaki et al. (2008) concerning a purifying treatment for food applica-
tion, by using microorganisms to remove cadmium from squid viscera. Successful 
production of fish sauce from male capelin ( Mallotus villosus) using minced squid 
digestive gland was reported, with the highest amount of free amino acids and high-
est taste preference observed for samples treated with squid digestive gland com-
pared to those treated with the fungal protease, pronase, trypsin and chymotrypsin 
(Shahidi and Janak Kamil 2001).

8.2.9  Organic Fertilizer

Cephalopod by-products, because of their high content of proteins, could be consid-
ered, through enzymatic hydrolysis, as a good candidate to be an organic fertilizer, 
for which there is a growing demand. This could be an interesting development to 
support the growth in organic agriculture. Some studies have demonstrated that 
fish protein hydrolysate can have an effect beyond the basic nutrition for plants 
(Milazzo et al. 1999).

It has been demonstrated that cephalopod waste hydrolysates have potential as 
organic fertilizers. Squid hydrolysate fertilizer seems to be similar to synthetic fer-
tilizer, in terms of effectiveness and environmental impacts (Fetter et al. 2009). 
Squid hydrolysate fertilizer can improve the growth of the model plant (Peña-Cortés 
et al. 2010). Because fertilizer application to lawns can increase nutrient contami-
nation of ground water, NO-N and PO-P have to be quantified. Fetter et al. (2012) 
studied the nitrate and phosphate leaching with a squid-based organic fertilizer and 
concluded that it does not appear to be more or less environmentally benign than 
synthetic fertilizers.

8.2.10  Ink

Cephalopods rely on ejection of dark ink for defence. The ink consists of a suspen-
sion of melanin granules and proteoglycans in a viscous and colourless medium. 
Cuttlefish ink is a natural substance of marine-product processing. Historically, 
Sepia ink has been drawn directly from the ink pouch of the S� officinalis. It is a 
dark and semitransparent colour, which can be used as ink for writing or as water-
colour. Sepia ink use has been known since the seventeenth century, but it was not 
until the nineteenth century that it became really common, especially among pho-
tographers, artists and painters (López-Montes et al. 2009). Cuttlefish ink is widely 
used in traditional Chinese medicine, due to its antitumour, immunomodulator and 
haemostatic effects (Liu et al. 2008). These authors isolated carbohydrates from the 
cuttlefish ( S� maindroni) ink, found a novel polysaccharide ‘S� maindroni ink poly-
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saccharide’ (SIP) and suggested its potential as an effective natural antimutagenic 
agent. In another study, a non-sulphated polysaccharide was isolated from the ink 
sac of squid Ommastrephes bartrami after removal of the melanin granules (Chen 
et al. 2008). Chen et al. (2008) explained that a sulphated glycosaminoglycan-like 
polysaccharide has been identified in squid ink and is reported to have antibacterial, 
antitumour and antiretroviral activities.

More recently, some authors have studied the biological activity of ink. Chen 
et al. (2010) report the preparation, characterization and potential biological activi-
ties of a chemically sulphated polysaccharide isolated from the ink of the squid O� 
bartrami. Similarly, a number of naturally sulphated polysaccharides were reported 
to exhibit diverse biological activities. These authors concluded that an ink poly-
saccharide is a potential candidate compound for the prevention of tumour metas-
tasis. Also Ding et al. (2011) demonstrated the effect of Sepia ink oligopeptides 
on growth inhibition and could be a potentially useful adjunct in the treatment of 
cancer. Several active components, including a tyrosinase and an ACE inhibitor, 
have been identified in cephalopod ink (Chen et al. 2008; Ding et al. 2011). Zong 
et al. (2013) studied the SIP isolated by Liu et al. (2008) and demonstrated that the 
sulphated form of SIP, SIP-SII, significantly inhibits the metastase in a melanoma 
mouse model. The SIP-SII from cuttlefish ink may be used as an anti-metastatic 
drug.

8.3  Conclusion and Trend

In conclusion, cephalopod by-products represent a diverse array of biomolecules 
with numerous potential valorisations. Abundant studies have been made concern-
ing the opportunity to develop new products by processing cephalopod by-products. 
Nevertheless, the major problems to industrialize these developments are:

• Logistical difficulties: Some resources are dispersed and the logistical cost can 
be excessive.

• Economic weakness with a competition with other raw materials such as veg-
etables, algae, etc.

• Supply of raw material.
• Freshness of by-products and regulatory requirements.

Cephalopod by-products must be better considered as raw materials than wastes, 
onboard as well as at the processing plants, with the aim of maintaining freshness 
of by-products and minimizing the rate of enzymatic degradation and microbial 
spoilage, which are higher in by-products such as viscera. For use in high-value ap-
plications, preservation and storage of by-products are essential.

There are a lot of high-value molecules to extract from cephalopod by-products. 
Some research is needed to optimize processing methods and limit the economic 
weakness. In addition, some by-products are used carefully because of their quanti-
ties of heavy metals, such as in viscera. Methods to eliminate them are still needed. 
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In addition, the use of cephalopod by-products needs a regular supply of raw mate-
rial, and cephalopod populations are sensitive and can fluctuate, which can directly 
impact the marine fisheries market and cause economic problems for the utilization 
of cephalopod by-products.
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Abstract The common octopus, Octopus vulgaris, is an important candidate for 
marine aquaculture, with optimum conditions for ongrowing such as high growth 
rate, easy adaptation to captivity and feeding conditions and high market value. The 
available technology for the culture of the whole life cycle is scarce and has only 
been achieved on a laboratory scale because there is no commercial diet available. 
For this reason, the production system is based on the capture of wild subadults, 
which are kept in different types of cages and fed with species of low commer-
cial value. From the economic point of view, work to date concentrates on cost 
accounting of octopus ongrowing in floating cages in protected areas, open sea or 
land-based tanks. Global results show that the production cost in land-based tanks 
is generally higher than when fattening in sea cages, which may benefit the scale 
economy. The highest costs in decreasing order correspond to feeding, fixed assets, 
subadults purchasing and labour costs. Proper development of this activity requires 
solving two limiting issues: mass production of subadults at an industrial level and 
a suitable commercial diet.

Keywords Economics · Sea cages · Octopus ongrowing · Costs analysis · Profitability
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9.1  Introduction

Industrial octopus ongrowing carried out by fishermen associations in Galicia began 
in 1996, reaching a production of 12 t in 1997. Interest fundamentally arose from 
the results achieved through studies about this species’ culture by the research teams 
at the Vigo Coastal Centre of the Spanish Institute of Oceanography (Iglesias et al. 
1997) and the Department of Biochemistry and Molecular Biology at the University 
of Santiago de Compostela (Rama-Villar et al. 1997). In recent years, several small 
companies have made attempts on an experimental scale, uncovering the big poten-
tial that this species ongrowing can have. However, available technology is scarce 
at present due to the impossibility to complete the artificial biological cycle at an 
industrial level yet (Iglesias et al. 2004). On the one hand, it is not currently possible 
to provide a mass production of subadults for ongrowing, and the supply through 
the fisheries is not always guaranteed; on the other hand, there is no commercial 
diet available either. These companies reached a maximum production of 49.4 t in 
2000, though in 2011 decreased to 2.8 t (press release by the Government of Galicia 
in 2012), and in 2013 solely one company remains active. Simultaneously, diverse 
studies of some parameters have been carried out to optimize the production system 
and identify some factors of interest for developing operations (Rama-Villar et al. 
1997; Luaces-Canosa and Rey-Méndez 1999; Tuñón et al. 2000, 2001; Rodríguez 
et al. 2003; Rey-Méndez et al. 2003).

There is an evident interest in searching new species for aquaculture production, 
and to increase the diversity of marine culture products it is convenient to select 
species with a widespread consumption and a high commercial value, as it is the 
case with the common octopus (Vaz-Pires et al. 2004; Chapela et al. 2006). The fat-
tening studies performed to date have predicted that the common octopus is an im-
portant candidate for marine aquaculture, showing optimum ongrowing conditions, 
high growth rates, easy adaptation for harvesting and feeding up and an appreciable 
market value (Vaz-Pires et al. 2004; Miliou et al. 2005).

Octopus development at an industrial scale requires mass production of sub-
adults to initiate ongrowing (Navarro and Villanueva 2000; Iglesias et al. 2004, 
2007) and specific artificial diets to obtain satisfactory performances (Lee et al. 
1991; Vaz-Pires et al. 2004; Cerezo Valverde et al. 2008). The majority of octopus-
fattening activities have taken place in Galicia (northwest Spain), though new 
experiences were also encountered recently in the Mediterranean Sea. However, 
there are two particular conditioning factors in the Mediterranean area: (1) the 
fattening activity would be limited by the high temperatures during the summer 
months (Aguado Giménez and García García 2002) and (2) environmental issues, 
as well as coastal policy and coastal zone management requirements, which would 
make open sea (offshore) systems an optimal option.

Work carried out to date concentrates on cost accounting of octopus ongrowing, 
in floating cages in protected areas (estuaries), open sea or land-based tanks. It is 
particularly interesting to accomplish economic studies in the field of feasibility and 
cost analysis, addressing the evaluation of the ongrowing current system and the 
possible future alternatives. In this sense, the purpose of the econometric models is 
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to estimate production linked to the economic parameters that are not yet defined to 
the level of a commercial culture at large scale; among them, the final price of the 
available product, the costs of fry octopus and their feeding and the investment in-
fluence on the feasibility or profitability of the commercial activity (García García 
and García García 2011).

9.2  Exploitation Process

Available technology is scarce at present, due to not having completed the artificial 
biological cycle at an industrial level. Thus, the production system is based on cap-
turing subadults in the wild, stabling them in different types of cages and tanks and 
feeding them with distinct species of low commercial value, basically fish discarded 
from trawling fisheries.

This section can be complemented with information from Chap. 24 on Octopus 
vulgaris ongrowing.

9.2.1  Production Systems

The octopus grown has fundamentally been obtained from two alternative produc-
tion systems, sea cages and land tanks. The sea-based systems are always developed 
in cages, although there are some differences among them. They are usually small 
sized, with little production capacity and built of metallic materials. Octopus shel-
ters are installed inside cylindrical plastic containers compartmentalised individu-
ally. The cages are suspended from mussel rafts ( bateas; Chapela et al. 2006) or 
floating cages anchored to the sea bottom (García García et al. 2004a; Oltra et al. 
2005; Socorro et al. 2005) at different locations, both in the Mediterranean and the 
Atlantic. The two types of experimental cages tested are shown in Fig. 9.1. Este-
fanell et al. (2012) tested benthic cages, attaining survival and growth results simi-
lar to those in floating cages; García García et al. (2009) have worked with offshore 
cages. Land-based culture tanks in an open system have also been used (Alemany 
Sena 2011) by means of a closed system with water recirculation from wells, which 
permits a better control of the water temperature (García García et al. 2004b).

9.2.2  Subadults Supply

Subadult octopuses are captured through the artisanal fishery that is carried out in 
the area where the ongrowing facilities are located. The typical catching system 
uses traps, allowing the octopus to arrive alive and in good condition onboard. 
The animals designated for ongrowing are individually introduced into a mesh bag 
having a PVC tube inside (diameter = 15 cm, length = 20 cm), which is used by the 
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octopus as shelter to prevent contact with other congeners and for protection until 
its entrance into the culture system. Individual bags are also placed inside a big-
ger mesh bag that is left hanging overboard while the fishing efforts finish. The 
transfer from the extraction area to the culture system is made with the octopus bag 
outside the water, for short routes, or submerged in a tank with an open circulation 
of seawater. The legal minimum size of octopus, as well as the extraction seasons, 
undergoe a high variability depending on the legal provisions of each removal zone. 
The octopus-ongrowing process in Galicia is only allowed if it has the legal size for 
extraction and commercial sale; the minimum size until May of 2007 was 0.75 kg, 
increasing to 1 kg henceforward, with variable close seasons which in the later 
years have passed from 1 to 2 months (usually in May and June). This rise of the 
legal minimum size and the close seasons, added to the fishermen’s reluctance to 
promote the development of an activity that will possibly cause a fall in octopus 
prices by increased supply, are some of the main causes that make the development 
of this activity difficult.

9.2.3  Ongrowing Process

As already stated, the ongrowing stock is obtained from the capture of wild sub-
adults. The initial culture density is around 10 kg m−3, with the average of the initial 
size being about 750–1,000 g per individual. The fattening process takes place over 
a period of 3–4 months, reaching final weights of around 2,500–3,000 g, and loads 
of roughly 40 kg m−3, while exhibiting a variable mortality rate. According to the 

Fig. 9.1  Two types of experimental floating cages that were tested in Spain; a in the Atlantic 
Ocean and b in the Mediterranean Sea
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water temperature range and variation, one or two fattening cycles may be com-
pleted in the Mediterranean and up to three in open sea in the Atlantic area.

Water temperature is the greatest conditioning factor in octopus growth. Trials 
in tanks and cages in the Mediterranean have shown that the best performance is 
obtained between 16 and 21 °C, with mortality notably increasing at temperatures 
above 22 °C (Aguado Giménez and García García 2002; García García et al. 2009). 
The open sea locations of the Northwest Atlantic in the Galician coast exhibit ideal 
conditions for O� vulgaris, having a growing temperature within the optimal range 
indicated. However, this process commonly occurs inside the Galician estuaries, 
where the annual temperature ranges from 12 to 19 °C, and therefore it is not within 
the optimum range all year round. In the Mediterranean, the temperature varies 
widely from 10 to 14 °C in winter and in the range of 25–27 °C in summer; there-
fore, the fattening activities of this species is restricted to about 7–8 months per 
year, specifically between October and June (García García et al. 2009).

Survival is one of the production parameters that varies most according to di-
verse factors, notably the load, size dispersion, type of food supplied, descents in sa-
linity by rainfall or in locations next to river mouths. Under optimum conditions, the 
survival for a production process could be around 80 % (Rey-Méndez et al. 2003; 
Alemany 2011; García García et al. 2004b).

9.2.4  Feeding

Most of the ongrowing octopus experiments use similar foodstuff, fundamentally 
fishery discards, particularly crustaceans, fishes and bivalve molluscs. However, 
the best performance in terms of growth and food conversion index (CI) has been 
obtained with mixed diets of crab ( Carcinus mediterraneus) and bogue ( Boops bo-
ops; García García and Cerezo Valverde 2006). According to the initial and final 
sizes measured in the ongrowing process at the different stages tested, several sur-
vival values and indexes of real conversion were calculated; these results are to be 
taken into account because of the extra cost that they suppose (Oltra et al. 2005; 
García García et al. 2004a). In any case, and as already mentioned, to develop the 
industrial ongrowing of O� vulgaris and obtain a satisfactory performance of the 
whole process, a specific commercial diet is necessary that has not yet been devel-
oped (Lee 1994; Vaz-Pires et al. 2004; Cerezo Valverde et al. 2008).

9.3  Costs Analysis

9.3.1  Initial Investment

The initial investment in the octopus culture structures is very high when compared 
with intensive fish farming, both on land and in floating sea cages. This may be 
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checked by the investment/production indicator, which consists in relativising the 
investment ( K0 in €) in relation to the exploitation production capacity ( P expressed 
as t year−1; Table 9.1). In a land-based culture with a closed circuit, greater densities 
may be reached and the K0/P ratio is high, though lower than for octopus ongrown 
in sea cages. This fact appears paradoxical, although the explanation lies in the 
fact that the cages tested up to present have little capacity and the material is very 
expensive (stainless steel, instead of plastic in order to avoid thefts). Besides, the 
effect of the inflation in the increase of the investment value as time elapses should 
be taken into account. It is correct to consider that technological evolution could 
lead to greater capacity cages and to systems with a much lower relative invest-
ment. Moreover, the existence of scale economies, as in fish farming in open sea 
cages (García García and García García 2010), would indeed confirm a significant 
decrease in the K0/P index when reaching greater capacities of exploitation produc-
tion. As shown in Table 9.1, and because of the aforementioned effect, this index 
is much lower when growing sharpsnout seabream ( Diplodus puntazzo), with an 
annual production of 1,000 t.

9.3.2  Evolution of Octopus Prices

Commercial octopus is classified in categories by weight or size from T7 to T0 in 
the Spanish market; furthermore, there is another economic variable known as the 
product price according to size, which undergoes outstanding differences through-
out the year. Thus, it may be worth performing one, two or three fattening cycles 
during the year, following the price according to the size achieved in such cycles 
(García García and García García 2011). However, both for acquiring subadults and 
for commercialising the product, it is necessary to analyse the octopus price evolu-
tion according to the different commercial sizes, considering that the initial weight 
categories range from 500 to 1,000 g, whereas the final commercial product size 
ranges between 2,500 and 3,500 g. In consequence, it is interesting to analyse sizes 

Table 9.1  Investment and investment/production (K0/P) according to species, culture system and 
production capacity
Species Production system Investment K0/P Reference

(t year−1) ( P) (€) ( K0) (€ t−1 year)
Octopus 

vulgaris
Stainless steel cages 45 611,773 13,595 García García et al. 

(2004a, 2004)
Octopus 

vulgaris
Land-based 100 1,018,826 10,188 García García et al. 

(2004b)
Solea 

senegalensis
Land-based 200 2,593,338 12,967 García García and García 

García (2006)
Diplodus 

puntazzo
Floating cages 1,000 1,752,876 1,753 García García and García 

García (2010)
Octopus 

vulgaris
Stainless steel cages 131 2,204,160 16,826 García García and García 

García (2011)
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T7 (500–800 g) for subadults and T3 (2,000–3,000 g) as well as T2 (3,000–4,000 g) 
for final products. Figure 9.2 shows the price evolution of these commercial cat-
egories on the target market. The trend line shows the price rising over the period 
2008–2012. Data used are the octopus records classified by sizes at the central 
market of Barcelona (http://www.pesca2.com/informacion/precios_mercabarna.
cfm) for this period. The price data of the producer at origin are affected by a 
reduction coefficient of approximately 15 % in commercialisation costs from origin 
to destination; as a result, it accounts for half of the price the producer receives and 
corresponds to 9.9 € kg−1 (T1), 8.4 € kg−1 (T2) and 7.5 € kg−1 (T3), respectively. 
Likewise, the market purchase price of the subadults amounts to 5.5 € kg−1 (T7).

9.3.3  Costs of the Ongrowing Process

An analysis of the octopus ongrowing costs in different experiences and locations 
has been made. The revised work analyses three distinct systems and presents the 
cost structures in chronological order, i.e. fattening in cages in protected areas at the 
Galician estuaries (García García et al. 2004a), in land-based tanks (García García 
et al. 2004b) and in open sea cages (García García and García García 2011).

The first cost analysis corresponds to the existing floating cages at the Galician 
estuaries (García García et al. 2004a). An exploitation having 50 floating cages 
of type C-160 (Fig. 9.1a) with a unitary capacity of 200 octopuses per cage was 
analysed. The cage section is rectangular, it is built with galvanised steel and it 
has PVC columns inside consisting of T-shaped attached shelters. The system also 
has the necessary infrastructure, i.e. a ship, 12 m long with a hydraulic crane of 

Fig. 9.2  Evolution of the octopus prices in destination during the period 2008–2012
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1,100 kg, a truck crane and facilities on land, as well as auxiliary equipment. The 
ongrowing period consists of two fattening cycles a year, starting with subadults of 
800 g, which achieve 2.5–3 kg (size T3) at the end of the process. Feeding is funda-
mentally based on trawling ship discards comprising of crabs ( Polybius henslowii), 
black squat lobster ( Galathea squamifera), horse mackerel ( Trachurus trachurus), 
blue whiting ( Micromesistius poutassou), etc. The average CI during the ongrowing 
process is 5.80 and 78 % of final survival is attained.

The total production cost in the year 2004 was of 5.80 € kg−1. If we update it to 
2011 considering an average inflation of 3.5 %, a mean updated cost of 7.38 € kg−1 
would result. This work calculates the break-even point, which is the minimum op-
erational size for costs to equal revenue. The minimum size is 43 cages, providing 
an annual production of 38.7 t with an average cost of 5.80 € and a maximum acqui-
sition price of subadults and food of 4.58 and 0.155 € kg−1, respectively. The food 
cost was very low, being sourced from fisheries companies in the area that were re-
lated directly to this operation (Table 9.2). The high cost of subadults was due to the 
fact that large-sized individuals (800 g) with high market price were used as input. 
The activity was economically feasible, with a low profit rate (profit/cost = 4.11 %). 
Product price evolution rose in all the categories (Fig. 9.2), particularly, the average 
price of the size T3 in recent years reaches 7.50 € kg−1, slightly higher than the value 
considered in this chapter (6.01 € kg−1).

The two fattening systems applied in Galicia use metal cages with shelters, ei-
ther floating or suspended from a raft similar to those used for the mussel culture. 
A typical outline of work (based on 2007 data from the Arrecifes del Atlántico S.L. 
company) starts with the subadult octopuses entering the system in two periods, 
July–August and October–November, leaving for sale in October–December and 
January–March of the following year, respectively. As a general rule, the first period 
is the most productive; it shows a greater input of subadults—double that in the sec-
ond one—which gives a survival rate of 87 % and a final mean weight of 2.96 kg, 
after remaining in the system between 90 and 100 days. In the second period, the 
survival is about 69 % and the final mean weight is 2.45 kg, remaining between 100 
and 120 days in the system. However, the analysis of data obtained every year (tak-
en by the Arrecifes del Atlántico S.L. company in the period 1997–2010) showed 
dissimilar results, despite apparently carrying out a similar handling of both the 
system and the confined individuals.

Table 9.2  Accounting structure variables of the different production systems analysed
Item Cages (protected 

areas)
Land-based tanks Cages (offshore)

Production (kg year−1) 45,000 100,000 131,000
Production cost (€ kg−1)a 7.38 8.97 6.41
Fixed assets cost (%) 11.14 8.03 17.44
Feeding cost (%) 12.42 40.96 40.03
Subadult cost (%) 40.53 18.00 23.02
Labour cost (%) 10.32 18.08 15.60
a Production cost updated to 2011
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Among the diverse aspects that should be improved and which are hindering the 
development of the octopus fattening in Galicia, the dependency on the environ-
ment must be especially emphasized, both in obtaining subadults and in their feed-
ing. According to the companies consulted, obtaining subadults is the main problem 
to be solved due to the supply difficulties faced by the few companies dedicated to 
the ongrowing process, which also depend on the large annual catch fluctuations in 
the fishery. A further drawback to secure subadults is the reluctance of many fisher-
men to develop this activity due to fear of a lowering of prices through increased 
production. In fact, the sole company that currently remains in business in Galicia 
is an association of octopus fishermen (Samertolameu S. Coop. Galega), which has 
guaranteed the provision of subadults through its associates; these types of associa-
tions take this activity as an opportunity to obtain further benefits from the extrac-
tive fishing. Another aspect is the current fishing dependency on species to be used 
as food resources for fattening, mainly discards from the industrial trawling fisher-
ies; the number of units dedicated to this type of fishery has decreased in the past 
years, which has made obtaining suitable food even more difficult and expensive.

To overcome these problems, it is necessary to close the full biological cycle in 
captivity for obtaining subadults from hatcheries; furthermore, it also becomes cru-
cial to work on a fodder design and manufacture to avoid the dependence on fishing, 
aiming to improve the survival and growth of the individuals being cultured.

Otherwise, García García et al. (2004b) calculated a production cost of 7.05 € kg−1 
in an intensive exploitation of land-based tanks, with an annual production of 100 t 
and commercial size average of 3.5 kg (size T2). When updated to 2011, it would 
result an average cost of 8.97 € kg−1. The high feeding cost in Table 9.2 is due to 
fattening the subadults from an initial weight of 500 g to a final average weight of 
3,500 g; hence, the feeding cost is noticeably higher than in the previous case. In 
the same way, it estimates an initial low weight and consistently the subadult cost 
is relatively lower. The average price of size T2 in recent years is 8.40 € kg−1, much 
higher (7.60 € kg−1) than the one considered in García García et al. (2004b). The 
production cost in land-based tanks is noticeably higher than the values obtained by 
García García and García García (2011) in open sea cages for the same size (T2), 
which amounted to 6.61 € kg−1. This difference is mainly due to the energy required 
for pumping and the necessary maintenance of land-based facilities.

The most recent work on octopus fattening in cages at open sea (García García 
and García García 2011) provides an economic analysis of profitability in the Medi-
terranean using offshore systems. From an economic point of view, the suitability 
after completing two ongrowing cycles is analysed. The exploitation was set up to 
carry out the ongrowing in open sea cages, with a capacity of 30,000 individuals 
by cycle, which corresponds to 150 cages. They used the cage described in García 
García et al. (2009) in the Mediterranean. Table 9.2 shows the relevant results of the 
two ongrowing cycles compared with the two previous works. The items with high-
est costs, and therefore those with the greatest economic importance, are in order of 
magnitude the feeding, fixed assets, subadults and labour costs. When comparing 
the aforementioned costs to those of fish fattening in cages, the cost of subadults has 
a relatively minor importance in the latter, fundamentally due to the development of 
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a scale economy by the increasing cage capacity in the past years (Merinero et al. 
2005; García García and García García 2010).

The option of a unique fattening cycle is more profitable under the current con-
ditions; the profitability threshold shows that this fattening activity would only be 
feasible when obtaining commercial prices of 6.61 and 6.41 € kg−1 for octopus 
cycles 1 and 2, respectively. Table 9.2 shows that those figures are quite close, al-
though worthy to emphasize that octopus fattened in the one-cycle option achieves 
the commercial T2 size (3.65 kg) with a noticeably higher market price than in the 
case of two cycles, which reaches a lower T3 size (2.70 kg).

Global results (Table 9.2) indicate that land-based production cost is generally 
higher than fattening in sea cages. Moreover, a scale economy exists at sea systems 
due to greater production capacity, resulting in a lower average cost. Additionally, 
technological advances may significantly reduce the investment required in sea sys-
tems, by improving the cages yield using cheaper materials with greater production 
capacities, as in fish farming. On the contrary, the capacity to reduce the investment 
in land-based systems is much lower; further, the land-based location and choice of 
suitable sites to settle installations is more complex than at sea. Thus, two cycles on-
growing with well water would only be possible in areas where the pumping height 
is low, as reported by García García et al. (2004b).

The wide range of production variables shows the convenience of using econo-
metric tools to analyse possible scenarios that will be economically feasible. Hence, 
econometric equations can provide a guidance to define the maximum subadults 
and food prices; in this way, they could ensure that the activity either will be fea-
sible or will have a specific profit rate, providing also information about the balance 
between the possible operating designs (regarding type and size of cage, anchor-
ages, etc.) and the investment involved. As an example, a 15 % reduction in the 
variable related to investment, while maintaining the rest of the initial variables, 
results consequently in an increase of the internal rate of return (IRR) of 22.14 % 
(IRR = 12.69 %) and 21.03 % (IRR = 14.85 %) for two and one annual cycles, re-
spectively. The results state that from an economic point of view, the profitability 
(IRR) shows elasticity in relation to the variable of investment.

As shown in the cost analysis, the current situation makes it more profitable to im-
plement one production cycle than two, although the situation may change according 
to production costs and sale prices. If production costs decrease—particularly those 
of subadults and food—and the difference in sale prices too, then two fattening cycles 
a year will become more profitable. Undoubtedly, real development of the octopus-
growing activity requires seeking solutions for the two limiting issues still affecting 
profitability, i.e. the availability of subadults and the existence of a commercial diet 
providing high efficiency in terms of growth, conversion rate and survival.

In the Mediterranean, this activity would last approximately 6–8 months a year, 
underutilizing the investment and making fixed asset costs high, as previously not-
ed. A way to decrease production costs would be to integrate the octopus fattening 
as a complement to fish farming. In gilt-head bream and sea bass farms, operation 
activities drop off considerably during the winter months as low temperatures cause 
a major decrease in feeding, becoming perhaps the most important variable in the 
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process. Tuna-fattening operations generally halt the activity precisely during the 
months when octopus ongrowing could be performed with best results. Thus, es-
tablishing integrated octopus- and fish-ongrowing operations in the Mediterranean 
could contribute to the overall decrease of the production costs, improving the prof-
itability of both types of exploitations.

9.4  Conclusions

Good prospects presented by the octopus O� vulgaris have turned it into a target 
species to develop its cultivation in Spain; diverse business experiences were de-
voted to ongrowing wild subadults while the complete species cycle was achieved. 
Cost analysis of this activity in different experiences, locations and systems has 
permitted to evaluate the importance of the diverse aspects involved in specific real 
experiences, in order to determine its economic feasibility. Results indicate that 
production costs in land (8.97 € kg−1) are superior to that of sea cages (6.61 € kg−1); 
feeding, fixed assets, subadults purchasing and wages are reported as higher costs 
in descending order. Technological progress related to the confinement systems and 
the production capacity increase can significantly reduce major costs. The surveyed 
companies point out that the development of the fattening activity is slowed down 
by the current dependency on the natural environment (extraction of subadults and 
food). This dependency is the cause behind the non-full capacity exploitation of 
some facilities and the activities withdrawal of others. It is thus necessary to solve 
two crucial limiting factors in order to have a viable development of octopus cul-
ture, i.e. securing massive production of subadults in hatchery and provision of a 
commercial feed rendering high performances in terms of growth, CI and survival.
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Abstract Nautiluses are remnants of an ancient lineage that dates back nearly 
500 million years. Extant nautiluses still exhibit many traits characteristic of the 
ancestral species. Nautilus culture systems should therefore take into account both 
the similarities between nautiloids and modern coleoids and the differences. Nauti-
lus culture systems should be designed to maintain excellent water quality through 
effective filtration to promote good health. Nautiluses and coleoids differ primar-
ily in their reproductive strategies. Whereas most coleoids are fast growing and 
semelparous, nautiluses grow slowly, mature later, and are iteroparous. Therefore, 
nautiluses may necessitate several years of care before becoming sexually mature. 
Successful reproduction and egg laying by a female yield only a maximum of ten 
eggs which take up to 1 year to develop and hatch. Currently, nautilus hatchlings 
have only been reared up to 1 year. The future of nautilus culture systems depends 
upon a better understanding of both wild and captive reproduction. The success of 
these culture systems would open up a brand new area of research utilizing different 
age groups and generations to investigate current and novel questions.

Keywords Nautilus culture · Nautilus husbandry · Nautilus reproduction · Nautilus 
disease · Cephalopod culture

10.1  Background

The nautilid lineage may have existed for more than 500 million years (Ward 1987; 
Hanlon and Messenger 1996; Strugnell and Lindgren 2007) though the most re-
cent estimation is 416–480 million years (Kröger et al. 2011). Today, nautiluses are 
grouped under two different genera, Nautilus and Allonautilus (Ward and Saunders 
1997). Throughout the chapter, “nautiluses” will refer to all species of nautiluses 
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and specific species will be referred by species name. Six species are commonly 
referred to in the literature: Nautilus pompilius, N� stenomphalus, N� belauensis, 
N� repertus, N� macromphalus, and Allonautilus scrobiculatus (Saunders 2010). 
However, recent phylogenetic analysis suggests there are only two distinct species: 
N� macromphalus and A� scrobiculatus (Bonacum et al. 2011). Genetic analysis of 
local populations (Sinclair et al. 2007) and DNA bar coding efforts of local and 
distant populations (Williams et al. 2012) will provide information critical to future 
management of nautiluses. All nautiluses are found only in the Indo-Pacific region 
along coral reef slopes, ranging in depths from 0 to 700 m (Ward and Martin 1980; 
Dunstan et al. 2011a). Their habitat is regulated by both depth and temperature 
(Saunders and Ward 1987). Shells of nautilus will implode at depths greater than 
800 m (Ward et al. 1980; Kanie et al. 1980; Hewitt 2010) which limits their lower 
depth range. Nautiluses are also sensitive to temperature and do not survive in sea-
water of 28 °C for longer than 48 h. As such, nautiluses do not inhabit shallow water 
where temperatures can approach 28 °C.

The general anatomy of nautiluses has been described in detail (Owen 1843; 
Willey 1902; Budelmann et al. 1997; Sasaki et al. 2010). Nautiluses are the only ex-
tant cephalopods with an external shell, as shown in Fig. 10.1. The nautilus shell is 
striped along the dorsal and lateral sides of the shell which fades away to plain ven-
trally and towards the aperture of the shell. The shell is composed of several internal 
chambers which aid the nautilus in buoyancy. A fleshy tube called the siphuncle 
runs through each of the chambers and regulates the amount of gas and fluid in each 
of them to maintain neutral buoyancy at any depth. The living animal resides in the 
largest anterior chamber and the animal grows by adding new chambers. Nautiluses 
possess up to 90 tentacles that can be extended and retracted into buccal sheaths. 
Unlike coleoid cephalopods, nautiluses possess a sticky substance on the tentacles 
for adhesion (von Byern et al. 2012). The eye of nautiluses is less complex than the 
coleoid eye because it lacks a lens and is referred to as a pinhole camera-type eye. 
However, it is a large eye, capable of gathering light in dim environments.

Fig. 10.1  External anatomy 
of Nautilus pompilius. (Photo 
by G. J. Barord)
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10.2  Reproductive Biology

Nautiluses do not fully mature until at least 12–15 years (Saunders 1983; Dunstan 
et al. 2011b). They have long embryonic periods of 10–12 months (Okubo et al. 
1995; Uchiyama and Tanabe 1996) and live for at least 20 years (Dunstan et al. 
2011b; Landman and Cochran 2010). Nautiluses reproduce sexually and must lo-
cate and identify a mate in deep, dark ocean waters. It is not fully understood how 
nautiluses locate suitable partners in the deep sea. However, laboratory studies have 
shown that males are attracted to the scent of other nautiluses, both male and female, 
and that females are attracted to males, while being repelled by female scent (Basil 
et al. 2000; Westermann and Beuerlein 2005). Coupling this behavior with their 
large olfactory organs, it is conceivable that nautiluses detect mates through the 
ocean currents. It has been demonstrated that they have an acute sense of olfaction 
and can track patchy, turbulent, and dilute odors from great distances (Basil et al. 
2000). When male and female nautiluses are successful in contact, copulation may 
occur for several hours with the male grasping the female tentacles to tentacles. Ac-
tual spermatophore transfer is not well understood, but the male sexual organ, called 
the spadix, is in contact with the female buccal area during copulation (Mikami 
and Okutani 1977). After copulation, the female will lay only a few eggs with its 
labial tentacles (Mikami and Okutani 1977; Arnold et al. 1993). Female nautiluses 
will only lay 10–20 eggs per year (Okubo et al. 1995; Uchiyama and Tanabe 1996). 
Based upon captive observations, eggs are laid on a rocky substrate and attached to 
the substrate with a cement-like substance. There is no information on the exact lo-
cation of where females lay the eggs, though isotopic analysis suggests the eggs are 
laid in warmer, shallower water (Arnold et al. 1990; Oba et al. 1992; Landman et al. 
1994; Okubo et al. 1995). The eggs take approximately 11 months to develop and 
hatch (Arnold et al. 1990) at which point the hatchlings have already formed seven 
to eight internal chambers (Arnold et al. 1987; Oba et al. 1992; Okubo et al. 1995) 
and migrate to cooler, deeper water (Landman et al. 1994; Landman et al. 2001).

10.3  Embryology

The embryos of nautiluses may provide key insights into cephalopod and mollus-
can evolution. Nautiluses represent the primitive externally shelled body type of 
cephalopods and their eggs are ideal for developmental studies because of their 
large size. The first observations of nautilus embryos occurred in 1985. Arnold and 
Carlson (1986) confirmed that nautiluses, as in other extant cephalopods, do not 
have larval stages and develop directly along with many other similarities with 
extant coleoids. Arnold et al. (1990) described the movement of the embryo within 
the egg during organogenesis and the formation of the first shell. The movements 
were attributed to four possible causes: protection, respiration, rearrangement of 
yolk, and extraembryonic yolk sac respiration. Carlson et al. (1992) reported on the 
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hatching of N� belauensis and the distribution of nautiluses. Shigeno et al. (2008) 
examined N� pompilius embryos and the development of the soft parts, and found 
their developmental trajectory supported the hypothesis that they represent the an-
cestral cephalopod condition, particularly in the head region. Most notably, Shigeno 
et al. (2008) support the “arms as foot” hypothesis in nautilus based upon their 
embryological research.

10.4  Husbandry

The first living nautilus successfully housed in an aquarium occurred in 1958 at the 
Noumea Aquarium in New Caledonia (Catala 1964). Since then, many more aquari-
ums, zoos, and research institutions have housed nautiluses. Husbandry guidelines 
were developed over 25 years ago and still serve as the accepted practices (Carlson 
1987; Hamada et al. 1987; Spinosa 1987). Though these guidelines still appear to 
be effective, the increased attention to cephalopod welfare (Moltschaniwskyj et al. 
2008) warrants directed attention to follow these standards and do everything pos-
sible to improve husbandry.

10.4.1  Source and Capture

Carlson (1987) described the source and capture of live nautiluses though there 
are several different methods in use. The general collection and acclimatization of 
nautiluses to captive aquariums are described below. Most of the live nautiluses be-
ing imported are collected in the Philippines. Nautiluses are obtained from the wild 
using baited deep water traps. Though trap design varies, the traps are baited with 
some type of dead meat, commonly chicken, and set from 200 to 400 m overnight. 
The traps are retrieved the next morning and nautiluses are recovered. Nautiluses 
must be transported in chilled oxygenated sea water. Nautiluses received from the 
wild should be acclimatized to the primary holding system to equalize temperature 
and pH. This can be done by floating the shipment bags in the holding-tank waters 
and replacing the shipment water with holding-tank water every 10 min or so. Or, 
a direct slow drip from the tanks into the holding bags, with the aim of acclimating 
within about an hour, can be used. After acclimatization has been achieved, the nau-
tiluses should be placed into the holding system with as little contact out of water 
as possible. Once placed in the primary holding system, each nautilus should be 
“burped” to remove any possible air bubbles that may have resulted during transit. 
This can be done by slowly rolling the nautilus in your hand, underwater, with the 
funnel facing up, for several minutes. Air bubbles trapped within the mantle cavity 
and eye can cause serious complications down the line. Similar to zebras, nautiluses 
can be individually identified based upon their striped pattern though permanent 
markers can be used to label individuals on the shell.
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10.4.2  Water

All cephalopods, including nautiluses, require excellent water quality. The epidermis 
of cephalopods is made up of microvilli that facilitate the uptake of contaminants in 
their surrounding seawater environment. Nautiluses accumulate trace elements in the 
wild (Bustamante et al. 2000; Pernice et al. 2009) and are thus susceptible to toxic 
elements in captive conditions. Water quality can be maintained through the use of 
strong mechanical, biological, and chemical filtration. The principal parameters to 
monitor are levels of nitrogenous waste which should be kept between accepted rang-
es of < 0.10 mg L−1 ammonia, < 0.10 mg L−1 nitrite, and < 20.00 mg L−1 nitrate (Spotte 
1979). However, these parameters can and should be maintained near 0.00 mg L−1 
using adequate filtration methods and consistent water changes. In closed systems, 
UV scrubbers should be used, as they remove many key bacteria that can cause seri-
ous health problems in nautiluses. Nautiluses are sensitive to warm temperatures, so a 
chilling unit must be installed on the system to maintain temperatures between 15 and 
27 °C. Specimens housed in 28 °C for 4 h have shown poor survival (Carlson 1987). 
In some cases, a rhythmic day/night temperature cycle has been set on aquariums so 
that the temperature changes throughout the day, from 18 to 21 °C (Carlson 1987), to 
mimic normal migration patterns in the wild. The use of supplements, such as calcium 
carbonate and magnesium, has been applied in some systems but there do not appear 
to be any data to support positive effects in nautiluses. The pH should be maintained 
at 8.20 through the use of a buffering system or effective water changes. Nautiluses 
are stenohaline, requiring a small salinity range which should be maintained between 
34 and 36 psu (Boyle 1991). When moving nautiluses (for experiments or to another 
tank, etc.), it is important to keep them submerged in water during transit. Nautiluses 
are susceptible to mantle infections with repeated exposure to air.

10.4.3  Housing

There is little information to suggest the proper size, shape, and stocking densities 
of captive nautiluses. However, based upon the vertical migrations of wild nauti-
luses, nautilus-holding systems should be higher rather than wider to support the 
vertical movements, as shown in Fig. 10.2. Adding texture to the wall of the tank 
will make it more attractive to the animal. The average life span of nautiluses in 
captivity is approximately 3 years though there are occasions of nautiluses living 
5–6 years in captivity (Carlson 1987).

10.4.4  Feeding

The gut content from wild nautiluses contains many different prey items, includ-
ing fish and crustaceans, and crustacean molt shells (Ward and Wickstein 1980). 
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Common prey items for trapping live nautiluses include chicken and tuna though 
several other different kinds of meats have been used. The primary diet of captive 
nautiluses includes frozen shrimp with the shell on (Carlson 1987), lobster molts, 
and sometimes fish heads. The addition of live prey items to nautilus systems has 
shown mixed results. Deep-sea crab species have been consumed by nautiluses in 
captivity (Carlson 1987) but hermit crabs have not been preyed upon (Barord 2007). 
The feeding protocols also vary from place to place (Carlson 1987). It is unknown 
how growth is affected by different feeding protocols. However, a diet with in-
creased calcium resulted in increased growth rates in N� pompilius (Barord 2007) 
though whether this is a positive or negative outcome is unknown. Growth data are 
available on captive nautiluses and are summarized in Westermann et al. (2004).

10.5  Captive Reproduction

The first nautilus embryos were observed in 1985 at the Waikiki Aquarium (USA); 
however, the eggs did not hatch (Arnold and Carlson 1986). The first successful 
hatching occurred in 1988 at the Kagoshima Aquarium (Japan) when three N� be-
lauensis hatched after 12 months of incubation at 25 °C (Okubo 1989). In 1990, 
ten N� belauensis eggs hatched at the Waikiki Aquarium (Arnold et al. 1990). The 
Henry Doorly Zoo (USA) was successful in hatching N� pompilius eggs in a closed 
artificial seawater system (Fields 2006). There have been several other instances of 
Nautilus sp. hatching in captivity but none of the hatchlings have survived past 1 
year. From these varied results, it is difficult to ascertain the most successful method 
of inducing captive reproduction, successful copulation, and egg fertilization, and 
finally getting the eggs to hatch. One key variable that is difficult to control is the 
sex ratio of nautiluses in an aquarium. There is no way of predicting the number 
of males and females that would be received in a shipment. The limiting factor in 

Fig. 10.2  Diagram of nautilus culture system. Arrows denote water flow. (Figure by G. J. Barord)

 



17110 Nautilus 

 successful reproduction may in fact be the sex ratio of nautiluses housed in one 
system. It is unlikely that captive rearing of nautiluses is a viable process, so close 
monitoring of wild populations and fishing limits are critical to their survival.

10.6  Disease and Anesthesia

Successful maintenance of captive cephalopods depends primarily on excellent wa-
ter quality but also on constant monitoring (Oestmann et al. 1997). While physical 
signs of health deterioration should be monitored, behavioral abnormalities may 
be more telling of health problems. Nautilus disease is not very well understood 
for a myriad of reasons. Most often, it is difficult to detect the problem before it 
is terminal and the specimen has expired. However, there are several common re-
ports of health abnormalities. Perhaps the most common are the problems regulating 
buoyancy. Positive buoyancy occurs in many specimens received from the wild; 
however, the best treatment regimen appears to be the “sit and wait” approach. Most 
specimens with positive buoyancy resolve the problem on their own. Animals with 
positive buoyancy do not seem to suffer any other ill effects, at least in captive popu-
lations. Cases of negative buoyancy are less common and even less understood. One 
case of negative buoyancy in the literature correlated the condition with a severe 
bacterial infection and a parasitic infestation; however, the treatments were not suc-
cessful and the specimen expired (Barord and Henderson 2008). Mucodegeneration 
is perhaps the most common infection in captive nautiluses that appears to be the 
result of an internal bacterial infection that manifests as significant mucus produc-
tion around the eyes and tentacles. All reports of this disease had shown it to be fatal 
until a recent treatment regime of oxytetracycline and iodine on a single N� pom-
pilius (Barord et al. 2012). Fungal infestations have been reported, and in one case, 
the fungus was identified as a Fusarium sp. (Scimeca 2006) though no treatment 
was employed. Anesthetic use in nautiluses is necessary for certain veterinary pro-
cedures, such as hemolymph withdrawal, and may also be necessary for specific re-
search methods. Urethane was commonly used as a nautilus anesthetic (Ward et al. 
1977) though its inherent carcinogenic effects render this method not viable. Recent 
trials with ethanol have proven it to be effective in inducing anesthesia for both he-
molymph withdrawals and radiographic procedures (Barord and Henderson 2008).

10.7  Conclusions

The large-scale, continuous process of nautilus culture systems does not appear to be 
feasible at this point. The proxies for captive mating, reproduction, egg laying, egg 
development, and hatchling survival are not well understood. Therefore, it is difficult 
to understand what methods should be modified for future success. However, given 
the declining populations in several areas of the Indo-Pacific (del Norte-Campos 
2005; Dunstan et al. 2010; Dunstan et al. 2011c; De Angelis 2012) and that most of 
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the population sizes are still unknown, captive culture systems would nonetheless 
benefit nautiluses. Perhaps the best line of research is to investigate the initial mecha-
nism of captive mating to begin promoting that aspect of reproduction in captivity. 
Consistent mating in captivity would enable researchers to identify the mechanisms 
behind the proceeding steps of reproduction, thereby increasing the likelihood of 
successful culture systems.
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Abstract This chapter reviews the importance of the European cuttlefish, Sepia 
officinalis, as a potential species for aquaculture and its applications. It provides an 
overview of cuttlefish culture, its current state of art and future trends. Present cut-
tlefish culture-related research and recently developed technologies are described. 
This includes a description of the culture systems for the different life stages, brood-
stock and egg acclimatization to captivity and management, hatchlings, juvenile 
and adult-rearing methodologies. Values of fecundity and fertility obtained in dif-
ferent culture conditions (variables include tanks, stocking densities, sex ratios and 
food); a characterization of different types of cuttlefish egg morphology; growth 
rates, mortality, feeding rates and food conversions at the hatchling and juvenile 
stages (including live, frozen and artificial diets); and a comparison between dif-
ferent growout setups are presented. Finally, current bottlenecks are enumerated, 
prospects for future research are suggested and an overview of whole animal use by 
the industry is given.

Keywords European cuttlefish · Sepia officinalis · Zoo technology · Stocking 
densities · Diets · Tank and earthen pond culture

11.1  Commercial Value and Capture Methods

The European cuttlefish, Sepia officinalis Linnaeus 1758, is mostly found in eastern 
Atlantic and in the Mediterranean Sea (Boletzky 1983). Cephalopod catches have set 
a new record in 2008 (FAO 2010) but only contributed to approximately 4 % of the 
world catch from fisheries in 2010 (FAO 2012). Cuttlefish was one of the species 
attaining high market value in the Mediterranean and Asian markets (FAO 2010); 
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countries such as Spain, Italy and Japan being the main consumers (Boucaud-Camou 
1990; FAO 2012).

S� officinalis had an average world production of 16,769 t year−1 (2000–2010), 
showing an increasing trend during this period (FAO-FIGIS 2012). The species is 
primarily caught by otter and beam trawlers, either as a target species or as catch of 
demersal finfish fisheries. In southern European countries like Portugal, this species 
is caught by several fishing methods such as iron traps, trammel nets, bottom trawl, 
gill nets and purse seine (Sendão et al. 2007), similar to the traditional fishing gears 
used in other European countries. While trawlers operate in inshore and offshore 
fishing grounds for both juvenile and adult specimens, artisanal gears, like fish 
traps, are used to catch spawning animals mainly in inshore areas.

The species potential for aquaculture has been recognized by Barnabé (1996) 
and Boucaud-Camou (1989). This was due to a set of biological and physiological 
aspects that were described by Forsythe and Van Heukelem (1987) and which are 
shared by other cephalopod species. S� officinalis has been successfully reared in 
extensive aquaculture experiments at a medium scale in several EU countries such 
as Italy, France and Portugal.

The commercial culture of cuttlefish will possibly have a high impact on fisheries 
production in the near future, as it could allow the sale of undersized individuals 
(approximately 50 g) that may be produced in only 45–60 days.

11.2  State of the Art

Cultured S� officinalis is used as an animal model for biological and biomedical 
research (e.g. physiology, neuroscience, nutritional biochemistry, ageing, molecular 
biology or immunology), for aquaculture production and also for public exhibition 
in aquariums. During the past 20–25 years, a great part of the research on cuttlefish 
has focused on its use as a new species for aquaculture. When viable, economical 
and logistic cuttlefish culture is attained, this species will become one of the most 
relevant marine animal models and make an important impact in other fields of 
research. The use of cephalopods as animal models has already greatly contributed 
to the scientific advance of humankind (i.e. the Nobel Prize won by Hodgkin and 
Huxley in 1963 regarding the squid’s giant axon). Thus, research on cuttlefish cul-
ture will have further application for the development of culture technology of other 
cephalopod species and will provide a cultured invertebrate model that shares some 
biological features with vertebrates.

The most recent revision on the status of cuttlefish culture was performed by 
Sykes et al. (2006b), in which the major bottlenecks limiting its transition into an 
industrial scale were identified. Currently, the three main factors still delaying the 
large-scale culture are (1) the dependence on live prey during the first part of the life 
cycle, (2) the lack of an adequate artificial diet for all life stages of this species and 
(3) full control of reproduction in captivity. Due to the low number of laboratories 
involved in the resolution of these problems, small but steady progress was made 



17711 Sepia officinalis

since then. Consequently, not only technology has evolved but also cephalopods 
have been included in the EU animal welfare legislation. Thus, the advances in 
S� officinalis culture technology will be revised also considering a good welfare 
practice.

11.3  Broodstock Rearing Conditions and Acclimatization 
to Captivity

Considering that reproduction in captivity is one of the bottlenecks in cuttlefish 
culture (Sykes et al. 2006b), broodstock maintenance knowledge and conditions 
have been updated.

11.3.1  Seawater Systems and Conditions

Depending on the location of the husbandry, the three types of seawater systems 
(open, semi-open or closed) may be applied. Commonly, cuttlefish breeder stocks 
are obtained from captive cultured populations or through wild captures as described 
by Sykes et al. (2009). After being checked for illness and skin damage, cuttlefish 
are conditioned in open seawater systems because of logistics, welfare and econom-
ical aspects. Nonetheless, as the technology used in closed and semi-closed systems 
is becoming cheaper and aquaculture environmental concerns are scaling up, the 
use of closed seawater systems (RAS), similar to those reported by Hanlon (1990) 
for cephalopods and recently by Martins et al. (2010) for fish, is expected in the near 
future. The technology has progressed since 2000, from using 250 L tanks (Correia 
et al. 2005; Sykes et al. 2006a) to increasing sizes, such as 9,000 L, currently being 
used after the results of Sykes et al. (2013b, Fig. 11.1).

A typical tank setup may be built indoors or outdoors of the husbandry facili-
ties but it must be located in a low disturbance area (Sykes et al. 2006b). Each tank 
should have a setup consisting of round-shaped fibreglass tanks comprising enough 
airlifts, fixed on the tank walls, and air stones in the middle of the tank. These 
conditions will make water move slowly but like a drain to the outlet pipe, which 
is located at the centre of the tank. Since cuttlefish is a benthic species (Boletzky 
1983), the tank should have large bottom areas (Domingues and Marquez 2010; 
Sykes et al. 2013b).

If toxic materials (e.g. PVC glue, silicone for marine environments) are used 
while assembling the tank setup, it should be first filled with tap water for 24 h, fol-
lowed by a 24 h seawater filling and running, before the animals are placed in the 
tank. While designing, building and operating this setup, the use of metallic parts, 
especially copper, should be avoided and kept away from all seawater systems, as 
it can be toxic in the first stages of development of the cuttlefish (Establier and 
Pascual 1983) and even in the remaining life stages (Hanlon and Forsythe 1985; 
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Paulij et al. 1990). The use of IP67-electric-certified equipment and material (e.g. 
illumination) is mandatory if these are installed near the tank.

The use of semi-open or closed systems should comprise a scaled filtration based 
on the basic setup described by Hanlon (1990) to assure that protein load in the 
water (resulting from feeding and eventual inking due to reproductive behaviour 
or stress response) is kept low and spikes or build-up of nitrogenous compounds 
is avoided. Upgrades on the equipment used in these types of systems are advised 
to help reduce the area occupied and to attain increased efficiency. The build-up of 
anoxic areas in the tank, due to low water circulation, should be prevented while 
designing the system setup.

Airlifts and outflow pipes should be covered with plastic nets of appropriate 
mesh size to prevent animals and eggs from escaping or being washed out. While 
designing the seawater system, it should be considered that sharp objects or rough 
surfaces must not exist inside the tank since they may cause skin damage to the 
animals. If needed, a wall foam protection system similar to that described by Han-
ley et al. (1999) should be used. Following a good welfare practice regarding en-
riched environments and considering the animal’s ability to camouflage; this tank 
should be under low light intensities of 200 Lx or less (measured at the water-air 
interface of the tank) and under a normal photoperiod that should replicate natural 

Fig. 11.1  Tanks used at Centro de Ciências do Mar do Algarve (CCMAR) for cuttlefish repro-
duction. The first experiments (in 2000) were performed in 250 L tanks and the current methods 
include the use of 9,000 L tanks. (Photos by A Sykes)
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geographical conditions during spawning in the wild. This may be achieved using 
a combination of natural or natural-resembling artificial light sources and tank co-
lours. If placed outdoors, the 200 lx light intensity may be obtained by using water-
repellent shading nets (Fig. 11.1). The use of these nets will prevent excess lighting 
as well as pH and salinity descent due to rainfall.

In any of the setups described above, animals, tanks, equipment to maintain 
specific conditions, water flow and aeration should be checked twice a day, in the 
morning and late afternoon. Water quality parameters should be monitored every day 
in the morning. Depending on the seawater system used, the determination of differ-
ent parameters will apply. Open seawater systems will require the measurement of 
temperature, salinity and dissolved oxygen. It is not possible to fully evaluate the use 
of semi-open or closed seawater systems, since there are not enough data regarding 
reproduction and egg quality under these conditions. Nevertheless, if these systems 
are the only option, determination of previous parameters, plus pH and nitrogenous 
compounds (ammonia, nitrites and nitrates), is mandatory. In semi-open or closed 
systems, these parameters should be kept as similar as possible to natural seawater 
and according to the highest values reported for the culture of this species by For-
sythe et al. (1991) and Oestmann et al. (1997). The technology for closed systems 
has progressed since the end of the 1980s, and there is an increasing pressure to 
reduce the aquaculture footprint by using these systems (Martins et al. 2010). How-
ever, cephalopods are highly sensitive to nitrogenous compounds and the removal 
of these, to prevent a system overload which will translate into massive death, still 
requires highly expensive technology, logistics and operational costs. Some trace 
elements, in particular strontium and calcium, should be kept close to natural sea-
water values (Hanlon et al. 1989). The use of natural seawater is suggested. How-
ever, if, due to logistics, commercial seawater salts are used to produce artificial 
seawater, its content should comply with these requirements to avoid malformations 
and the death of hatchlings (Hanlon 1990).

In any case, temperature, salinity, dissolved oxygen, pH and nitrogenous com-
pounds should be maintained according to values reported by Boletzky (1983) for the 
species. There are reports of culturing cuttlefish beyond the maximum (Domingues 
et al. 2001a) and minimum (Sykes et al. 2006a) temperature values reported for the 
species, but a flow-through system was used in both cases, where changes in water 
quality occurred slowly due to the high volumes of water utilized. Regardless of the 
seawater system used, water flows should be high enough to maintain water quality 
and sustain the best reproduction results.

If closed and semi-open systems are used, the use of UV filtration will be neces-
sary to avoid pathologies, as described by Forsythe et al. (1991). Although the effect 
of ozone on the species is not reported in the literature, its use is not suggested as a 
way to attain similar results of salubriousness. Nonetheless, if used, measurements 
of O3 concentrations and the redox potential of water entering the tank should be 
enforced. The application of EU Directive 2010/63/EU from January 2013 onwards 
will impose the use of alarm systems locally and externally, to the person respon-
sible for animal care, through SMS messages or similar systems. Not only should 
these alarms be set to report a failure of water circulation in tanks or in the marine 
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station but also if a digital solution is applied, a report on these abnormal situations 
will be created by the system, and later used as experimental data and for reporting 
animal welfare.

Tank cleaning should be avoided as much as possible to prevent stress, by enforcing 
an ad libitum feeding scheme. Water and tanks should be kept clean from leftovers, 
faeces and other debris and removed through water siphoning. Therefore, to avoid 
problems with cleaning, sand substrates should not be used (Forsythe et al. 1994).

11.3.2  Sex Ratio and Stocking Densities

Reports on stocking densities and sex ratios are scattered in the literature, and ex-
periments dealing primarily with this issue are scarce. Sex ratios and stocking den-
sities are of particular importance since they are thought to have a high impact on 
cuttlefish fecundity and fertility. This assumption is based on our experience of cul-
turing the species and on previous studies which were not directly related to repro-
duction (Boal et al. 1999; Forsythe et al. 2002). However, researchers do not agree 
on which are the best densities and sex ratios that will maximize egg quantity and 
quality obtained in cuttlefish reproduction in captivity. In addition, most of them 
do not consider the importance of tank bottom areas with regard to a species that 
is benthic or the individual contribution of parents that may change depending on 
available area, stocking densities and sex ratios. For instance, Forsythe et al. (1991) 
mentions that sex ratios of one male for three females should be used to avoid male 
aggression and aggressive mating behaviour, and Forsythe et al. (1994) suggests 
densities of two cuttlefish m−2 for breeders.

Table 11.1 summarizes the most relevant fecundity and fertility results obtained 
in different tanks, stocking densities, sex ratios, temperature and food items (Correia 
et al. 2005; Domingues et al. 2001b, 2002, 2003b; Sykes et al. 2006a, 2009, 2013b). 
It is suggested that sex ratios should be maintained at two females for one male and 
stocking densities kept relatively low when setting up a broodstock. For instance, a 
9,000 L tank should have 21 animals, 14 of them females and 7 males, which will 
correspond to a low stocking density of 4 cuttlefish m−2.

11.3.3  Food Supply

Despite Boletzky’s (1983) and Nixon’s (1985) descriptions that cuttlefish shifts its 
food preferences from a predominant crustacean diet (crabs, prawns and shrimps) 
to a mixture of crustaceans and fish while maturing and reproducing, recent 
manuscripts report the successful culture of the species using only a frozen grass 
shrimp ( Palaemonetes varians)-based diet (Sykes et al. 2006a, 2013b, Table 11.1) 
during those periods.

The use of different kinds of food throughout the different stages of the life cycle 
of cuttlefish was never studied, but examples of different feeding strategies are 
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found within the literature. For instance, Domingues et al. (2001b) tested the effects 
of feeding either Artemia sp. or Paramysis nouvelli during the first 20 days after 
hatching (DAH), followed by a diet of P� varians until 70 DAH and frozen Carcinus 
maenas for the remaining life cycle with similar results of fecundity (Table 11.1). 
Domingues et al. (2002) used P� nouvelli for the first 20 DAH and afterwards live 
grass shrimp to close the cycle, achieving narrow increased results in individual 
fecundity but lower fertility (Table 11.1) when compared with the 2001 F1 genera-
tion. The effects of using either live or frozen grass shrimp, after being fed during 
the first 15 DAH, were tested by Domingues et al. (2003b) attaining increased indi-
vidual fecundity and fertility when using the frozen diet (Table 11.1). A mixture of 
live P� varians, C� maenas and fish used by Correia et al. (2005) attained one of the 
highest individual fecundity ever in 250 L tanks (834 eggs per female, Table 11.1). 
We believe that this result is related more to temperature, densities and sex ratio 
than type of food, but further studies are needed.

Sykes et al. (2006a) studied five consecutive generations of cuttlefish in captivity 
using a diet of live P� varians in 250 L tanks and obtained a maximum individual 
fecundity of 478 eggs per female and fertility of 67.5 % at the F5 generation 
(Table 11.1). On the other hand, Sykes et al. (2009) confirmed an increased fecun-
dity in a F2 generation (787 eggs per female; Table 11.1), being fed on live grass 
shrimp for the first 20–30 DAH and frozen grass shrimp onwards (in accordance 
with the methods described by Sykes et al. 2006b). However, the sex ratio was 
completely inversed when compared with that obtained by Correia et al. (2005).

Recently, Sykes et al. (2013b) obtained the best values of individual and overall 
fecundity (1,383 and 16,593 eggs, respectively) and an acceptable individual fer-
tility (72 %, Table 11.1) following a similar feed methodology but increasing the 
bottom area of the tanks.

Based on these results, it seems that the diet per se will not have a direct effect on 
egg number and quality. However, we do not discard the fact that the use of frozen 
grass shrimp may be influencing the higher individual and overall fecundity and 
fertility by promoting lower energy expenditure associated with feeding.

11.4  Spawning Process

11.4.1  Female Conditions

S� officinalis attains sexual maturity at very different sizes/weight (Sykes et al. 
2006a) and has an estimated potential fecundity of a maximum of 8,000 eggs in 
nature (Laptikhovsky et al. 2003). The species displays a very typical behaviour 
of courtship, mating and agonistic male-to-male interaction, briefly described by 
Boletzky (1983) and Hanlon and Messenger (1996), where males mature earlier 
than females. Females receive the spermatophores in the paired seminal receptacles, 
under the buccal mass, where it may remain and used for as much as 2–5 months 
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(Hanlon et al. 1999). This is probably due to the biology of the species, with males 
maturing precociously (Forsythe et al. 1994). Males, before inserting their sperm 
into this pouch, jet large amounts of seawater inside the seminal receptacles to flush 
out the sperm from previous males and, in this way, assure that only its genetic 
contribution will be used (Hanlon et al. 1999).

Females mate repeatedly (Hanlon et al. 1999), display intermittent or chronic 
spawning (Boletzky 1987) depending on captive conditions and usually will die 
shortly after laying the eggs. Nevertheless, we have observed an extension of this 
intermittent spawning when using increased tank bottom areas (based on compari-
sons between data from Sykes et al. 2006a, 2013b). However, this does not happen 
repeatedly and in all tanks tested. Therefore, we suspect that the optimal conditions 
to obtain more and better eggs are related not only to bottom areas but also to other 
variables, which are being investigated in current projects.

According to Boal (1997), females prefer males that have mated recently instead 
of choosing males based on a dominance hierarchy, which is promoted by captive 
conditions (Boal et al. 1999). If this is related to social recognition (Boal 2006), 
chemoreception (Boal and Marsh 1998; Boal and Golden 1999) or specific phero-
mones (Zatylny et al. 2000, 2002) remains to be unveiled and are objectives of 
future studies.

After the copula, it is not advisable to separate females from males since this will 
not promote a reproduction resembling wild conditions and might have a negative 
influence on egg quantity and quality. According to Boletzky (1983), bigger fe-
males will lay bigger eggs; which does not completely agree with more recent data 
from Sykes et al. (2013b). By having extended intermittent spawning due to differ-
ent culture conditions, the amount and quality of eggs should be better. However, 
what is a quality egg in this species and how can we say that bigger eggs are better 
eggs, since no results on this subject have been presented?

In the species, no parental care of eggs was ever observed, and senescent females 
die after spawning. As a senescent species, reproduction will absolutely drain 
females, which incorporate their little reserves in the eggs. The ability of cuttlefish 
females to have more than one maturation cycle or continuous maturation during this 
intermittent spawning is something that will need to be further investigated in the 
near future, since not all the females or males will die after mating and eggs are laid.

11.4.2  Egg Capture and Handling

Eggs may be obtained from nature or from captive-bred populations, but the latter 
is recommended. The use of eggs from a known source not only reduces the impact 
on the environment but also assures that eggs will have a very low probability of 
introducing contaminants and/or pathologies into the culture facilities. Within the 
EU, these Animal Resource Centres are regulated by law and a wide network exists 
(for details, check European Marine Biological Resource Centre—EMBRC—
http://www.embrc.eu/).

11 Sepia officinalis
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In nature, cuttlefish females lay their eggs on hydrodynamic locations, attached 
to wild flora and fauna or to human-related structures (Boletzky 1983). Egg masses 
are commonly found on sea grass, seaweeds, polychaetes, buoys, fishnets, traps, 
boat ropes, etc. Based on this knowledge, Sequi and Palmegiano (1984) and Blanc 
and Daguzan (1998) described man-made egg collectors that use floating ropes to 
collect eggs on spawning grounds. However, it is recommended to obtain eggs in 
the wild directly from the beaches, when they are stranded by storms or other hydro-
dynamic conditions. The impact of man on wild populations is therefore reduced, 
considering that these correspond to a percentage of eggs that normally would not 
hatch because of being exposed to dry conditions.

In captivity and after copulating (Fig. 11.2a), females attach their eggs on ropes, 
airlines and nets (Fig. 11.2b, c). To make the process of removing the eggs from the 
tanks and egg collectors easier, it is recommended to use plastic nets. Each breed-
ing tank should have at least one of these collectors that should be checked for eggs 
every day, preferably in the morning and before feeding. It is very important to 
avoid disturbing the animals while spawning and proceed accordingly. Afterwards, 
the egg collector should be removed from the tank and kept humid while eggs are 
separated and individualized. We recommend the use of a plastic net, with 1 cm × 
1 cm net holes (Sykes et al. 2006b), to facilitate egg removal (Fig. 11.2c). The easi-
est way to perform this operation is using a small knife or scalpel, which will cut the 
egg lace connecting to the plastic, preventing any harm to the corion. Freshly laid 
eggs are very soft and gelatinous and should be removed carefully, while those not 
from that day will be firmer and easy to manipulate. Irrespective of the egg source 
(nature or captivity) and depending on their numbers, eggs being removed from the 

Fig. 11.2  From copula to incubation in captivity. Copula (a), egg laying (b), extraction, separation 
and assessment of eggs (c, d, e) and incubation of eggs in 250 L tanks (f). (Photos by A Sykes)
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natural or man-made collectors should be individually sorted and placed in a bucket 
with high aeration that will make them move gently (Fig. 11.2d). During egg extrac-
tion from both collectors in captivity and egg collection at the beach, eggs should be 
kept moist and the use of a spray with seawater to accomplish this is recommended. 
At this time, the eggs should be separated according to their morphology and colour 
(Figs. 11.2e and 11.3).

Eggs collected from the wild are usually black, present a flask shape and are 
attached in grape-like clusters to different substrata fixed on the bottom (Boletzky 
1983; Boletzky et al. 2006). Eggs will display weights ranging from 0.1 g up to 
2.5 g (Sykes et al. 2006a) and a diameter ranging from 1.2 to 1.4 cm. Only black 
(ink-stained) eggs with a flask-shape morphology should be chosen, while those 
with a different colour and morphology (Fig. 11.3) should be discarded properly 
(Sykes et al. unpublished data).

Fig. 11.3  Morphology of different types of cuttlefish eggs obtained in captivity (characterization 
and identification presented in Table 11.3). (Photos by A Sykes)
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Table 11.2 discriminates and classifies the different egg types ever obtained in 
captivity.

Despite the recent attempts by Sykes et al. (2013b), there is currently no method-
ology to assess the quality of eggs at this time and before animals are born. However, 
in captive conditions, both percentage of rejected eggs and individual egg weight 
might be indicative of the quality of the egg masses.

After the egg quality assessment and sorting, the eggs should be placed in round-
shaped tanks of a flow-through or semi-open system (Fig. 11.2f). If a closed seawater 
system is used, then the recommendations of Hanlon et al. (1989) regarding stron-
tium should be considered. The tank setup should have airlifts on the walls and 
air stones in the middle which promote a gentle elliptical movement of the eggs 
(Fig. 11.2f). This also assures an oxygen-enriched environment, which has proven 
to prevent necrosis. The amount of eggs should not exceed the tank’s carrying 
capacity, considering that water parameters should remain relatively constant and, 
therefore, water flows will be small. Water parameters should be set according to 
the conditions of eggs’ geographical location described in the literature (Sykes 
et al. 2009). So, if needed, seawater should be heated or refrigerated. Nonetheless, 
according to Palmegiano and Sequi (1984), salinity will increase an egg’s viability 
above 90 % if its values are within 28–50 psu.

Detailed information regarding the embryonic development of the species was 
reported by Naef (1928), Lemaire (1971) and Boletzky (2003) and was reviewed 
recently by Boletzky et al. (2006). However, the duration of this stage is dependent 
on temperature (Koueta et al. 2006), without any linear correlation (Richard 1971) 
and geographically conditioned (e.g. temperature vs. duration varies considerably 
between Faro, Portugal and Caen, France (Sykes et al. 2009)). It may range from 
40 to 45 days at 20 °C to 80–90 days at 15 °C in the English Channel populations 
(Boletzky et al. 2006) and from 25 days at 25 °C to 60 days at 15 °C in southern 
regions, such as Portugal (Sykes et al. 2006b).

It is common that eggs laid during a week by one or more females will display 
a synchronized hatching on the same day. Whether this synchronized hatching is 
related to the action of ILME (a waterborne pheromonal peptide released by eggs; 
Zatylny et al. 2000) or to any other unknown peptide or process remains to be 
determined.

Table 11.2  Characterization of different types of cuttlefish egg morphology
Egg type ID Shape Colour Transparency

Normal N Flask Black No
Grey G Flask Grey No
White W Flask White No
Orange O Flask Orange Semi-
Yellow-grey YG Flask Yellow-grey No
Malformation type I MF I Globular No Yes
Malformations type II MF II Elongated Dark brown Semi-
ID—identifies a given egg type in Fig. 11.3
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11.5  Hatchlings Culture

As this stage is considered as one of the bottlenecks in cuttlefish culture (Sykes 
et al. 2006b), zoo-technology and nutritional knowledge have been updated in this 
chapter.

11.5.1  Hatchlings Collection and Transfer

According to Paulij et al. (1991), cuttlefish embryos hatch during periods of dark-
ness, so it is important to check the egg-hatching tank in the morning to eventually 
collect and separate the new offspring.

After hatching, and depending on the purpose, hatchlings may be kept in the 
same tank or carefully removed to a different one. According to the new animal wel-
fare legislation and cephalopod proposed guidelines, this tank or group of animals 
will be considered a captive population and assigned an identification, which should 
include information regarding the generation and source of eggs.

If removed to a new tank, the physical and chemical conditions of the new tank 
should be similar to those of the hatching tank, although these might be changed, 
gradually, afterwards. Normally, the procedure of transfer, if the animals remain in 
the hatchery, is to collect them individually using small movements with an aquarist 
net. This reduces stress and abrasion against either tank or net. Afterwards, hatch-
lings are placed in a plastic container of small volume (preferably black) and then 
submerged in the new tank. The latter will allow cuttlefish to swim freely out of this 
container into the water of the new tank. If a transfer of the newly hatched animals 
to other culture facilities is intended, then specific information for the species may 
be found in the recent animal welfare review by Sykes et al. (2012).

11.5.2  Culture Conditions

11.5.2.1  Seawater Systems

The seawater systems used for the hatchling stage are similar to those used in other 
life stages of the species and detailed for breeders (see Sect. 11.3.1). Nonetheless, 
the type of tanks used should be adapted according to the most recently published 
literature, where factors such as the culture densities of 500 hatchlings m−2, mini-
mum bottom areas of 0.06 m2 and the avoidance of sand and shelters (Sykes et al. 
2003) should be considered. The use of flow-through seawater systems with UV 
filtration is recommended to avoid problems derived from pathogens present in the 
water. This stage of the life cycle is the most problematic and where most of the 
mortality in cuttlefish culture usually occurs.
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Significant progress has been obtained in the optimization of culture conditions 
at this life stage. Sykes et al. (2006b) previously recommended to rear cuttlefish in 
the hatching tank (Fig. 11.4a) but currently the use of hatching baskets (Fig. 11.4b), 
preferably in black (Fig. 11.4c; Sykes et al. 2011), or raceway tanks (Fig. 11.4d) is 
suggested. The use of low light intensities during this stage is also suggested (Sykes 
et al. 2013c). These conditions of tank colour, light intensity and similar seawater 
physical conditions with respect to embryonic development should be maintained 
to promote appropriate welfare conditions, lower mortality rates and normal growth 
and development.

11.5.2.2  Physicochemical Conditions

Seawater physicochemical conditions should resemble natural conditions as much as 
possible, as long as this does not interfere either directly or indirectly with cuttlefish 

Fig. 11.4  Different hatchling culture systems. a In the hatching tank. b In a white basket within a 
1,500 L tank. c In a black basket within a 1,500 L tank. d In raceway tanks. (Photos by A Sykes)
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growth and survival. Depending on the seawater system used during this stage, 
different water parameters should be set and checked (see Sect. 11.3.1 for the list 
and procedures). Normally, hatchlings’ rearing is performed at 20 ± 2 °C, in high 
dissolved oxygen conditions (> 90 %) and high water-flow rates to avoid nitrogenous 
waste-derived problems in low-volume seawater systems.

11.5.2.3  Light

There is no known minimal amount of light necessary for this stage but recent results 
recommended 100 lx at the air–water interface of the tank (Sykes et al. 2013c), pro-
vided by daylight (450–650 nm) fluorescent bulbs. From published data, only Koueta 
and Boucaud-Camou (2003) studied the effect of photoperiods in hatchlings and 
suggested that cuttlefish hunts more during daylight. Photoperiodicity should match 
habitat and lifestyle at given geographical locations (Sykes et al. 2006b), and day-
light should be set with a 12–16 h light cycle. Nonetheless, little is known regarding 
the daily activity and daily feeding rhythms at this life stage or even for the species 
(Quintela and Andrade 2002) and this should be researched in the near future.

Up till now, the use of dusk-and-dawn light simulations in the photoperiod or 
the use of polarization (light or filters) to enhance growth and survival was never 
reported. Cuttlefish has polarized vision, which it uses to hunt in the natural envi-
ronment (Shashar et al. 2000, 2002). This characteristic should be further explored 
to determine if it could enhance conditions in captivity.

11.5.2.4  Diet

Cuttlefish may hatch prematurely, mature or ‘over-mature’, the differences being 
characterized by the respective amount of inner yolk reserves remaining. These 
reserves will determine how long the animal will endure without food and com-
monly last between 3 and 5 days (Sykes et al. 2004). During this period, the animal 
must be given the opportunity to feed on an external diet or there will come a point 
of no return and the cuttlefish will die.

Diets for hatchlings have been one of the most investigated themes in the 
past 12 years and where research has attained some of the most relevant results. 
It is known that in nature, cuttlefish hatchlings prey preferably on live crusta-
cean species (Boletzky 1983), and a series of different alternative live diets were 
tested (DeRusha et al. 1989). For several years, the rearing of cuttlefish during the 
hatchling stage was obtained using a diet of live mysids followed by live shrimps, 
when the animals grew bigger (Correia et al. 2005, 2008a; Domingues et al. 2001a, 
b, 2002, 2003a; Koueta and Boucaud-Camou 1999). Domingues et al. (2004) pro-
posed the use of live P� varians as an alternative prey for the rearing of cuttlefish at 
this life stage, while Sykes et al. (2006a) extended this further by proposing the use 
of grass shrimp for the culture throughout the life cycle of S� officinalis. Irrespective 
of the prey used, its degree of availability and the use of freshly caught or starved 
live food affect cuttlefish growth (Correia et al. 2008a, b).
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After a series of zoo-technology optimizations for this life stage, Sykes et al. 
(2013a) managed to rear cuttlefish throughout the hatchling stage performing an early 
weaning on the first day after hatching with some success (Fig. 11.4d on the right—
cuttlefish hatchlings eating frozen grass shrimp). These results are encouraging but 
further research regarding this issue in terms of nutrition, digestion, etc. is needed.

For the time being, the use of live grass shrimp of appropriate size is still recom-
mended during the hatchling stage and the weaning to frozen grass shrimp should 
be performed after 20–30 DAH depending on the temperature.

11.5.3  Growth and Survival

Information regarding cuttlefish hatchlings’ behaviour, growth and morphologi-
cal changes during this stage was reported by Nixon and Mangold (1998). Growth 
rates vary directly with temperature, inversely with size, and play a major role in 
determining the species’ life span (Domingues et al. 2006). Maintaining animals 
of different age groups together should be avoided at any stage but especially at 
this stage. It is acceptable, for rearing purposes, to join hatchlings with an age dif-
ference of up to 10 DAH. Joining animals with larger age differences will gener-
ate increased competition for food, promote the establishment of food hierarchies 
and, therefore, increase mortality. This stage of cuttlefish life is characterized by 
the highest growth rates but, at the same time, where mortalities may be higher. 
Table 11.3 resumes the hatchlings growth rates, mortality, feeding rates and food 
conversions (during the first 30 days of life, according to type of tank and food) 
published since 1999.

Normal growth, development and survival depend on the egg content (this con-
tent reflects food given to females and the same female may lay eggs with different 
amounts of yolk depending on the number of spawns and age), food quality, the 
best quality of seawater and tank setup conditions. Food consumption and feeding 
rates during this life stage are also extremely high, when compared with the values 
registered in the subsequent stages.

11.6  Ongrowing of Juveniles and Adults

11.6.1  Tank and Earthen Pond Conditions

Despite the first attempts of rearing cuttlefish in earthen ponds which were per-
formed by obtaining eggs in the wild with egg collectors and placed in these ponds 
and collecting the juveniles 3 months later (Palmegiano and Sequi 1981), this type 
of procedure is considered extensive culture. This was, and still is, performed in 
countries such as Italy, Portugal (Coelho et al. 1989; Gonçalves 1989) and Tunisia 
(Rodger and Davies 2000). Nevertheless, some authors believe that the potential of 
cuttlefish culture is able to sustain semi-intensive or intensive aquaculture.
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The conditions presented in this section are based on pilot projects performed in 
Portugal and Spain with the objective of determining the viability and conditions of 
a commercial operation. These studies were performed both in aquaculture research 
stations and in earthen ponds belonging to aquaculture companies, which have 
expressed interest in cuttlefish culture as an alternative species for diversification.

After going through the hatchling stage in the hatchery, cuttlefish should have 
attained full development of the digestive system and a mean weight of 5 g. At this 
point, depending on the facilities and the rearing objectives, cuttlefish may be relocated 
to tanks of different types (either in fibreglass or in concrete with increased size) or 
to earthen ponds. If kept in tanks (Fig. 11.5a, b), the seawater systems and conditions 
used should be similar to those detailed for breeders (see Sect. 11.3.1). Similar to the 
hatchling stage, the use of black tanks and low light intensities are recommended.

In order to increase the probability of cuttlefish finding the prey and spend the 
least energy possible while hunting, the water column of the tanks should be low. 
While cuttlefish grows, the water column should be increased to generate more 
volume (Forsythe et al. 1994).

If animals are relocated to earthen ponds (Fig. 11.5c), it should be taken care not 
to place them in a pond with a very different temperature, salinity, pH and dissolved 
oxygen below 80 %. Big differences in these parameters (e.g. 1 °C, 1 psu) will 
promote immediate mass mortality. Transportation should be performed considering 
the aspects discussed in Sykes et al. (2012), such as duration and eventual use of 
anaesthesia. Acclimation after transportation similar to that achieved for fish in an 

 

A. V. Sykes et al.

Fig. 11.5  Juvenile and adult grow out in tanks. a 1,500 L not painted. b 1,500 L painted in black 
and earthen ponds. c Pond at Necton, S.A. and cuttlefish juveniles. (Photos by A Sykes)
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aquarium should be enforced to obtain the best results. While culturing in ponds, 
water inlet and outlet filters of appropriate sizes should be used to prevent predator 
inputs and cuttlefish outputs. In addition, net barriers should be used for prevent-
ing cuttlefish capture by birds. Since these ponds are dynamic ecological systems, 
with proper fauna and flora, the use of oxygenators to efficiently supersaturate 
the rearing water is recommended. This might be performed either by mechanical 
movement (paddles) or by oxygen injection and will be particularly important at 
high water temperatures, in very productive waters and especially during night-
time, when microalgae also consume oxygen.

The pros and cons of using either tanks or ponds are presented in Table 11.4.

11.6.2  Density

Published information provides data regarding density in either open, semi-open and 
closed systems. As in other life stages, considering not only densities but also the 

Table 11.4  Pros and cons of tanks versus earthen ponds
Variables Tanks Earthen ponds
Temperature Only controlled in semi-open and 

closed seawater systems
Not controlled

Salinity Only controlled in semi-open and 
closed seawater systems

Not controlled or hard and expensive 
to control

Dissolved oxygen Fully controlled Controlled through the use of aerators 
but primary productivity may gener-
ate spikes of lower oxygen during 
the night

Nitrogenous 
compounds

Controlled in open and semi-open 
systems

Controlled in ponds with water renewal

Density/biomass Fully controlled Hard to control due to water turbidity
Mortality/

cannibalism
Fully controlled Hard to control due to water turbidity

Food/feeding 
hierarchies

Controlled Controlled

Predators None Require bird nets, filters of appropriate 
size in inlet water supply, if water 
renewal is used

System setup and 
maintenance

Logistics, time consuming and 
expensive in setup Maintenance 
is time consuming

Expensive in pond setup. Low expenses 
during maintenance

Filters inlet/outlet Inlet filters in water of the facili-
ties are expensive and require 
logistics and maintenance. Outlet 
filters used to prevent escape of 
animals

Inlet filters to prevent entrance of 
natural predators. Outlet filters to 
prevent escape of animals. Both are 
time consuming

Type of culture Intensive and semi-intensive Intensive, semi-intensive and extensive
Type of integrated 

aquaculture
Water used for growth of micro or 

macroalgae after leaving the tank
Pond used for bivalves and water used 

for micro or macroalgae after leav-
ing the pond
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available bottom area is of maximum importance. Forsythe et al. (1994) suggested 
a density of 20 cuttlefish m−2 in closed seawater systems at this ongrowing stage 
but, despite recognizing that bottom areas are important, no value was provided. 
A density of 400 cuttlefish m−2 is suggested by Forsythe et al. (2002) in 1,800 L 
circular tanks and closed seawater system. From this study, performed at rearing 
temperatures of 25 °C, this very high density is on the verge of impacting growth 
and survival, due to the increase of biomass present in the tanks.

As for densities in flow-through seawater systems, Sykes et al. (2003) suggested 
the use of 120 cuttlefish m−2 and minimum area of about 1,083 cm2 (in 10 L raceway 
tanks), when starting a new juvenile tank with individuals of approximately 5 g. Ac-
cording to these authors, these density and bottom area values are valid for animals 
up to 25 g. Likewise, Domingues and Marquez (2010) studied the effects of both 
density and bottom areas in open seawater systems (in concrete raceway tanks) and 
obtained results that support the use of high-density and large bottom areas (33 cut-
tlefish m−2 with an average weight of 9.5 g), registering similar feeding rates (≈ 10 % 
body weight d−1) but different food conversions. In fact, mortality and growth were 
similar between high- and low-density tanks using similar large bottom areas, which 
indicate that the bottom area seems to be more important than the density itself.

Independently from the rearing seawater system, density must be decreased and 
bottom areas increased while cuttlefish grows. It is suggested that, from 30 DAH to 
10 g, the cited values of Sykes et al. (2003) should be used and from this weight and 
to maturation (which is temperature dependable) the findings of Domingues and 
Marquez (2010) should be considered.

If cuttlefish is reared in earthen ponds, special attention should be paid to the 
density and bottom areas, considering the fast growth rates that the species display 
and the inability to correctly observe what is happening within the ponds. If the 
pond’s carrying capacity and biological limits are reached, cuttlefish mass mortality 
and loss of total biomass produced will occur. This will be due to the inability to 
clean the pond which will result in a spike in nitrogenous compounds and a drop in 
dissolved oxygen. A common observation to detect that this limit is being reached 
is to find eaten cuttlefish or cuttlebones in the pond as well as cuttlefish floating or 
swimming in the pond’s surface.

11.6.3  Food

According to Warnke (1994), when cuttlefish are fed in a group, individuals hunt 
three times faster than when isolated, more food is ingested and feeding hierarchies 
are established.

Currently, growout of cuttlefish juveniles is performed with crustaceans as diet, 
mainly the grass shrimp—P� varians (Sykes et al. 2006a). This is due to the easi-
ness of collection (logistics) and results obtained with this diet (Sykes et al. 2006a). 
Nonetheless, several different food items have been tested throughout the years, 
either solely or as mixed diets. Domingues et al. (2001a, b) used the crab C� maenas; 
Domingues et al. (2002, 2003b) and Sykes et al. (2006a) used live or frozen P� 
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varians with success. DeRusha et al. (1989); Domingues et al. (2004) and Almansa 
et al. (2006) tested the effect of exclusively using fish and reported lower growth 
than when using grass shrimp.

Despite all this effort, it is not economically viable to produce cuttlefish in large 
numbers with a growout based on any of those foods. Not only is the amount of 
food biomass too high but also the availability of these food resources is scarce. 
Therefore, further research has been performed with the objective of developing 
alternative diets to cephalopods. Several works regarding trials on artificial diets 
were performed first by Lee et al. (1991), Castro and colleagues (Castro 1991; 
Castro et al. 1993; Castro and Lee 1994) and, more recently, by Domingues et al. 
(2005, 2008) and Ferreira et al. (2010). However, all these attempts to feed cuttle-
fish on a prepared diet failed to achieve proper growth and survival (for details, see 
Table 11.5). Fish pellets have also been tried and accepted by juvenile cuttlefish. 
However, after only 2 days, individuals started to reject this food and cannibalism 
was observed.

The lack of proper knowledge regarding the physiology and metabolism of the 
species, at different geographical locations, has hampered the existence of a suc-
cessful design. Only by having a well-designed, inexpensive and storable artificial 
diet, cuttlefish aquaculture will reach its maturity and industrial stage (Sykes et al. 
2006b). In this way, Domingues et al. (2009) tested the effects of thermal treatment 
of food given to cuttlefish and obtained interesting growth and survival data that 
suggest this process affects diet quality, by provoking protein denaturation, washing 
of proteins and amino acids and lipid oxidation. Current research in Portugal is 
focused on developing new diets based on the most recent knowledge regarding 
cuttlefish physiology, metabolism and raw materials. Up to now, similar results to 
those obtained by Hanlon et al. (1991) and Lee et al. (1991) were registered. None-
theless, the lack of knowledge regarding cuttlefish physiology and metabolism still 
remains as the bottleneck to overcome.

11.6.4  Cleaning Techniques

In ponds, periodical cleaning is only performed at the inlet and outlet filters but 
several cleaning routines should be performed in tanks.

According to Forsythe et al. (1994), no substratum is needed for normal growth and 
survival, even in cultures performed at high densities. This practice not only facilitates 
cleaning itself but also prevents pathologies and promotes good welfare under culture 
conditions (Sykes et al. 2012). Tanks should be siphoned daily with a hose and purged 
(total time spent will depend on the water quality and volume of the tank). On a weekly 
basis, airlifts, air stones and water outlet filters should be cleaned with a scrubber with 
tap water. Afterwards, these elements should be kept for 24 h in Atlantol 914 (Atlantol, 
Belgium), rinsed with tap water and then placed in VirkonS (DuPont Animal Health 
Solutions, Europe) for 15 min. Finally, all these materials should once again be abun-
dantly rinsed with tap water. The nets or any material used for animals handling should 
follow a similar procedure to avoid contaminations, pathologies and spread of diseases.
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11.6.5  Growth, Survival and Sampling

Time to marketable size will greatly depend on the requested product itself. For 
instance, in some Mediterranean countries, such as Portugal and Italy, undersized 
cuttlefish individuals (5–25 g) are extremely appreciated and their commercial 
value is higher than that of animals surpassing 100 g. Time to market will also be 
dependent on culture conditions, especially temperature and food.

S� officinalis is cultured extensively in Portugal, Italy and Tunisia. By definition, 
this type of culture does not involve human action at the food level, so eggs are caught 
and left in earthen ponds with naturally occurring prey, where animals are grown 
and collected a few months later when they reach the marketable size. According to 
Palmegiano and Sequi (1981), in this type of culture, 0.15–0.30 kg of eggs will produce 
800–1,200 kg of cuttlefish with a mean weight of 0.04–0.08 g. The semi-intensive 
experiments performed in Italy in the 1980s obtained fast growth rates (14.2 g in 60 
days, at 21–24 °C in ponds (Palmegiano and Sequi 1981); 25 g in 40 days and 80 g in 
100 days, at 21–24 °C in concrete tanks (Palmegiano and Sequi 1984); 80 kg ha−1 in 
90 days, at 21–24 °C in net cages in ponds (Sequi and Palmegiano 1984)).

Similar high growth rates were obtained in 2004, in earthen ponds of a com-
mercial company at Algarve (Portugal; unpublished data). From an initial biomass 
of 600 g of cuttlefish juveniles (with mean wet weight of 1.65 ± 0.62 g), 5,000 g of 
cuttlefish (30.75 ± 11.25 g) were produced in 52 days, with a mean water tempera-
ture of 21.3 ± 2.0 °C. Higher growth rates were not obtained due to problems related 
to initial adaptation of cuttlefish to unfavourable conditions, such as oxygen deple-
tion, lack of food during the fattening and bird predation observed during fishing 
at the end of the experiment. These factors promoted an overall mortality of 35 %.

Summarizing and comparing data in tanks from Sykes et al. (2006a) with those 
obtained in earthen ponds, it is possible to see that it takes longer (70–90 days in total) 
to achieve a similar mean weight in tanks than in ponds, when cuttlefish is reared at a 
similar temperature. When food is available and other identified conditions are met, 
cuttlefish will grow faster outdoors than indoors, which is in accordance to the find-
ings of Domingues et al. (2006). So depending on the weight request, it is possible 
to produce cuttlefish to meet market demands within 2–3 months or even less. To 
maintain a high-quality product for human consumption and enforce the best welfare 
practice, cuttlefish should be killed by thermal shock in ice slurry water.

11.7  Trends in Research and Industrial Level

The bottlenecks in the cuttlefish culture identified by Sykes et al. (2006b)—repro-
duction, feeding and nutrition—are still under research. They need to be solved to 
improve the current methodology and thereby apply to an industrial scale.

Currently, Centro de Ciências do Mar do Algarve (CCMAR) is the only research 
centre performing the culture of European cuttlefish in large numbers and they are 
able to supply cultured animals to research centres and public aquaria. In terms of 
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application, there is potential beyond aquaculture for human consumption, devel-
opment of refined guidelines and best practice methods for cuttlefish culture. For 
instance, it is expected that cuttlefish will become the marine laboratory rat, as ani-
mals are needed for formation in aquaria or universities and as marine animal mod-
els for research. As a matter of fact, cuttlefish is included as one of the model species 
available at EMBRC, a platform created by the EU to facilitate research with animal 
models, such as specific inbred animals only obtained under culture conditions.

Regarding aquaculture, while commercial retailers are eager to get cultured cut-
tlefish, with the most appreciated sizes (e.g. cuttlefish under the allowed limit for 
being captured), the aquaculture industry sees the development of this technology 
as one with a very low potential, such as something that will never be reached.

At present, gaps in the knowledge of cuttlefish biology, the time expended to 
develop the culture methods (due to the low number of researchers and research 
laboratories involved) and the fact that most of the aquaculture investors who are 
quite unadventurous with regard to business planning are still hampering the ex-
cellent opportunity for the diversification of marine aquaculture. The worldwide 
market prices for the species are high and the short-life cycles will support an easy 
and short payback time of the investment made. In fact, the payback can be short-
ened and profit increased if cuttlefish culture is performed in integrated aquaculture. 
The water of the tanks is extremely rich in nitrogenous compounds which may be 
used for micro- and macroalgae production. In addition, while performing the ex-
periments in ponds, cuttlefish can be reared at the same time with bivalve species, 
which will lower the microalgae content in the water and can be sold at the time of 
harvesting, promoting increased income.

It is also important to acknowledge that, if resources are used efficiently, the 
whole animal may be sold to be used by different transformation industries. For 
instance, cuttlefish mantle and ink not only will be used for human consumption but 
also may be enforced for recycling of by-products for feeds (e.g. cuttlefish viscera 
is naturally rich in n-3 and n-6 fatty acids and amino acids) and natural products 
(e.g. cuttlefish bone is made of aragonite and it could be used in the pharmacologi-
cal industry). For further details, see Chap. 9 ‘Applications, Uses and By-products 
from Cephalopods’ of this volume.

The species potential is there and it needs to be grasped in short-term future.

11.8  Conclusions

Steady progress in the development of cuttlefish culture technology has been 
attained since the 1980s, when this species was suggested to have a potential for 
aquaculture due to the short life cycle and high market prices which translates into 
short payback time of the investment. This chapter of the book includes a very 
thorough description of the methods to culture cuttlefish. However, the existing 
knowledge is still not sufficient to sustain the culture of the species at the industrial 
level for human consumption. This is due to the existing bottlenecks regarding 
reproduction, feeding and nutrition that are currently being researched.
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The species has an incredible potential regarding its use in integrated aquaculture 
with bivalves and regarding the use of the whole animal as a resource for different 
transformation industries, such as recycling of by-products for feeds and other phar-
macological products. The species is also seen as a very interesting animal model 
for several fields of research that include physiology, genetics, etc. For instance, the 
opportunity to have this animal model culture in the laboratory will allow for inbred 
samples for upcoming research on the Sepia genome. The existing culture protocols 
allow for small-scale culture for the supply of research centres and public aquaria.

References

Almansa E, Domingues P, Sykes A et al (2006) The effects of feeding with shrimp or fish fry on 
growth and mantle lipid composition of juvenile and adult cuttlefish (Sepia officinalis). Aqua-
culture 256:403–413

Barnabé G (1996) Bases biologiques et écologiques de l’aquaculture. Editorial Acribia, S.A., Zaragoza
Blanc A, Daguzan J (1998) Artificial surfaces for cuttlefish eggs (Sepia officinalis L.) in Morbihan 

Bay, France. Fish Res 38:225–231
Boal JG (1997) Female choice of males in cuttlefish (Mollusca: Cephalopoda). Behaviour 

134:975–988
Boal JG (2006) Social recognition: a top down view of cephalopod behaviour. Vie Milieu 56:69–79
Boal JG, Golden DK (1999) Distance chemoreception in the common cuttlefish, Sepia officinalis 

(Mollusca, Cephalopoda). J Exp Mar Biol Ecol 235:307–317
Boal JG, Marsh SE (1998) Social recognition using chemical cues in cuttlefish (Sepia officinalis 

Linnaeus, 1758). J Exp Mar Biol Ecol 230:183–192
Boal JG, Hylton RA, Gonzalez SA et al (1999) Effects of crowding on the social behavior of 

cuttlefish (Sepia officinalis). Contemp Top Lab Anim Sci 38:49–55
Boletzky SV (1983) Sepia officinalis. In: Boyle PR (ed) Cephalopod life cycles. Academic Press, 

London, pp 31–52
Boletzky SV (1987) Fecundity variation in relation to intermittent or chronic spawning in the 

cuttlefish, Sepia officinalis L. (Mollusca, Cephalopoda). Bull Mar Sci 40:382–387
Boletzky SV (2003) Biology of early life stages in cephalopod molluscs. Adv Mar Biol 44:143–203
Boletzky SV, Erlwein B, Hofmann DK (2006) The Sepia egg: a showcase of cephalopod embryol-

ogy. Vie Milieu 56:191–201
Boucaud-Camou E (1989) L’Aquaculture des cephalopodes: evaluation et perspectives. Haliotis 

19:201–214
Boucaud-Camou E (1990) La Seiche, un animal d’avenir. Peche Maritime 69:321–329
Castro BG (1991) Can Sepia officinalis L be reared on artificial food. Mar Behav Physiol 19:35–38
Castro BG, Lee PG (1994) The effects of semi-purified diets on growth and condition of Sepia 

officinalis L (Mollusca, Cephalopoda). Comp Biochem Physiol A Physiol 109:1007–1016
Castro BG, Dimarco FP, Derusha RH et al (1993) The effects of surimi and pelleted diets on the 

laboratory survival, growth, and feeding rate of the cuttlefish Sepia officialis L. J Exp Mar Biol 
Ecol 170:241–252

Coelho ML, Modesto T, Soares F (1989) Sepia officinalis: potential for aquaculture and restocking. 
In: Boucaud-Camou E (ed) The cuttlefish. Université de Caen, Caen, p 348

Correia M, Domingues PM, Sykes A et al (2005) Effects of culture density on growth and broodstock 
management of the cuttlefish, Sepia officinalis (Linnaeus, 1758). Aquaculture 245:163–173

Correia M, Palma J, Andrade JP (2008a) Effects of live prey availability on growth and survival in 
the early stages of cuttlefish Sepia officinalis (Linnaeus, 1758) life cycle. Aquacult Res 39:33–40

Correia M, Palma J, Kirakowski T et al (2008b) Effects of prey nutritional quality on the growth 
and survival of juvenile cuttlefish, Sepia officinalis (Linnaeus, 1758). Aquacult Res 39:869–876

11 Sepia officinalis



202

Derusha RH, Forsythe JW, Dimarco FP et al (1989) Alternative diets for maintaining and rearing 
cephalopods in captivity. Lab Anim Sci 39:306–312

Domingues P, Marquez L (2010) Effects of culture density and bottom area on growth and survival 
of the cuttlefish Sepia officinalis (Linnaeus, 1758). Aquacult Int 18:361–369

Domingues P, Poirier R, Dickel L et al (2003a) Effects of culture density and live prey on growth 
and survival of juvenile cuttlefish, Sepia officinalis. Aquacult Int 11:225–242

Domingues P, Sykes A, Sommerfield A et al (2003b) Effects of feeding live or frozen prey on 
growth, survival and the life cycle of the cuttlefish, Sepia officinalis (Linnaeus, 1758). Aqua-
cult Int 11:397–410

Domingues P, Sykes A, Sommerfield A et al (2004) Growth and survival of cuttlefish (Sepia 
officinalis) of different ages fed crustaceans and fish. Effects of frozen and live prey. Aquacul-
ture 229:239–254

Domingues P, Ferreira A, Marquez L et al (2008) Growth, absorption and assimilation efficiency 
by mature cuttlefish (Sepia officinalis) fed with alternative and artificial diets. Aquacult Int 
16:215–229

Domingues P, Marquez L, López N et al (2009) Effects of food thermal treatment on growth, 
absorption, and assimilation efficiency of juvenile cuttlefish, Sepia officinalis. Aquacult Int 
17:283–299

Domingues PM, Kingston T, Sykes A et al (2001a) Growth of young cuttlefish, Sepia officinalis 
(Linnaeus 1758) at the upper end of the biological distribution temperature range. Aquacult 
Res 32:923–930

Domingues PM, Sykes A, Andrade JP (2001b) The use of Artemia sp or mysids as food source for 
hatchlings of the cuttlefish (Sepia officinalis L.); effects on growth and survival throughout the 
life cycle. Aquacult Int 9:319–331

Domingues PM, Sykes A, Andrade JP (2002) The effects of temperature in the life cycle of two 
consecutive generations of the cuttlefish Sepia officinalis (Linnaeus, 1758), cultured in the 
Algarve (South Portugal). Aquacult Int 10:207–220

Domingues PM, Dimarco FP, Andrade JP et al (2005) Effect of artificial diets on growth, survival 
and condition of adult cuttlefish, Sepia officinalis Linnaeus, 1758. Aquacult Int 13:423–440

Domingues PM, Bettencourt V, Guerra A (2006) Growth of Sepia officinalis in captivity and in 
nature. Vie Milieu 56:109–120

Establier R, Pascual E (1983) Effects of cadmium and copper on the development of eggs of Sepia 
officinalis L. Inv Pesquera 47:143–150

FAO (2010) The state of world fisheries and aquaculture 2010. Food and Agriculture Organization 
of the United Nations, Rome

FAO (2012) The state of world fisheries and aquaculture 2012. Food and Agriculture Organization 
of the United Nations, Rome

FAO-FIGIS (2012) Fisheries Global Information System (FIGIS). http://www.fao.org/fishery/
figis/en. Accessed 15 July 2012

Ferreira A, Marquez L, Almansa E et al (2010) The use of alternative diets to culture juvenile cut-
tlefish, Sepia officinalis: effects on growth and lipid composition. Aquacult Nutr 16:262–275

Forsythe JW, Van Heukelem WF (1987) Growth. In: Boyle PR (ed) Cephalopod life cycles. Aca-
demic Press, Inc., London, pp 135–156

Forsythe JW, Hanlon RT, Derusha R (1991) Pilot-scale culture of Sepia in biomedical research. In: 
Boucaud-Camou E (ed) The cuttlefish. Centre de Publications de l’Université de Caen, Caen, 
pp 313–323

Forsythe JW, Derusha RH, Hanlon RT (1994) Growth, reproduction and life-span of Sepia officinalis 
(Cephalopoda, Mollusca) cultured through 7 consecutive generations. J Zool 233:175–192

Forsythe J, Lee P, Walsh L et al (2002) The effects of crowding on growth of the European cuttlefish, 
Sepia officinalis Linnaeus, 1758 reared at two temperatures. J Exp Mar Biol Ecol 269:173–185

Grigoriou P, Richardson A (2004) Aspects of the growth of cultured cuttlefish Sepia officinalis 
(Linnaeus, 1758). Aqua Res 35: 1141–1148.

Gonçalves JMA (1989) Perspectivas de repovoamento e aquacultura de Sepia officinalis (Mollusca: 
Cephalopoda) em sistemas lagunares costeiros. Açoreana 7:143–152

A. V. Sykes et al.

http://www.fao.org/fishery/figis/en
http://www.fao.org/fishery/figis/en


203

Hanley JS, Shashar N, Smolowitz R et al (1999) Soft-sided tanks improve long-term health of 
cultured cuttlefish. Biol Bull 197:237–238

Hanlon RT (1990) Maintenance, rearing and culture of teuthoid and sepioid squids. In: Guilbert 
DL, Adelman WJ Jr, Arnold JM (ed) Squid as experimental animals. Plenum Press, New York, 
pp 35–61

Hanlon RT, Forsythe JW (1985) Advances in the laboratory culture of Octopuses for biomedical 
research. Lab Anim Sci 35:33–40

Hanlon RT, Messenger JB (1996) Cephalopod behaviour. Cambridge University Press, New York
Hanlon RT, Bidwell JP, Tait R (1989) Strontium is required for statolith development and thus 

normal swimming behavior of hatchling cephalopods. J Exp Biol 141:187–195
Hanlon RT, Turk PE, Lee PG (1991) Squid and cuttlefish mariculture: an updated perspective. 

J Ceph Biol 2:31–40
Hanlon RT, Ament SA, Gabr H (1999) Behavioral aspects of sperm competition in cuttlefish, 

Sepia officinalis (Sepioidea: Cephalopoda). Mar Biol 134:719–728
Koueta N, Boucaud-Camou E (1999) Food intake and growth in reared early juvenile cuttlefish 

Sepia officinalis L (Mollusca Cephalopoda). J Exp Mar Biol Ecol 240:93–109
Koueta N, Boucaud-Camou E (2003) Combined effects of photoperiod and feeding frequency on 

survival and growth of juvenile cuttlefish Sepia officinalis L. in experimental rearing. J Exp 
Mar Biol Ecol 296:215–226

Koueta N, Andrade JP, Von Boletzky S (2006) The cuttlefish Sepia officinalis a working model in 
cephalopod research. Vie Milieu 56:67–67

Laptikhovsky V, Salman A, Onsoy B et al (2003) Fecundity of the common cuttlefish, Sepia 
officinalis L. (Cephalopoda, Sepiidae): a new look at an old problem. Sci Mar 67:279–284

Lee PG, Forsythe JW, Dimarco FP et al (1991) Initial palatability and growth trials on pelleted 
diets for cephalopods. Bull Mar Sci 49:362–372

Lemaire J (1971) Étude du developpement embryonnaire de Sepia officinalis L. (Mollusque, 
Cephalopode). Universite des Sciences et Techniques Lille, France

Martins CIM, Eding EH, Verdegem MCJ et al (2010) New developments in recirculating aquacul-
ture systems in Europe: a perspective on environmental sustainability. Aquacult Eng 43:83–93

Naef A (1928) Die Cephalopoden (Embryologie), Fauna e Flora del Golfo di Napoli. Naples. 
English edition: Naef A (1992) Cephalopoda Embryology, Fauna and flora of the Bay of 
Naples (trans: Boletzky Sv). Smithsonian Institution Libraries, Washington, DC

Nixon M (1985) Capture of prey, diet and feeding of Sepia officinalis and Octopus vulgaris 
(Mollusca: Cephalopoda) from hatchling to adult. Vie Millieu 35:255–261

Nixon M, Mangold K (1998) The early life of Sepia officinalis, and the contrast with that of 
Octopus vulgaris (Cephalopoda). J Zool 245:407–421

Oestmann DJ, Scimeca JM, Forsythe JW et al (1997) Special considerations for keeping cephalo-
pods in laboratory facilities. Contemp Top Lab Anim Sci 36:89–93

Palmegiano GB, Sequi R (1981) On the possibility of the introduction of cuttlefish (Sepia offici-
nalis L.) in a management strategy for the coastal lagoons. In: Symposium International sur les 
Lagunes Cotieres. Bordeaux, France 8–14 September 1981, pp 1–9

Palmegiano GB, Sequi R (1984) Allevamento estensivo di Sepia officinalis L. Agricoltura e 
Ricerca 41:49–56

Paulij WP, Zurburg W, Denuce JM et al (1990) The effect of copper on the embryonic-development 
and hatching of Sepia officinalis L. Arch Environ Contam Toxicol 19:797–801

Paulij WP, Herman PMJ, Roozen MEF et al (1991) The influence of photoperiodicity on hatching 
of Sepia officinalis. J Mar Biol Assoc UK 71:665–678

Quintela J, Andrade JP (2002) Diel feeding rhythms, daily ration and gastric evacuation rates of 
Sepia officinalis in the Ria Formosa lagoon (south Portugal). Bull Mar Sci 71:665–680

Richard A (1971) Contribuition à l’étude expérimentale de la croissance et de la maturation 
sexuelle de Sepia officinalis L. (Mollusque, Céphalopode). Université de Lille, Lille, p 264

Rodger GK, Davies IM (2000) Summary of mariculture production in countries neighbouring the 
European Union. J Appl Ichthyol 16:224–229

11 Sepia officinalis



204

Sendão J, Borges TC, Xavier JC (2007) Cephalopoda. In: Borges TC (ed) Biodiversity in the 
fisheries of algarve (South Portugal). Results of program MARE (22-05-01-FDR-00031). 
Universidade do Algarve, Faro, p 685

Sequi R, Palmegiano GB (1984) Some alternatives for the use of cuttlefish (Sepia officinalis L.) 
resources in coastal lagoons. In: GFCM Studies and Reviews—Management of Coastal Lagoons 
Fisheries. FAO, Rome, pp 607–614

Shashar N, Hagan R, Boal JG et al (2000) Cuttlefish use polarization sensitivity in predation on 
silvery fish. Vision Res 40:71–75

Shashar N, Milbury CA, Hanlon RT (2002) Polarization vision in cephalopods: neuroanatomical 
and behavioral features that illustrate aspects of form and function. Mar Fresh Behav Physiol 
35:57–68

Sykes AV, Domingues PM, Loyd M et al (2003) The influence of culture density and enriched 
environments on the first stage culture of young cuttlefish, Sepia officinalis (Linnaeus, 1758). 
Aquac Int 11:531–544

Sykes AV, Domingues PM, Andrade JP (2004) Nucleic acid derived indices or instantaneous 
growth rate as tools to determine different nutritional condition in cuttlefish (Sepia officinalis, 
Linnaeus 1758) hatchlings. J Shellfish Res 23:585–591

Sykes AV, Domingues PM, Andrade JP (2006a) Effects of using live grass shrimp (Palaemonetes 
varians) as the only source of food for the culture of cuttlefish, Sepia officinalis (Linnaeus, 
1758). Aquac Int 14:551–568

Sykes AV, Domingues PM, Correia M et al (2006b) Cuttlefish culture—state of the art and future 
trends. Vie Milieu 56:129–137

Sykes AV, Almansa E, Lorenzo A et al (2009) Lipid characterization of both wild and cultured 
eggs of cuttlefish (Sepia officinalis L.) throughout the embryonic development. Aquac Nut 
15:38–53

Sykes AV, Domingues PM, Marquez L et al (2011) The effects of tank colours on the growth and 
survival of cuttlefish (Sepia officinalis, Linnaeus 1758) hatchlings and juveniles. Aquac Res 
42:441–449

Sykes AV, Baptista FD, Gonçalves RA et al (2012) Directive 2010/63/EU on animal welfare: 
a review on the existing scientific knowledge and implications in cephalopod aquaculture 
research. Rev Aquac 4:142–162

Sykes AV, Gonçalves RA, Andrade JP (2013a) Early weaning of cuttlefish (Sepia officinalis) with 
frozen grass shrimp (Palaemonetes varians) from the first day after hatching. Aquacult Res 
44: 1815–1823, doi:10.1111/j.1365-2109.2012.03186.x

Sykes AV, Pereira D, Rodríguez C et al (2013b) Effects of increased tank bottom areas on 
cuttlefish (Sepia officinalis, L.) reproduction performance. Aquacult Res  44: 1017–1028.
doi:10.1111/j.1365-2109.2012.03106.x

Sykes AV, Quintana D, Andrade JP (2013c) The effects of light intensity on growth and sur-
vival of cuttlefish (Sepia officinalis, Linnaeus 1758) hatchlings and juveniles. Aquac Res 
(in press), doi:10.1111/are.12150

Warnke K (1994) Some aspects of social interaction during feeding in Sepia officinalis (Mollusca: 
Cephalopoda) hatched and reared in the laboratory. Vie Milieu 44:125–131

Zatylny C, Gagnon J, Boucaud-Camou E et al (2000) ILME: a waterborne pheromonal peptide 
released by the eggs of Sepia officinalis. Biochem Biophys Res Commun 275:217–222

Zatylny C, Marvin L, Gagnon J et al (2002) Fertilization in Sepia officinalis: the first mollusk 
sperm-attracting peptide. Biochem Biophys Res Commun 296:1186–1193

 

A. V. Sykes et al.



205

Chapter 12
Sepia pharaonis

Jaruwat Nabhitabhata

J. Iglesias et al. (eds.), Cephalopod Culture, DOI 10.1007/978-94-017-8648-5_12, 
© Springer Science+Business Media Dordrecht 2014

J. Nabhitabhata ()
Excellence Centre for Biodiversity of Peninsular Thailand, Faculty of Science, 
Prince of Songkla University, Hatyai, Songkhla 90112, Thailand
e-mail: jaruwat.n5@gmail.com; jaruwat.n@psu.ac.th

Abstract The pharaoh cuttlefish, Sepia pharaonis, is one of the largest and eco-
nomically important sepiid cuttlefish in the Indo-Southwest Pacific region. The 
species became a focus for aquaculture when all previous researches agreed that it 
is an “easy-to-culture” species due to its reproducibility and high tolerability to cul-
ture conditions, hence a high feasibility for commercial scale culture. The cuttlefish 
benthic habit is one of the advantages for high-density culture which results in high 
survival. The aquaculture process comprises a collection of live broodstocks, incu-
bation of eggs, nursing of young and growout. The culture methodology is studied 
in tropical and temperate countries either in closed or in opened seawater systems. 
Several consecutive generations can be cultured in both systems. Different culture 
conditions yield different results in growth, final size and longevity of life span. 
Success in training the pharaoh cuttlefish to feed on dead food yields the success of 
the culture. The cuttlefish can be cultured as human food, fresh and frozen, orna-
mental and experimental animals. Various sizes of cuttlefish supplying such various 
purposes can be produced through difference in culture periods. Innate feeding on 
specific live prey during the early phase of cuttlefish life is the bottleneck for large-
scale culture.

Keywords Sepia pharaonis · Large cuttlefish · Benthic habit · High tolerability · 
Closed and opened seawater systems · Consecutive generations · Various purposes

12.1  Importance of this Species in the Market

The vernacular of the pharaoh cuttlefish, Sepia pharaonis, in Thai is “pla muek kra-
dong lai sua” and in Japanese is “torafu-kouika”. Both names similarly mean “tiger 
cuttlefish” after the transverse striped pattern on the dorsum, especially in the male. 
The pharaoh cuttlefish is a neritic demersal species, occurring in coastal shallows 
down to a depth of 100 m (Chotiyaputta 1995). The geographical distribution of 
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this species covers the Indian Ocean and the West Pacific, 50–150°E, 40°N–30°S 
(Reid 1998; Reid et al. 2005). This cuttlefish is one of the largest sepiid species of 
economic importance (Supongpan 1995). Roper et al. (1984) and Reid et al. (2005) 
have stated that the maximum size of S� pharaonis is between 350 and 420 mm in 
mantle length and between 4,200 and 5,000 g in weight, respectively. Chotiyaputta 
(1982, 1995) have reported that the maximum size of this species in Thailand is 
about 260 mm in mantle length and 1,400 g in body weight, the most common sizes 
captured being between 40 and 260 mm. In India, the sizes of the mostly captured 
cuttlefish are between 90 and 230 mm, with a maximum size of 334 mm (Nair 
et al. 1993; Silas et al. 1985). Females are larger than males, and the male to female 
sex ratio in the wild is 1:3. The individual fecundity averages 1,400 (800–2,700) 
eggs in the wild stocks (Chotiyaputta 1979, 1980, 1981, 1982). The spawning is 
intermittent terminal and occurs all the year round, with two peaks annually, as a 
consequence of the plasticity in their life cycle, which is less than 1 year either in 
the short or long mode (Nabhitabhata and Nilaphat 1999).

The total capture of the cuttlefish worldwide is approximately 500,000 t, and 
has exceeded 250,000 t since 1977, 300,000 t from 1991 to 2008 with a rise to 
more than 400,000 t during 1995–2002 (Jereb et al. 2005; Food and Agriculture 
Organization of the United Nations 2010). The major producers of total cuttlefish 
are China (> 50 %) and Thailand (> 15 %). The pharaoh cuttlefish, S� pharaonis, 
constitutes about 16 %, or 10,000 t, of the approximately 60,000 t of total cuttlefish 
that is landed annually by commercial fishing in Thailand. The yield is mainly from 
offshore otter-board and pair trawlers (> 90 %), with some addition from inshore 
squid trapping, trammel netting, push netting, lift netting and other artisanal fishing 
activities (Nair et al. 1993; Supongpan 1995). The main target species of squid traps 
is the bigfin squid, Sepioteuthis lessoniana that constitutes 90–95 % of the catch, 
but S� pharaonis is a major by-catch, of approximately 5–10 %, with a maximum of 
30 % (Boongerd and Rachaniyom 1990; Chotiyaputta and Yamrungreung 1998; De-
partment of Fisheries 2009; see also Chap. 17 of this volume). For the 2,000–7,000 t 
annual yield of cephalopods from inshore trap fishing in Thailand since 1981, the 
cuttlefish yield is about 100–700 t (Department of Fisheries 2012).

The cuttlefish S� pharaonis is normally benthic in habit and ritually lies on or 
burrows into the substratum. The pharaoh cuttlefish is habitually solitary, but is also 
referred to as being moderately aggregative (Chikuni 1983; Nabhitabhata 1978). 
Nair et al. (1985) reported that adult S� pharaonis in the wild had a strong positive 
phototaxis, but this is different from observations in captivity, where this species has 
a moderate positive phototaxis. After 1–3 h of lighting, only about 50 % of the cuttle-
fish hatchlings move from the dark chamber to the light chamber in an experimental 
tank (Nabhitabhata, unpublished data). This moderately positive response agrees 
well with the evidence that the major catch of this species was not from the light-
luring fishing but from the trawling, which is in contrast to loliginid squid fishing.

Large-scale aquaculture of the pharaoh cuttlefish has been studied since 1978 
(Nabhitabhata 1978) in Thailand, later in India (Anil et al. 2005) and the USA 
(Minton et al. 2001). The low growth rate and small final weight of about 370 g 
obtained in captivity are disadvantageous for aquaculture in terms of quantitative 
production compared to those with larger weight of more than 1,000 g from fisheries 
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(Nabhitabhata 1995, 2000; Nabhitabhata and Nilaphat 1999). However, the small 
weight of 370 g turns out to be an advantage, since the small final size is optimal for 
frozen human food product processing and packaging. In addition, the live cuttle-
fish of this size are more suitable for ornamental aquarium displays.

12.2  State of the Art

The culture of the pharaoh cuttlefish throughout the life cycle is feasible in either 
open or closed seawater systems. Broodstocks collected from the wild can reproduce 
in captivity. Egg capsules are collected and nursed under a controlled environment 
until hatching after about 14 days at 28 °C. The hatching rate is higher than 90 %. 
Hatchlings are fed with wild-collected live food for about 30 days (Nabhitabhata 
and Nilaphat 1999). The volume of water and density are managed to facilitate rapid 
growth and a high survival in the nursing phase. The ongrowing phase starts after 
the young are trained to feed on dead food, which is the critical period for aquacul-
ture. The daily growth rate is 1.4 % in length and 3.4 % in weight, throughout the 
culture period of 210 days. The final size varies depending on the culture condi-
tions, e.g. temperature, nutritional content of food, period of training, etc. Less than 
500 g weight of the cuttlefish is required for the frozen food industry (Nabhitabhata 
1995). The culture period is recommended to be about 150–210 days with harvest 
before spawning. Live cuttlefish of similar size are required for the home aquarium 
trade. Live feed required in the nursing phase is the bottleneck for large-scale aqua-
culture. However, the large-scale production of live feed and the additional enriched 
Artemia is feasible. The feasibility of producing artificial feed for the ongrowing 
phase is higher than that for the nursing phase.

12.3  Broodstock Maintenance

Live pharaoh cuttlefish are collected alive from squid traps operating near the shore 
in Thai waters. The local fisherman maintains live cuttlefish in a partition of the boat 
where water can flow through (“live chamber”). Cuttlefish can survive for more 
than 24 h in this chamber. The body weight of the captured individuals that will 
become spawners range from 400 to 1,500 g, with a mantle length of 200–300 mm. 
At landing, cuttlefish are transferred into a plastic transportation tank, with a capac-
ity of 500 L and are then transported to the hatchery. They are maintained in 2-m3 
concrete tanks (Fig. 12.1) at a male to female ratio of 1:2, which is similar to the 
ratio of 1:1.8 that is found for cuttlefish caught in traps (Chotiyaputta and Yamrun-
greung 1998). Cuttlefish will mate within the first hour after being released into the 
tank. Pieces of fishing net, with a 25-mm mesh size and sinkers, are put in the tanks 
as artificial substrates. (For details, see also Chap. 7 “Aquaculture to Restocking”, 
this volume).
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Acclimatisation to captivity is fast, since mating and spawning in the tank pro-
ceed on the same day or in the next morning (Nabhitabhata 1978; Nabhitabhata and 
Nilaphat 1999). The females attach their egg capsules in clusters to the artificial 
substrates. The process of spawning one egg capsule takes about 1 min. In captivity, 
the wild females are able to spawn 1,600 (500–3,000) egg capsules in total before 
they die (Nabhitabhata 1978; Nabhitabhata and Nilaphat 1999). The females of cul-
tured consecutive generations produce comparatively lower numbers of eggs. The 
average individual fecundity is 175 (50–200) eggs per female, with comparatively 
smaller egg capsules being observed at 28 °C (Nabhitabhata and Nilaphat 1999) 
and 11–485 eggs at a lower temperature of 25 °C (Minton et al. 2001). Each female, 
either of wild or of cultured batches, lays eggs in one cluster or more every day or 
every other day, if they are interrupted while spawning. The species displays inter-
mittent spawning, with mating being observed between spawns. After spawning 
each cluster, the female will be tired and lies at the bottom, escorted by her mate. 
However, when she is ready to eat, she immediately seizes the first passing prey 
or dead feed. The spawning period ranges from 1 to 24 days, depending on the 
female’s size, condition and the number of eggs produced. The male escorts and 
protects her from other males during spawning (Nabhitabhata 1978; Nabhitabhata 
and Nilaphat 1999). Only other females are allowed to approach and spawn at the 
same site and time. The healthy male will turn to form a pair with another selected 
female after the last spawning of his mate. The mating and spawning are observed 
early in the morning and late afternoon.

Egg clusters are also available from the wild. The egg clusters are found attached 
to underwater substrates, i.e. seaweeds and rocks, and can be collected by skin div-
ers (Anil et al. 2005).

Artificial in vitro fertilisation has been studied between mature oocytes from the 
female oviducts and sperm from the spermatophores in the male Needham’s sac. 
About 40 % of oocytes were successfully fertilised (Nabhitabhata et al. 2001a). The 
oviducal and nidamental gland jellies are not applied to the eggs in this study. The 
eggs develop for about 4 h to the blastula stage before ceasing. In the case of natu-
rally fertilised eggs, the embryos in the capsules with a damaged coating tend to be 
infected by bacteria or fungi after a few days.

Fig. 12.1  Mating pair of 
Sepia pharaonis broodstock 
in the maintenance tank 
(male on left). (Photograph of 
J Nabhitabhata)
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12.4  Incubation of Egg Masses

12.4.1  Egg Characteristics and Hatching

The single egg is white, opaque and round in shape with a tip and stalk (Fig. 12.2). 
The egg stalks are twined with or adhered to rod or ribbon-shape or flat substrata. The 
eggs (approximately 24 mm in length, 14 mm in width) turn larger and become more 
transparent during the progress of embryonic development, reaching their largest 
sizes (35 mm in length, 24 mm in width) just before hatching. In extremely rare cases, 
two embryos embedded in one capsule are observed in one cluster of egg mass. In 
this case, the embryos are separated from each other by a septum within the capsule. 
Still, the embryonic development and hatchlings from these eggs masses are normal 
(Nabhitabhata 2003).

The hatching depends on either biotic or abiotic factors. The average embry-
onic period is 14 days (9–25) at about 25‒28 °C  (Anil et al. 2005; Minton et al. 
2001; Nabhitabhata 1978; Nabhitabhata and Nilaphat 1999) and can be shortened 
at higher temperatures (Table 12.1). The hatching period, from the hatching of the 
first to the last egg of the same cluster, is 3–10 days. More than 50 % of hatching 
occurs at night on the second and third day after the first hatching. The hatching rate 
is high, with 99 % being viable eggs from wild spawners and about 50 % by cultured 
spawners at 28 °C (Nabhitabhata and Nilphat 1999). A low hatching rate of 1.3 % 
is observed in eggs from cultured broodstocks, reared at 25 °C. Other variables of 
the hatching rate are the number of unfertilised eggs and abnormally developed 
embryos in each batch (about 1–2 %).

12.4.2  System Requirements and Management

The eggs are collected daily from the broodstock tanks and transferred to other 
tanks in the hatchery, which have controlled conditions. The eggs are collected by 
hand after the females pause their spawning on that day. They are placed and main-
tained until hatching in plastic baskets with 5 mm mesh size (Nabhitabhata 1978) 
or in suspended net bags of 10 mm mesh size (Anil et al. 2005). Baskets are inside 
a concrete tank with a 4,000-L capacity and 1.8 m diameter. In the plastic basket, 

Fig. 12.2  Eggs of Sepia 
pharaonis in sequential 
stages ( left to right) of 
embryonic development 
(0–14 days). (Photograph of J 
Nabhitabhata)
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the capsules are then separated from clusters by scissor cutting. Eggs are visually 
checked every day and the ones with dead and abnormally developed embryos are 
discarded in order to prevent the infection—decomposition of the remaining.

In an open system, the change of physical and chemical parameters should be 
minimised during the embryonic stage. Brief changes in temperature and salinity as 
well as mechanical stimuli cause premature hatching. To minimise the temperature 
fluctuation, a low water flow-through of 1 L min−1 is used. The fresh seawater is 
first pumped through a carbon filter and stored in a 200-m3 concrete tank before be-
ing supplied by gravity to the hatchery tanks. This open system is able to maintain 
an average temperature of 28 °C, with a salinity of 30–33 psu and a pH of 6.0–8.0 
(Nabhitabhata et al. 2005). The salinity required for a 50 % hatching rate of eggs is 
22–38 psu (Nabhitabhata et al. 1993b, 2001c).

Other important physical factors are turbidity or suspended solids and light. 
Turbidity should be maintained as low as possible (Nabhitabhata 1995) through 
filtration and/or prior sedimentation, particularly in open systems. Cephalopod gills 
have a low efficiency for removing sediment, high levels of suspended solids or 
high turbidity, which clog the gills and will block oxygen exchange. Any artificial 

Table 12.1  Comparison of culture conditions and production of Sepia pharaonis from various 
studies

Nair 
(1985)

Nab-
hitabhata 
(1978)

Nabhitabhata and 
Nilaphat (1999)

Minton et al. 
(2001)

Anil et al. 
(2005)

Tank system Open Open Open Closed Open
Egg incubation (days) 17–24 16 14.3 (9–25) 13.6 (11–16) 12–17
Temperature (°C) – 28 28 21–28 27–31
Hatching period 

(days)
7 2–6 3–10 – 7

Hatchling size 
(mm, g)

6.5–7 6.8, 0.25 7.7, 0.18 6.4 8, 0.16

Initial density 
(ind. m−2)

– 500 500 – 1

Maturity (first mating, 
days)

– 110 90 120 120

First spawning (days) – 110 110 207 (162–309) –
Size at maturity 

(mm, g)
– 79, 84 70, 50 171.2–228.9, 

612.5–1,317.6 
(first spawn)

95, 85

Daily growth 
(%: ML, W)

– – 1.37, 3.40 – 1.40, 3.22

Mean final size 
(mm, g)

– 104, 115 139, 275 214–230, 
980–1,320

168, 521

Max size (mm, g) – 114, 153 16.2, 375 300, 3,045 –
Mean life span (days) – – 149.4 267–369 –
Max life span (days) – 120 271 249 (25–28 °C), 

368 (21 °C)
–

ind individual, ML mantle length, W wet body weight
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lighting, as well as unnatural daily light–dark periods initiated by any human activ-
ity, should be avoided. The growth of algae and fungi on the surface of egg capsules 
due to excessive light will reduce the hatching rate by blocking the oxygen supply 
to the embryo. The attachment of algae also initiates fungal growth on the capsule 
membrane and provokes infection of the embryo. The most convenient way to re-
duce light exposure is curtaining the hatchery with a camouflage net with a light-
reducing efficiency of 80 % (Nabhitabhata et al. 2005).

From the baskets, all hatchlings pass through the basket-mesh into the tank. 
When the optimum hatchling density in the tank of 500 individuals m−2 is achieved, 
the baskets with the remaining eggs are transferred to another tank of the same wa-
ter quality. The incubation tank now becomes the nursing tank. The hatchlings are 
collected and transferred for nursing into other tanks with extreme caution, in a wet 
condition with gentle movement, in order to avoid skin damage. Such skin damage 
can subsequently cause mortality, so it could be more appropriate to transfer egg 
capsules rather than the hatchlings. (For details, see also Chap. 7 “Aquaculture to 
Restocking”, this volume).

12.5  Nursing of Young

12.5.1  Hatchling Characteristics

The overall external morphology and behaviour of the hatchling are similar to that 
of the adult. Burrowing behaviour in sandy and small gravel substrata is observed 
at 4 days after hatching. Cuttlefish are solitary in habit, lying or burrowing in the 
substratum. Gregarious behaviour is occasionally observed when fleeing from a 
common enemy or in pursuit of prey in the same direction and feeding together in a 
group after about 10 days after hatching. Such group behaviour is beneficial for the 
training period during which they feed on dead prey.

12.5.2  System Requirements and Management

Hatchlings of S� pharaonis are benthic and the water depth and density settings 
in this phase have to vary in relation to their growth (cuttlefish size), to suit the 
management of food. The water depth in tanks is adjusted to encourage aggregation 
of the live food organisms. Appropriate biomasses of live feed and cuttlefish in a 
tank reduce excess prey search activity and energy expenditure in food hunting, 
and hence promote growth. The initial water depth in the egg tanks is lowered from 
600 to 300 mm for benthic hatchlings. Instead of lowering the water depth, the egg 
baskets are floated inside a hanging net cage of a large, fine mesh (1.5 mm) that is 
placed inside a 3,000-L tank (Minton et al. 2001).
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Every day or every second day, the depth of the nursing tank is increased by 
50 mm. The initial density of the animals in the tank is 500 individuals m−2 and this 
is sequentially reduced by 20–30 % after size grading (Table 12.2). The size grading 
is performed every 10 days due to the rapid growth, and the density will be corre-
spondingly decreased to 375–400, 280–300 and about 200 individuals m−2 after 10, 
20 and 30 days, respectively. Without size grading and the reduction of the density, 
after 42 days, there is a decrease in individual size and survival observed in cultured 
cuttlefish (Barord et al. 2010). These authors reported that, at 28 °C, S� pharaonis’ 
average weight increases from 0.01 to 26.4 g in 42 days of rearing at a density of 
20 individuals m−2 with a survival of 100 %, but the weight increases to only 20.8 g 
at 100 individuals m−2 and 14.9 g at 200 individuals m−2 with a survival of 50 and 
0.05 %, respectively.

Management of the filtration, flow rate and volume of daily water changes can 
be varied, depending on the size of the tanks, water depths and cuttlefish density. 
Anil et al. (2005) increased the initial flow rate in a flow-through system to 2 L 
min−1 in 60-L tanks to 20 L min−1 in 500 and 1,000-L tanks, while the volume of 
water changed daily in this flow-through open system decreased from 80 to 60 % 
and then to 30 % in 1,000-L tanks, respectively.

The required water-quality criteria in the nursing phase are similar to those in the 
egg-incubation phase and are managed in a similar manner. In an open seawater sys-
tem, the change of the physical and chemical parameters is minimised by means of 
fresh seawater flow-through. Within the range of 20–40 psu, the hatchlings are able 
to tolerate salinity changes, either briefly or through a gradual change, similar to 
the egg capsules. The salinity required for 50 % survival of hatchlings is 21–39 psu, 
with a pH of 6.0–8.4 (Nabhitabhata et al. 1991, 1993b, 2001c; Nabhitabhata and 
Kbinrum 1984). Cleaning of the tank bottom by siphoning is recommended in order 
to remove any uneaten prey and avoid food decomposition. Tank water should also 
be changed daily by at least 50 or up to 80 % if the tanks are smaller. Other routine 
management of the nursing tanks is similar to those for the egg-nursing tanks.

Table 12.2  Expected growth, survival and the managed density of Sepia pharaonis, estimation 
based on Anil et al. (2005), Minton et al. (2001), Nabhitabhata (1978), Nabhitabhata and Nilaphat 
(1999)
Culture 
period 
(days)

ML (mm) DGRL (%) W (g) DGRW 
(%)

Density 
(ind. m−2)

Water 
depth 
(mm)

Survival 
(%)

0 8 – 0.2 – 500 300 –
30 20 3.0 2 6.0 200 450 90
60 35 2.0 9 4.3 90 600 75
90 60 1.8 35 4.0 40 600 > 60
120 85 1.3 75 3.0 20 600 > 50
150 110 0.8 130 2.4 15 600 > 40
180 130 0.6 275 1.8 10 600 > 30
210 155 0.5 400 1.0 5 600 > 20
ML mantle length, DGRL daily growth rate in mantle length, W wet body weight, DGRW daily 
growth rate in weight, ind� individual
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Nursing of young pharaoh cuttlefish in a floating net cage is feasible. Chiampreecha 
(1983) reared young cuttlefish from hatching to 63 days in a steel-framed net cage of 
600 × 800 × 400 mm. The cage had a water depth of 300 mm. The survival decreased 
to 63 %, and the initial density of 26 individuals m−2 decreased to a final density of 17 
individuals m−2. However, the cage in this study is floated in a large concrete tank of 
unknown volume with a flow-through seawater system.

In closed seawater systems, nitrogenous compound levels can rapidly increase 
and should be monitored. Although young cuttlefish can tolerate up to 0.6 mg L−1 of 
ammonia (NH4–N) and 0.02 mg L−1 nitrite (NO2–N) at 28 °C (Chindamaikul et al. 
2001), it is recommended to maintain ammonia below 0.1, nitrite below 0.1 and 
nitrate (NO3–N) below 20 mg L−1 (Minton et al. 2001; Nabhitabhata 2000). Salinity 
in the system should be monitored daily and be adjusted with synthetic or sterile 
natural sea salt. In addition, pH should be maintained within the range of 5.9–8.4 
for hatchlings (Nabhitabhata et al. 1991).

12.5.3  Feeding

Hatchlings have small external yolk sacs and these are abandoned on the first day. 
Hatchlings still have some yolk reserves enabling them to survive without food 
for 3–7 days or even up to 23 days (Nair et al. 1985), and the digestive activi-
ties will begin after 3 days, which is similar to what is observed in S� officinalis 
(Boucaud-Camou and Roper 1995).

Various kinds of live food organisms, with corresponding sizes, are fed to the 
hatchlings. The cuttlefish hatchlings are benthic and begin feeding on the first day, 
6–12 h after hatching. The list of accepted food organisms includes live mysid, 
Mesopodopsis orientalis (7 mm in total length and 10 mg body weight) and a mix 
of fish larvae (10 mm in total length) that are collected from the wild. Other crusta-
cean food organisms can also be used with success, e.g. the mysid Eurobowmanilla 
simulans (4–6 mm), postlarvae of the shrimps Penaeus indicus, Metapenaeus dob-
soni (Anil et al. 2005), the mysid Mysidopsis sp., the grass shrimp Palaemonetes 
pugio and guppies Poecilia reticulata (Minton et al. 2001). The live food is stocked 
and provided ad libitum to cuttlefish. The daily feeding ration of the hatchlings 
is 20–28 % of their body weight, which equals 13 mysids or 10 shrimp postlar-
vae (Nabhitabhata et al. 1996). Cuttlefish hatchlings prefer crustaceans to fish as 
food. Newly born hatchlings recognise, attack and eat mysids demonstrating that 
such behaviour is innate in sepiid cuttlefish as described by Messenger (1977). The 
attempts to feed young S� pharaonis with live food other than crustaceans and fishes 
have not succeeded (Nabhitabhata 1978; Toll and Strain 1988). Adult Artemia spp. 
are accepted but yield lower growth and survival. They should only be used as a 
supplementary or reserve food when other crustaceans are in short supply.

Food organisms obtained from commercial hatcheries are more reliable and 
consistent in supply. The postlarvae of the penaeid shrimp, Penaeus merguiensis 
(8–10 mm) and sea bass, Lates calcarifer, fries (7.5 mm) are two of the available 
species. The cuttlefish consume about 10 mysids or 2 sea bass fries daily (Chankaew 
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et al. 2003; Nabhitabhata et al. 1996). The survival of cuttlefish hatchlings fed with 
P� merguiensis for 10 days averages 94 % (81–100). The feeding rate is 28 % and 
the feeding efficiency is 48 %. The unit cost in Thailand is estimated to be US$ 20 
for 100 cuttlefish with a feed cost of about 85 % in 1996 (Nabhitabhata et al. 1996), 
when US$ 1 approximately equal Thai Baht 25 (US$ 1 equal Thai Baht 30 in 2013).

12.5.4  Growth

Young cuttlefish grow rapidly in the first month. In an open system, hatchlings of 
7–8 mm in mantle length and 0.2 g wet body weight (Fig. 12.3) grow to 10 mm and 
0.40 g, respectively, in the first 10 days at 28 °C. The daily growth rates are 3.4 % in 
length and 8.0 % in weight, which are the highest rate during their life cycle. Young 
cuttlefish attain a mantle length of 20 mm and a weight of 2 g after 30 days. The 
daily growth rates are 2–3 % in length and 6–7 % in weight during the first 40-day 
period, with a survival rate of about 90 % (Nabhitabhata 1978; Nabhitabhata and 
Nilaphat 1999).

The growth phase in terms of weight (W, g) and age (T, d; Fig. 12.4) can be 
separated into two phases. The early phase is from hatching to 60 days of age is 
exponential (Nabhitabhata and Nilaphat 1999; Nabhitabhata 2002):

 
(12.1)

Growth can vary among the cultured batches from within the same population. 
The range between the maximum and the minimum growth rate in weight can be as 
large as about four-fold (Nabhitabhata 1978).

W e T= 0 196 0 061. ..

Fig. 12.3  Growth in terms of the relationships between mantle length (mm) (left), weight (g) 
(right) and age (days, full line), daily growth rate of length and weight (%, broken lines). Arrows 
indicate approximate age at mating (m) and spawning (s). (After Nabhitabhata and Nilaphat 1999; 
Nabhitabhata 2002)
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12.6  Ongrowing

12.6.1  System Requirements and Management

In flow-through open seawater systems, cylindrical tanks of any size can be used. 
The same tanks used in the nursing phase can be continually used for ongrowing 
(Nabhitabhata 1978; Nabhitabhata and Nilaphat 1999). In closed seawater systems, 
two rectangular raceways of 65,000-L volume are used for ongrowing (Minton 
et al. 2001; Barord et al. 2010). Each raceway is equipped with its own pre-filter 
tank, airlift and a shared filtration tank. The water is pumped by airlifts from the 
pre-filter tank into the filtration tank at a flow rate of 228 L min−1 before returning 
to the raceway. The tank volume can be exchanged five times daily. Another set of 
raceway used has a capacity of 16,000 L with a flow rate of 90 L min−1. The pha-
raoh cuttlefish can be cultured through three consecutive generations in this system 
(Minton et al. 2001).

The density during the ongrowing phase is adjusted to correspond to the tank 
volume and water system used (Table 12.2). In a flow-through seawater system, 
Anil et al (2005) transferred 30-day-old cuttlefish (approximate 20 mm in mantle 
length and 1.9 g in weight) from 60-L fibreglass tanks to 500-L tanks where the 
density is decreased from 1,000 to 100 individuals m−3. After 90 days when the 
cuttlefish grows 59 mm in mantle length and 34 g in weight, they were transferred 

Fig. 12.4  Growth in terms of the relationship between weight (g) and age (d). Arrows indicate 
approximate age at mating (m) and spawning (s). (After Nabhitabhata and Nilaphat 1999; 
Nabhitabhata 2002)
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again to 1,000-L tanks at a density of 20 individuals m−3 and then to 10 individuals 
m−3 after 180 days when the cuttlefish attained a mantle length of 145 mm and a 
weight of 325 g. In contrast, Nabhitabhata and Nilaphat (1999) use a different rear-
ing methodology to avoid injuring the animals. After 30 days, cuttlefish at about 
20 mm in mantle length are not transferred and the ongrowing is continued in the 
nursing tanks (3,000 L), but their density is decreased from 500 individuals m−2 to 
200 individuals m−2, with another 20 % decrease every 10 days thereafter.

Many abiotic and biotic factors have been reported to affect growth in culture 
conditions, but not all factors were considered to have obvious effects (Table 12.3). 
The availability of food and fluctuations of physical and chemical environmental 
factors are partially controlled or managed in the culture tanks. The most obvious 
factor is apparently the high density (initial density 500 individuals m−2), which 
is unavoidable in view of the need to reduce unit costs in large-scale aquaculture. 
The high culture densities with a high survival result in large numbers of cuttle-
fish reaching their maturity. This condition can benefit subsequent early matura-
tion (Stearns 1992) by increasing the opportunities for reproductive encounters. 
The absence of bottom substrates in the culture tanks for the ritualised burrow-
ing behaviour had no effect on normal growth and survival for S� pharaonis under 
high-density conditions. Without the substratum, the cleaning of the tanks is greatly 
facilitated (Nabhitabhata and Nilaphat 1999).

Since the life cycles of the cuttlefish ends with terminal spawning, the harvest 
has to be performed as soon as the pair formation or mating is observed, prior to 
spawning, to gain maximum production.

12.6.2  Feeding

Training the pharaoh cuttlefish to feed on dead food after about 30 days of age is the 
critical stage for the success of aquaculture. Thirty days after hatching, the cuttlefish 
will be trained to feed on dead fish meat ( Caranx leptolepis). The fish are available 
in a large quantity with low cost, storable for at least a week in a refrigerator and 
are available all the year through commercial fisheries. Thus, they can be supplied 
constantly, consistently and reliably. Cuttlefish starve to death if they do not favour 
and accept the dead food as a result of the lack of the live prey. Survival, hence 

Table 12.3  Effect of biotic and abiotic factors on the final size of Sepia pharaonis in culture 
conditions
Factor Small final size Large final size
Dead feed training Early (30 days) Late (70 days)
Nutritive value of feed Low High
Temperature High Low
Density High Low
Sex competition High Low
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production, may highly decrease during this period (Nabhitahata 1978) if training 
is not successful. The period from 30 to 50 days, or 20 to 30 mm mantle length, is 
appropriate for training. The older and larger they are, the more easily they can be 
trained to accept dead food and a varied diet. Anil et al. (2005) began training cuttle-
fish to accept whole mysids, Acetes sp., and fish after 50 days, while Minton et al. 
(2001) began with thawed shrimps, Penaeus sp., after 70 days. Overall, the success 
of training depends on the right timing as well as the experience of human trainers. 
Trained cuttlefish are fed ad libitum, twice daily.

Late training for accepting dead food at an older age, from 30 to 70 days, is con-
sidered to affect the subsequent higher growth and final size (Minton et al. 2001). 
The advantage is the larger size of the cuttlefish at training, but the extension of the 
nursing phase to 40 days with additional costs regarding live food should also be a 
concern in large-scale cultures.

Preliminary attempts to train S� pharaonis to feed on artificial diets instead of 
fish meat did not succeed (Sangpradab et al. 1984), and no further studies have been 
reported.

Consequent changes in feeding behaviour can be seen. Feeding behaviour 
changes from using tentacles to using only arms for the seizing of food, without the 
positioning step (Messenger 1977) when they are fed on dead feed. The feeding be-
haviour of one cuttlefish also visually stimulates others in the same tank to behave 
similarly, as also observed in S� officinalis (DeRusha et al. 1989). Such stimulation 
accelerates the acceptance of dead food and reduces the time required for training.

12.6.3  Growth

Growth can be observed from changes in colour patterns and morphology. After 
about 60 days of age, the normal colour pattern of the cuttlefish turns to dark brown 
with scattered small black rings on the dorsum and a dark brown colour on both 
fins. The fin length is about 95 % of the mantle. After about 90 days of age, sexual 
dimorphism may be recognised by the colour pattern (Nabhitabhata 1978). The 
male displays brown-white transverse stripes or a tiger pattern on the dorsum. The 
female colour pattern does not obviously change with growth. The tiger pattern of 
the male gradually turns clearer with growth to 120 days of age.

The daily growth rates in weight increase with age and then decrease corre-
sponding to the period of sexual maturity and mating. In an open system, the daily 
growth rates in terms of weight were 7.2 % at 60 days after hatching and these 
increase to 7.9 % at 70 days after hatching and decrease to 6.2 and 4.5 % after mat-
ing at about 90 days after hatching and spawning at about 110 days after hatching, 
respectively (Nabhitabhata and Nilaphat 1999). The first spawning is observed at 
a mantle length of about 70 mm (50 g) and generally to about 100 mm (100 g). On 
and after a 10-day period, the daily growth tends to decrease with the increase in 
age. For the overall life cycle of 210 days, the average daily growth rate is 1.4 % in 
mantle length and 3.4 % in body weight at 28 °C.
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The culture conditions cause variations of the final size and the life span of S� 
pharaonis in captivity (Table 12.1). Lower temperatures can extend sexual maturity, 
the longevity of life span and the subsequent larger final size. Nabhitabhata and 
Nilaphat (1999) reported that sexual maturity was reached at about 90 days of age 
and a mean final size of 140 mm and 275 g at 210 days of age with an average life 
span of 150 days at 28 °C from the open system. At similar temperatures, Anil et al. 
(2005) reported later mating at 120 days after hatching but cuttlefish displayed a 
larger size (168 mm) and increased weight (521 g) at 210 days after hatching. From 
a closed system at 25–28 °C, further growth seems to occur. Minton et al. (2001) 
reported that the sexual maturity postponed to 150–240 days after hatching and to a 
mean final size of 214–230 mm, 980–1,320 g with an average life span of less than 
270 days. The differences in the two studies reflect the plasticity of the strategies 
of the life cycle in this species, such as the short and the long generation mode, as 
adaptations to the environment.

Models of growth from hatching have been reported by Nabhitabhata and 
Nilaphat (1999) and Nabhitabhata (2002). The relationship between mantle length 
(ML, mm) and weight (W, g) of the pharaoh cuttlefish from hatching to 260 days 
can be expressed in a single model as follows (Fig. 12.5):

W ML= × −7 070 10 4 2 591. ..

 (12.2)

The growth in terms of the mantle length–age (T, d) relationship (Fig. 12.6) can 
also be expressed in a single model:

Fig. 12.5  Growth in terms of the relationship between mantle length (mm) and weight (g). Arrows 
indicate approximate age at mating (m) and spawning (s). (After Nabhitabhata and Nilaphat 1999; 
Nabhitabhata 2002)
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ML T T T= + × + × − ×− − −0 077 2 995 10 3 584 10 1 109 103 5 2 7 3. . . . . (12.3)

The second growth phase in terms of the weight–age relationship is from 50 to 260 
days of age, with the inflection point at about 60 days, and this can be fitted by the 
following equation (Fig. 12.4):

W T T= × + × −− −6 433 10 5 224 10 16 5832 3 2. . . . (12.4)

12.7  Trends in Research and Industrial Level

The low growth rate and small final weight of about 400 g at 210 days (7 months) 
are disadvantageous for aquaculture in terms of quantitative production compared 
with the larger weight of more than 1,000 g from the fisheries ground (Nabhitabhata 
1995, 2000). However, this happens because the technology might need optimiza-
tion, and more knowledge regarding the species physiology is required. Culture for 
a larger final size is feasible at low density, low temperature, longer periods and 
high nutritive feeding. Such production comes at a cost that does not attract any 
investment for commercial production. Another point of concern is the feasibility 

Fig. 12.6  Growth in terms of the relationship between mantle length (mm) and age (d). Arrows 
indicate approximate age at mating (m) and spawning (s). (After Nabhitabhata and Nilaphat 1999; 
Nabhitabhata 2002)

 

12 Sepia pharaonis 



220 J. Nabhitabhata

of decrease in the final size after consecutive-generation cultures due to inbreeding, 
and the fertility in cultured batches is much lower than in wild stocks (Nabhitabhata 
and Nilaphat 1999; Minton et al. 2001). From the aquaculture point of view, it 
means that seed production cannot rely solely on cultured broodstocks and has to 
depend, at least, partially on captured spawners. However, the small size at yielding 
is an advantage, whereas a weight of 100–400 g is optimum and required by the 
seafood industry for frozen food product processing and packaging. It takes only 
150 days to produce the cuttlefish of the mentioned size. The short rearing period 
facilitates a higher production and a more reliable supply (through higher survival) 
and a lower cost of production.

Live cuttlefish products can be distributed to the ornamental aquaculture trade 
for which there is a rapidly growing demand. Live cuttlefish of this size are suitable 
for the small volumes of home aquaria. Their benthic habits and high tolerance to 
different culture conditions are undeniable advantages.

An increased rearing period of more than the suggested 150 days, obtained at 
high-temperature conditions, is feasible and will postpone the maturity of the cuttle-
fish. The high temperature that accelerates the growth of S� pharaonis and shortens 
the life span through the early maturity is unavoidable in flow-through open sys-
tems (operated at a lower cost compared to closed systems) used in tropical coun-
tries. A possible solution to this problem may involve decreasing sexual stimuli and 
activities by separation of males and females, hence the mono-sex culture.

The main focus of future research should be devoted to developing feeds for 
large-scale culture, both live and artificial. Live feed is required in the nursing 
phase, since the young innately feed on a certain prey. The development of mass 
culture of mysids as well as any other crustaceans is necessary. The use of com-
mercially produced penaeid shrimp larvae is reliable, but their own commercial 
value discourages production. Another trend of research on the live food area is the 
enrichment of Artemia sp. as a supplementary and substitute feed for young cuttle-
fish in the nursing phase, following studies in S� officinalis (Koueta et al. 2002) 
and Sepiella inermis (Muthuwan et al. 1993; see also Chap. 13 of this volume). 
The innate feeding on live feed is really the bottleneck of the nursing phase. The 
artificial feed is feasible through behaviour-approached research on the acceptable 
form of the food pellets. The making of artificial feed for the ongrowing phase is 
feasible in the short term, because of the higher probability of acceptance of an 
artificial diet by juveniles than hatchlings since their ability to learn and their lower 
degree of food preference are known. The acceptable form of feed is the first step to 
be studied through behavioural approaches (Nabhitabhata et al. 2001b). The form 
has to mimic the appearance (shape, colour, brightness, locomotion) and characters 
(texture, “odour”) of natural feed. It will be of great benefit to consider some details, 
i.e. the acceptable form, from the studies previously held on S� officinalis (Castro 
1991; Castro et al. 1993).

The difference in growth rate among different morpho-types and molecular 
types, thus inter-populations and intra-populations, could be very interesting in 
view of maximising the aquaculture production. The S� pharaonis is probably a 
complex species (Reid et al. 2005) of three morphological types (Norman 2000) and 
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five molecular clades (Anderson et al. 2011). The cultured offspring from spawners 
collected from the Andaman Sea (Indian Ocean) tended to grow much faster, at sim-
ilar temperature (28 °C) and ad libitum feeding, than those from the Gulf of Thai-
land (Pacific Ocean) by about two-fold in length and four- to five-fold in weight 
(Nabhitabhata and Nilaphat 1999).

12.8  Conclusions

The culture process of S� pharaonis comprises broodstocks collected from the wild, 
incubation of eggs, nursing of the young in the hatchery and growout phase. Cuttle-
fish broodstock collected from the wild and from cultured batches can reproduce in 
captivity. Collected egg masses and young cuttlefish are nursed in concrete tanks. 
Water quality is fully controlled in closed seawater systems and partially controlled 
in open seawater systems. The young are fed with live prey organisms either col-
lected from the wild (mysids) or produced from a hatchery (penaeid shrimp post-
larvae) from the time of hatching to about 30 days. Density is area oriented because 
the ritual habit of the cuttlefish is lying at the tank bottom. Initial density is 500 
individuals m−2 with a 25 % decrease through regular size grading over a 10-day 
period. Survival is more than 90 % after 30 days. Training the pharaoh cuttlefish to 
feed on dead food after about 30 days of age is the critical stage. The success in such 
training will start the growout phase and also indicates the consequent success of 
culture. The growout phase starts after the young are able to accept dead feed. Over-
all, daily growth rate is approximately 1.4 % by length and 3.4 % by weight. High 
temperature (>25 °C) plays a key role in affecting higher growth, smaller final size 
and shorter life span in culture conditions. The mean final weight and life span is 
approximately 300 g, 150 days in open seawater systems at 28 °C and 1,000 g, 300 
days in closed systems at 21–25 °C. Cultured cuttlefish have lower fecundity com-
pared to wild ones. Innate feeding on specific live prey is the bottleneck for large-
scale aquaculture as in other cephalopods. Development of artificial feed could be 
a solution and should be able to reduce the cost of production.
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Abstract The spineless cuttlefish, Sepiella inermis, is an economic species of the 
Indian Ocean. S� inermis habit is bentho-nektonic but active in a higher degree com-
pared to Sepia cuttlefish. This species can tolerate environment fluctuations and 
culture conditions very well, which favour aquaculture. S� inermis can be cultured 
through several consecutive generations in open seawater systems. The culture 
methodology is comparable to other sepiid cuttlefish, particularly Sepia pharaonis, 
comprising collection of live broodstocks, incubation of egg masses, nursing of 
young and growout phase. The planktonic phase of hatchling is different from Sepia 
cuttlefish. The moderate final size of 50–100 g is appropriate to frozen food product 
packaging and maintenance in home aquarium.

Keywords Sepiella inermis · Moderate size · Planktonic hatchling · Bentho-
nektonic · Open seawater systems · Consecutive generations

13.1  Importance of this Species in the Market

The common name “spineless cuttlefish” comes from the unique character of the 
cuttlebone which lacks a spine at the posterior tip (Reid 1998; Reid et al. 2005; 
Roper et al. 1984). The Thai vernacular “Pla Muk Kra-dong Hang Mai” arises 
from the black colour of the anal gland and pore at the posterior tip of the mantle, 
which is another unique characteristic. The function of this gland is still unknown. 
Nabhitabhata and Polkhan (1983b) observed the release of brown fluid from the 
anal pore after an abrupt change to low salinity, suggesting the functions are related 
to the osmoregulation process. This species is the only sepiid cuttlefish known to 
inhabit the estuarine areas (Roper et al. 1984). The geographical distribution covers 
the Indo-West Pacific region, 30–120°E, 30°N–20°S (Reid 1998; Reid et al. 2005; 
Roper et al. 1984). Sepiella inermis is a demersal, benthic species, with distribu-
tion from shallow water to depths of about 40 m. The maturity in the wild stocks 
is at a mantle length of about 50 mm, with fecundity of between 200 and 1,000 
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eggs (Chotiyaputta 1995; Sundaram and Khan 2011; Unnithan 1982). Spawning 
occurs throughout the year with seasonal peaks varying on geographical localities, 
environment and habitats. The maximum length is about 125 mm with an estimated 
lifespan of 720 days (Reid et al. 2005; Roper et al. 1984). The final size and lifespan 
tend to be shorter in the estuarine populations.

This is an economically important species of the region, especially in India and 
Sri Lanka, with captures representing between 2 and 4 % of the total cephalopod 
catch in India (Sundaram and Khan 2009, 2011), and 3 % (approximately 2,000 t) 
of total cuttlefish catch in Thailand (Supongpan 1995). They are mostly captured 
by trawlers offshore and by push nets inshore and in the estuary (Supongpan 1995). 
Average capture sizes range between 40 and 60 mm in India and between 20 and 
80 mm in Thailand. The estimated age to reach this size is 180 days with a growth 
rate of 2.5 mm per month (Sundaram and Khan 2009; Unnithan 1982).

The spineless cuttlefish has a more active behaviour than other sepiid cuttlefish. 
They ritually hover in the water column like a pelagic squid and dwell on the bottom 
like other cuttlefish. The behaviour is aggressive to a higher degree than the pharaoh 
cuttlefish. The spineless cuttlefish sometimes bite others in the same school, as well 
as humans when handled with bare hands (Nabhitabhata et al. 1984, 1985). Because 
of their benthic–pelagic habit, spineless cuttlefish require less interindividual space 
or territory compared with pelagic squid of the same size, and can be maintained 
at a higher density. Considering the unique life history and behaviour, this species 
would have to be named the “active cuttlefish”.

Aspects related to aquaculture potential of this species were reported at both lab-
oratory scale (Boonprakob et al. 1977a, b; Anil 2003) and large scale (Nabhitabhata 
1997, 2000; Nabhitabhata et al. 1984, 1985; Sivalingam 1999). The small final size 
turns out to be an advantage for frozen human food product processing and packag-
ing and ornamental aquarium displays, as in Sepia pharaonis (see Chap. 12, this 
volume). The high tolerance to variation of environmental conditions makes the 
spineless cuttlefish biologically interesting from a large-scale culture point of view. 
Furthermore, this species is a less selective feeder, and can be trained to accept dead 
feed easier than pelagic squid in culture tanks.

13.2  State of the Art

The spineless cuttlefish is highly tolerable to fluctuations of the environment and 
has a high adaptability to culture conditions. This species can be cultured through 
several consecutive generations in tanks in flow-through systems. Broodstocks col-
lected from the wild can spawn in captivity. Egg masses are collected and nursed 
under controlled environment until hatching after about 13 days at 28°C. The hatch-
ing rate and survival of the young at 30 days are higher than 95 %. Hatchlings are 
fed with wild-collected live feed for about 30 days, but training them to accept dead 
feed can be as early as 20 days. Water volume and culture density are managed 
to correspond with their rapid growth and high survival during the nursing phase. 
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After enrichment with fatty acids, mass-produced Artemia can be used for nursing 
whenever other live feed is unavailable. The ongrowing phase starts after the young 
accept dead food. The daily growth rate is 2.4 % in length and 5.5 % in weight 
through the culture period of 130 days. The high tolerability to changing environ-
ments enables their ongrowing in saltwater earthen ponds.

13.3  Broodstock Maintenance

Broodstocks of the spineless cuttlefish are collected alive with push netting near the 
shore and in the estuarine area. Onboard, they are maintained in circular polyvinyl 
chloride (PVC) tanks of 50-L capacity equipped with portable aeration devices. 
The cuttlefish size ranges between 40 and 60 mm in mantle length and 30–50 g 
in weight. The tanks and the live cuttlefish are transported with an air supply to 
the hatchery and then maintained in 2 m3 concrete tanks at a male to female ratio 
of 1:2. The broodstock tanks must be previously prepared before introducing the 
cuttlefish, and artificial substrates for attaching eggs, made from pieces of fishing 
net of 25 mm mesh size with sinkers, have to be provided (Nabhitabhata et al. 1984; 
Nabhitabhata 1997).

The acclimatisation period to captivity is short; mating and spawning in the tank 
occur within 12 h. The male selects his mate by displaying a dark brown colour 
with white and orange spots on its fins, raising a pair of dorsal arms (arms I) and 
spreading out the other pairs of arms, while the consenting female displays small 
white spots along the base of the fins. During and after this stage, the male escorts 
his mate by swimming alongside her all of the time. The mating position is head-
to-head (Fig. 13.1). The females spawn in the tank and attach their egg capsules 
in clusters to the artificial substrates (Fig. 13.2). In the wild, the females prefer 
branch-like substrates (e.g., tree branch, sea fan) for attachment of its egg cap-
sules. Egg laying occurs the morning after, in the same period of the day as mating 
(Nabhitabhata et al. 1984; Nabhitabhata 1997).

The number of eggs laid by one female is approximately 400. The female lays 
1–5 batches of eggs and does not eat during the interval of each batch release. The 

Fig. 13.1  Mating of Sepiella 
inermis broodstock in the 
maintenance tank (male is 
on the left). (Photograph of J 
Nabhitabhata)
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number of batches laid by one female depends upon the number of eggs in one batch 
which ranges from 20 to 500 eggs (Nabhitabhata 1997). Any interruption during 
egg laying will delay the process for at least 24 h. The female does not take care of 
her eggs. The male will turn to form a pair with another female after the last spawn-
ing of his mate. The healthy male switches to mate with another selected female 
after the final egg laying of his mate.

13.4  Incubation of Egg Masses

13.4.1  Egg Characteristics and Hatching

The characteristics of the eggs are similar to S� pharaonis, except for the capsule 
colour. The egg capsule of spineless cuttlefish contains a single egg that is attached 
in clusters to the underwater substrate. The capsules are stained black in colour with 
ink from the female. They are round in shape with a tip and a short stalk (Fig. 13.3). 
The healthy female spawns dark black egg capsules, while the weak female spawns 
egg capsules that are paler in colour. Paler and white-coloured egg capsules are the 
result of an abnormal coating without ink, revealing that the female is weak or not in 
good condition (Nabhitabhata et al. 1984; Nabhitabhata 1997). The offsprings that 
hatch from the pale and white capsules usually have low survival. The egg capsules 
with a pale black colour are also pilot eggs which are first laid by the female in order 
to test the substrates. The eggs become comparatively larger and more transparent 
during the progress of their embryonic development compared to the freshly laid 
ones and reach their largest size just before hatching.

The length of the embryonic period and hatching pattern are also similar to that 
of S� pharaonis. The embryonic period is between 8 and 19 days, on a mean of 13 
days at about 28 °C (Table 13.1). Hatching occurs mostly at night and the hatching 

Fig. 13.2  Female Sepiella 
inermis attaching her egg to 
an artificial substrate. (Photo-
graph of J Nabhitabhata)
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rate is normally more than 90 % in controlled conditions. Brief changes of tem-
perature and salinity and mechanical stimuli cause premature hatching and yield 
hatchlings of comparatively smaller size. The smaller and weaker the hatchlings, 
the lower is their survival rate.

13.4.2  System Requirements and Management

Eggs are collected in the morning and the nursing is performed in other concrete 
tanks of similar size and water quality. Small clusters of eggs may be nursed in 
a small 50-L tank. In the egg cluster, the egg stalks are twined to the substratum 
and also to stalks of other eggs and each other at the base of the cluster. The eggs 
are separated from the cluster by hand or by scissor cutting. They are aerated and 
maintained until hatching in plastic baskets for better ventilation. The egg baskets 
of 2 mm mesh size are floated and aerated in the tanks. Flow-through systems are 
employed in S� inermis culture, to maintain optimum water quality. Temperature 
variations are minimised at a rate of 1 L min−1. This maintains an average tempera-
ture of 28 °C, a salinity of 30–33 psu and a pH of 6.0–8.0 (Nabhitabhata et al. 2005). 
Light is reduced with a camouflage net to prevent algal growth. All other details of 
the method are similar to those described for S� pharaonis (Chap. 12, this volume). 
The optimum temperature for 99 % hatching rate is 24–32 °C (Junpramuk 1981) and 
the salinity for 50 % hatching ranges from 20 to 36 psu (Boonprakob et al. 1982).

13.5  Nursing of Young

13.5.1  Hatchling Characteristics

Hatchlings are miniature adults in their morphology, but with a planktonic habit. 
This habit is different from benthic habit of Sepia hatchling, since the life mode of 

Fig. 13.3  Eggs of Sepiella 
inermis at near hatch-
ing. (Photograph of J 
Nabhitabhata)
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most young cephalopods, particularly sepiid cuttlefish, largely corresponds to the 
benthic mode of the adult, as in S� pharaonis (Fig. 13.4). They usually hatch out 
with an external yolk sac, which is smaller than their own head. The yolk sac is 
abandoned on the first day after hatching. Hatchlings swim hovering at an angle of 
about 60–80° to the tank bottom. Chromatophores function and their normal colour 
pattern is dark brown, white or transparent, with a dark red spot of the anal gland 
at the posterior tip of the dorsum. The size of the anal gland is comparatively large 
with a diameter of more than about 20 % of their own mantle length (Nabhitabhata 
1997). Fins are separated and projected to the posterior and their length is about 
80 % of the mantle length.

At 3 days old, hatchlings dive to the floor, entering their benthic juvenile stage. 
However, the period of the planktonic stages varies among hatchlings from different 
batches. Such periods range from less than 12 h to 5 days, probably due to slight 
differences of their embryonic stages at hatching. At this early benthic stage, the 
young cuttlefish hold on to the floor with the tips of their arms. They touch the floor 
while their head and mantle are still hovering at an angle of about 20–30° to the 
floor (Nabhitabhata et al. 1984). Their colour is dark brown with the dark red spot at 
the anal gland. After 5 days, the cuttlefish completely adopt the benthic phase, lying 
on the floor. At this age, the cuttlefish do not burrow into the substratum but prefer 
lying under shelters. The tentacles begin to function for attacking prey. Their arms 
are still short but strong enough to catch prey up to twice their mantle length in size.

Table 13.1  Comparison of culture conditions and production of Sepiella inermis from various 
studies
Aspect Boonprakob 

et al. (1977a, b)
Nabhitabhata 
et al. (1984); 
Nabhitabhata 
(1997)

Sivalingam 
(1999)

Anil (2003)

Tank system Open Open Open Open
Egg incubation (days) 12.5 (11–20) 12.6 (8–19) 13 13–20
Temperature (°C) 28 28 – 27–32
Hatching period (d) 7 3–10 10 7
Hatchling size (mm, g) 3.3, 0.01 4.3, 0.04 2 4, 0.02
Initial density – 100 ind m−2 – 500 ind m−3

First spawning (d) 98.7 87 (79–96) 75 86
Size at maturity (mm, g) 69.5, 61.8 61, 36.6 57.2, 37.9 64, 46.5
Daily growth (%: ML, W) 2.4, 6.8 2.4, 5.5 – 2.5, 6.0
Mean final size (mm, g) 69.5, 61.8 68.2, 48.2 – 69, 54.7
Max size (mm, g) – 77, 52.6 – –
Mean lifespan (days) 109.7–114.6 117–115.1, 

116.2 
(84–149)

– –

Max lifespan (days) 138 149 – 110
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13.5.2  System Requirements and Management

The planktonic habit of hatchlings requires a directed water flow in the tanks which 
enables them to suspend in the water column. Aeration should be managed to serve 
another function, as the current generator in the tanks. Adjusting the current veloc-
ity to an optimum velocity can reduce stress and energy consumption in countercur-
rent swimming. The optimum current velocity which enhances survival, growth and 
hence production can be observed from the angle of hovering that has to be more 
than 45° to the tank bottom at all times (Nabhitabhata et al. 1984; Nabhitabhata 
1997). A simple air-lift system is used to generate the horizontal flow in the cylin-
drical tank. A PVC pipe of 50 mm diameter and 800 mm length is longitudinally 
cut into two halves and each half is drilled at one end. The air pipe and air stone are 
attached to the interior face of the half-pipe at one end through the drilled hole. The 
set of prepared half-pipe is placed upright at 45° with the air stone at the bottom of 
the tank. At least two sets are placed in one circular tank. The air stones and half-
pipe sets face the same direction to generate a continuous flow. The current velocity 
is adjusted by adjusting the aeration rate. The numbers of the flow-generating pipe 
sets can be increased, depending on the size and shape of the tanks. A rectangular 
tank requires one set for each corner.

The criteria of the required water quality and tank management in the nursing 
phase are similar to that in the egg-nursing phase. The optimum temperature is 
below 34°C (Junpramuk 1981), while the tolerable salinity range of hatchlings of 
S� inermis is very wide, between 16 and 44 psu. The salinity required for 50 % 
survival, after a brief change, is 18–44 psu (Anil 2003; Boonprakob et al. 1977b; 
Nabhitabhata and Darunchoo 2001). The young cuttlefish can tolerate high levels of 
ammonia (NH4-N) of up to 0.6 mg L−1 for at least 24 h and 0.12 mg L−1 for at least 
48 h (Wongwiwathanawut et al. 2001).

Fig. 13.4  Planktonic 
hatchling of Sepiella 
inermis. (Photograph of J 
Nabhitabhata)
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Since the hatchlings are planktonic, the initial density depends on the water vol-
ume, not on the area as in benthic S� pharaonis. The initial water depth in tanks is 
300 mm with an increase of 50 mm every 10 days. The initial density is about 500 
individuals m−3, which corresponds to the water depth (Tables 13.1, 13.2). At 3 days 
old, hatchlings enter the benthic juvenile stage. After 10 days, the density turns from 
a volume basis to an area basis, decreasing to 100 individuals m−2. The size grading 
for a suitable management of the food has to be performed every 10 days, and this 
also starts in this period.

13.5.3  Feeding

Hatchlings are instantly fed an excess quantity of live food, and the stocking den-
sity and water level are managed to promote feeding. Hatchlings of the spineless 
cuttlefish are 43 mm in mantle length and 0.04 g in body weight and the live food 
is of a corresponding size. The food organisms are mysids ( Mesopodopsis orienta-
lis) of about 7 mm in total length, and the postlarvae of penaeid shrimp ( Penaeus 
merguiensis) of 5 mm in total length (Nabhitabhata 1997, 2002; Nabhitabhata et al. 
1984). Sivalingam (1999) and Anil (2003) also fed the spineless cuttlefish with 
mysids and shrimp postlarvae.

Young spineless cuttlefish can feed on live adult Artemia. Before being fed to 
the cuttlefish, Artemia have to be enriched with the Omega-3 group of highly un-
saturated fatty acid (n3HUFA) through feeding. Muthuwan et al. (1993) reported 
that young fed on adult Artemia, enriched with a rice bran suspension, fish liver oil 
or 12 %-fat microencapsulated feed, could maintain survival of more than 44 % up 
to 31 days after hatching compared to 84 % of those fed on mysids, Mesopodopsis 
spp. Adult Artemia enriched with plankton, live Tetraselmis sp. and a dry powder of 
Spirulina sp. are also consumed by cuttlefish, but yield lower growth and survival 
of 25–27 %. Growth among the cuttlefish that are fed on Artemia is not significantly 
different but is 4–16 times lower than those fed on mysids. Enrichment with the rice 

Table 13.2  Expected growth, survival and managed density of Sepiella inermis. (Estimation from 
Anil 2003; Boonprakob et al. 1977a, b; Nabhitabhata et al. 1984 and Nabhitabhata 1997)
Culture 
period 
(days)

ML (mm) DGRL (%) W (g) DGRW 
(%)

Density (ind 
m−2)

Water 
depth 
(mm)

Survival 
(%)

0 4 – 0.03 – 500 300 –
30 22 4.6 2.20 6.5 200 450 95
60 42 2.2 11.0 4.4 90 550 90
90 62 1.3 43.0 3.8 40 600 85
100 67 1.1 50.0 3.6 20 600 80
130 70 0.2 60.0 0.8 10 600 75
ML mantle length, DGRL daily growth rate in mantle length, DGRW daily growth rate in weight, 
W wet body weight
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bran suspension is the most appropriate method according to economic viability 
and the most convenient process compared to the encapsulated diet and fish liver 
oil. From a mass culture point of view, the enriched Artemia can be used as a sub-
stitutional feed for a short period when the main feed (e.g. live mysids) is in short 
supply. It is notable that the cuttlefish eats only a small quantity of each Artemia 
body and the rest are left uneaten. According to such habits, it is not appropriate to 
use live Artemia as additional feed (e.g. night feed) since the cuttlefish will learn to 
wait for their favourable feed in the subsequent feeding (Nabhitabhata et al. 1984).

13.5.4  Growth

The highest growth rate of spineless cuttlefish is in the first 30 days after hatching, 
during the nursing phase. The hatchlings of 4.3 mm mantle length and 0.04 g body 
weight grow to 8.6 mm and 0.44 g after 10 days (Fig. 13.5). During this period, 
the daily growth rate in the mantle length is 6.7 % and in the weight is 16.7 %. 
Daily consumption is of 3 mysids per individual and the food conversion efficien-
cy is about 60 % at a 20 % ration which is 12 % higher than that for S� pharaonis 
(Nabhitabhata et al. 1996). Survival is more than 90 % for the nursing phase (30 
days). The cost of production in Thailand is estimated to be about US$ 3.5 for 100 
individuals in 1996 (Nabhitabhata et al. 1996), when US$ 1 equal about Thai Baht 
25 (US$ 1 equal Thai Baht 30 in 2013).

Growth of the spineless cuttlefish is allometric and can be separated into 2 phas-
es (Nabhitabhata 2002). The early phase is from hatching to 30 days of age, during 
the nursing phase. The relationship between mantle length (ML, mm) and weight 
(W, g) (Fig. 13.6) in the early phase is:

3 2.032W 4.288 10 ML−= × (13.1)

Fig. 13.5  Growth in terms of the relationships between mantle length (mm) (left), weight (g) 
(right) and age (d, full line), daily growth rate (%, broken lines) of length and weight (after 
Nabhitabhata 2002). Arrows indicate approximate age at mating (m) and spawning (s)
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The early growth phase of the cuttlefish from hatching to 30 days of age in terms of 
mantle length–age (T:d) relationship (Fig. 13.7) is expressed with the exponential 
equation:

0.0482TML 0.0461e= 
(13.2)

The growth phase in terms of weight–age relationship (Fig. 13.8) in the early phase 
is exponential:

2 0.102TW 8.867 10 e−= × (13.3)

13.6  Ongrowing

13.6.1  System Requirements and Management

Twenty days after hatching, the cuttlefish are trained to feed on dead prey. They 
are approximately 14 mm in mantle length and their normal colour turns darker. 
Young cuttlefish seize prey in the water column and eat them while hovering above 

Fig. 13.6  Growth in terms of the relationship between mantle length (mm) and weight (g) (after 
Nabhitabhata 2002). Arrows indicate approximate age at mating (m) and spawning (s)

 



23513 Sepiella inermis 

Fig. 13.8  Growth in terms of the relationship between weight (g) and age (d) (after Nabhitabhata 
2002). Arrows indicate approximate age at mating (m) and spawning (s)

 

Fig. 13.7  Growth in terms of the relationship between mantle length (mm) and age (d) (after 
Nabhitabhata 2002). Arrows indicate approximate age at mating (m) and spawning (s)
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or lying on the substrate. The prey is seized with the tentacles and kept within their 
arms. When the cuttlefish are fed on dead food, they change their feeding behaviour 
to use only arms to seize prey without the positioning step in the feeding behaviour. 
Tang and Khoo (1974) also reported the same change and suspected it was a sign 
of weakness. This change indicates the success of training, and that the spineless 
cuttlefish are accustomed to the feed and culture conditions (human appearance 
with feed and the environment of the culture tank). Another reason for the change in 
behaviour is the lack of motion of dead feed compared to the active live food. It is 
unnecessary for the spineless cuttlefish to use a rapid and energy consuming motion 
like stretching out the tentacles to capture the dead feed. This kind of behavioural 
change is similar to that seen in cultured pharaoh cuttlefish, S� pharaonis. Aggres-
sive behaviour is prominent at this age and cannibalism is observed whenever the 
food is in short supply. Males sometimes bite other males in connection with their 
sexual activity (Nabhitabhata et al. 1984).

Tanks of any size can be used for the ongrowing phase of the spineless cuttlefish. 
The initial stocking density of this phase, after 30 days, is 30 individuals m−2. Size 
grading is performed every 10–20 days until ceasing at the beginning of reproduc-
tion, at about 70 days. Feeding is twice per day at the ration of 10 % of body weight. 
Food with high nutritional value, i.e. whole shrimps, large mysids, with additional 
cost, may be added as a supplement. Survival is cumulative, and of 80–90 % during 
ongrowing (Table 13.2).

Ongrowing of S� inermis in an earthen pond has been studied in Thailand 
(Nabhitabhata et al. 1985). Cuttlefish accustomed to the dead feed, of about 38 mm 
mantle length and 11 g weight (50–60 days) were released into a pen covering an 
area of 45 m2 in a large (25,600 m2) earthen pond at 3–6 individuals m−2. Survival 
was of 40 % after 50 days. The production was about 4,000 g and the feed conver-
sion efficiency was of 13–18 %. One explanation for this low survival was the low 
quality of the benthic substrate in the pond, which lowered the water quality and 
initiated bacterial infections. Another problem was a competing fish, Therapon spp. 
that had infiltrated the pen through the net fence. Those fish were more active than 
the cuttlefish, interfering in the ritual feeding and resting of the cuttlefish.

13.6.2  Growth

The relationship between mantle length and weight in the ongrowing phase after 
30 days is also expressed with the power equation (Nabhitabhata 2002) (Fig. 13.6):

4 2.704W 5.200 10 ML−= ×
 

(13.4)

The slope of the length–weight relationship equation obtained from cultured batches is 
2.0–2.7 which is within the range of 1.9–2.7 obtained from natural stocks (Chotiyaput-
ta 1981; Unnithan 1982; Sundaram and Khan 2011). The second growth phase in terms 
of mantle length–age relationship of the cuttlefish from 30 days old, the inflection 
point (Fig. 13.7), is expressed with the logarithmic regression (Nabhitabhata 2002):
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ML = 0.345 lnT 1.007−
 

(13.5)

The growth phase in terms of weight–age relationship (Fig. 13.8), in the second 
phase, also starts at the inflection point of 30 days, and can be expressed by the 
power model:

4 2.461W 3.830 10 T−= ×
 

(13.6)

After about 60 days, or 40 mm and 10 g, the colour pattern allows sex recognition. 
The male colour pattern is dark brown with white and orange spots on the dorsum 
along the base line of the fins. The female colour pattern is dark brown, but a lighter 
shade than that of the males, with smaller white spots and without orange spots. 
S� inermis begin to form mating pairs on and after the age of 60 days, and the first 
mating is observed at 70 days old, or 50 mm and 20 g (Table 13.1).

The growth rate of the spineless cuttlefish decreases after reproduction. Dur-
ing the reproductive period from 80 to 130 days of age, growth rates of 0.2–0.7 % 
in length and 0.6–2.0 % in weight are reported, compared to those in the previous 
phase of 30–80 days of age, 2.0–2.6 % in length and 5–6 % in weight (Nabhitabhata 
1997). Most of the mating and spawning of the spineless cuttlefish is observed at 
the size of 60 mm mantle length and 40 g weight (90 days). The daily growth rate 
in length decreases to lower than 1.0 % on and after 90 days and that in weight also 
decreases after 100 days of age. On average, the overall daily growth rate from 
hatching to 130 days of age is 2.4 % in length and 5.5 % in weight.

The final size before senescence of this species is mostly attained during 100–130 
days and the females are larger than the males. After 130 days, the average mantle 
length is approximately 70 mm, while average weight is 50 g. The maximum size 
recorded in culture conditions is about 70 mm mantle length and 80 g weight in a 
male (126 days) and 80 mm and 65 g (105 days) for a female (Tables 13.1, 13.2) 
(Boonprakob et al. 1977a; Nabhitabhata et al. 1984). The lifespan is approximately 
120 days, with a maximum of 150 days.

Growth tends to be much faster in culture condition compared to in the wild. 
Silas et al. (1985) reported the maximum mantle length of the spineless cuttlefish 
to be 125 mm based on the research on the open sea population. Animals attain 
29–35 mm mantle length after 6 months, 53–61 mm after 12 months and 74–82 mm 
after 18 months. The lifespan is six times longer and growth is approximately four-
fold slower than that obtained from culture batches. The culture conditions, i.e. suf-
ficient food availability and stable environmental factors, tend to induce fast growth 
and early maturation, as observed in S� pharaonis (see Chap. 12, this volume).

13.7  Trends in Research and Industrial Level

Inbreeding has no negative effect on growth rate and the final size after culture through 
three consecutive generations (Nabhitabhata et al. 1984; Nabhitabhata 1997). The 
indifferent growth could, in the short term, provide a reliable and continuous supply 
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of domesticated cultured broodstocks for hatchling production at a certain degree. 
However, there would be an unknown and unavoidable risk that culture through 
several (more than three) generations could result in some inbreeding effects. There-
fore, it would be better to obtain additional broodstocks from different populations 
(cultured or wild) in order to avoid a potential decrease of growth due to inbreeding. 
From an aquaculture-for-restocking point of view, this matter should be considered 
in order to maintain a gene pool and genetic variation of natural populations.

The small final size turns out to be the advantage, being required by the seafood 
industry for frozen food product processing and packaging as well as live cuttlefish 
products that can also be distributed to the ornamental aquaculture trade, in a simi-
lar manner to S� pharaonis (see Chap. 12, this volume).

The main focus of future research is the developing of feed, both live and ar-
tificial, for large-scale culture. However, the feasibility is at a higher level due to 
the active habit compared to S� pharaonis. The acceptability of the enrichment of 
Artemia sp. (Muthuwan et al. 1993) as supplementary and substitute feed for young 
cuttlefish in the nursing phase is a promising trend for the solution of the bottleneck 
during the nursing phase.

The differences in growth rate probably also depend on the environmental history 
of the broodstocks between estuarine and open sea populations. Early maturation, 
a smaller final size and a shorter lifespan tend to occur in the estuarine population 
due to the effects caused by the diversity of environmental fluctuations in estuaries. 
The source for the collection of wild broodstocks has to be known in order to have 
a proper management. Nabhitabhata and Polkhan (1983b) reported that the young 
S� inermis, offspring of estuarine broodstocks in Thailand, grew faster with a higher 
survival in salinity of 28 psu than in 32 psu which is the normal salinity of open wa-
ters. The young also demonstrated their preference for the mud substrate to a similar 
degree to the sand substrate, in contrast to the obvious preference for sand by S� 
pharaonis (Nabhitabhata and Polkhan 1983a; Nabhitabhata and Nilaphat 2000). In 
view of maximising the aquaculture production, the differences in the growth rate 
and reproductive products among different populations should be identified and 
studied in detail to determine whether it is the result of the plasticity of life cycles 
in different habitats or the genetic difference. Reid et al. (2005) suggested that S� 
inermis is possibly a species complex. Overall, this species has good adaptability to 
culture conditions that makes them easy to culture.

13.8  Conclusions

Culture process of S� inermis is comparable to that of other sepiid cuttlefish, which 
comprises a collection of broodstocks from the wild, incubation of egg masses, 
nursing of the young in the hatchery and growout phase. Egg masses and hatchlings 
are nursed in concrete tanks. Water quality is partially controlled in open seawater 
systems. The short period of planktonic habit of hatchling requires a directed water 
flow in nursing tanks. Density is area oriented due to benthic habit. Initial density 



23913 Sepiella inermis 

is 500 individuals m−2 which a 25 % is decreased through regular size grading, over 
a 10-day period. The young are fed from hatching to about 30 days with live prey 
organisms either collected from the wild (mysids) or produced in hatchery (penaeid 
shrimp postlarvae). The active habit of the young causes this species to be able to 
accept dead feed in a shorter period, compared to S� pharaonis. Survival is more 
than 90 % 2 months after hatching. Growout in an earthen pond is feasible. Overall 
daily growth rate is approximately 2.4 % in length and 6.0 % in weight. The mean 
final size and lifespan is approximately 50 g, for 115 days in open seawater systems 
at 28°C. Innate feeding on specific live preys is the bottleneck and development of 
artificial feed is required in the long term.
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Abstract The spineless cuttlefish Sepiella japonica has been cultured in China in 
recent years. After acclimatization to captivity, spawning induction and mating of 
the broodstock, the females lay eggs attaching to the artificial substratum. Seawa-
ter temperature and salinity of hatching are 20–26 °C and 25.0–32.0 psu, respec-
tively. The hatching period lasts for 17–26 days. Hatchlings are planktonic, with 
approximately 4 mm mean mantle length (ML). The initial feedings are live cladoc-
eran, copepods and enriched Artemia nauplii. The spineless cuttlefishes are sexu-
ally mature after 90–120 days, and mating is observed after that. Twenty-thousand 
mature individuals are obtained, and survival rate from the juvenile to adult phase 
is about 60 %. The mean weight of adult is 100 g. ML is 50 mm in the smallest 
sexually mature individual. Spawning occurs as early as day 120. The amount of 
spawned eggs is 300–500 per individual.

Keywords Sepiella japonica · Embryonic development · Ongrowing · Culture · 
Life cycle

14.1  Importance of Sepiella japonica in the Market

Sepiella japonica Sasaki, 1929 belongs to Family Sepiidae. Russian Federation, Pos-
siet Bay in southern Primorye and in Japan, from the Kanto region of Honshu to South 
Korea, in the East China Sea as well as in the South China Sea (Jereb and Roper 
2005, p. 133). S� japonica plays an important role in the fisheries of Japan, South 
Korea and China. It is caught in large numbers in bottom trawls in China, and reported 
under the erroneous name of Sepiella maindroni de Rochebrune, 1884 (Dong 1988; 
Lu et al. 2012). A great deal of fundamental and implicational research about the spe-
cies has been carried out since the 1930s, with emphasis on the following subjects: 
faunal surveys, systematics, embryology and development, ecology, genetics as well 
as fishery resources (Ohshima and Choe 1961; Choe 1966a, b; Adam and Rees 1966; 
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Yamamoto 1982; Wu and Tang 1990; Dong 1993; Zhang et al. 1997, 2001, 2005, 
2010; Wu et al. 2010).

The major stocks of S� japonica live in warm water. Fishing season comes earlier 
in the south than in the north: February–March in Guangdong and Fujian provinces 
in the South China Sea, April–June in Zhejiang Province in the East China Sea and 
June–July in Shandong Province in the Yellow Sea. Breeding migration starts in 
spring from the deep waters to shallow waters. The breeding sites are around the 
islands close to the open seas with clear water, gentle current, high salinity and con-
vergence of Kuroshio Current and coastal waters (Dong 1988).

The time of breeding migration is related to the movement of the isotherm. The 
appropriate water temperature for spawning population in the northern East China 
Sea is 18–22 °C. They mate and lay eggs along the island and reefs. The eggs are 
oval, with flat and forked stalk with which the eggs are attached onto substrates 
such as bamboo, tree branches, plastic rope, wire, straw, coral and seaweeds. S� 
japonica attaches one egg to the substratum and then winds the egg onto the fixed 
stalk and continues winding in the same manner to make a string of up to 200 eggs 
like grapes, hence the nickname ‘sea grape’ referring to the egg clusters by the fish-
ermen. The eggs require 28–35 days of development before hatching at the temper-
ature of 20–26 °C. The juvenile can live in 10–30 °C, and can adapt to a wide range 
of salinity within 20–35 psu, while the adults live in salinity of 30–35 psu generally.

With 92 % of its body being edible, S� japonica is delicious and nutritious, and 
rich in protein, vitamins and trace elements (Wang and Wang 2008). Meanwhile, it 
is a popular traditional dish of Chinese people, and can be canned or dehydrated for 
market. Most of the catch is marketed as ‘shiriyakeika’ in Japan.

S� japonica is the dominant species of cuttlefish in China, and its output has been 
up to 60 % of the total amount of cephalopods caught in the 1980s. The resource and 
output have been depleted dramatically in Bohai Sea, Yellow Sea and East China 
Sea since the early 1990s due to overfishing, and the fishing has even disappeared 
during recent years. Studies on culture of S� japonica have become an imperative 
task to resource restocking and protection.

14.2  Broodstock Acclimatization to Captivity

S� japonica broodstock are captured by traps along the coastal waters of Fujian 
Province during March and April every year, and then transported alive to the nurs-
ery factory directly for maintenance. Meanwhile, egg clusters can be collected from 
the same area, and transported directly indoors for hatching and cultivation.

Big and vigorous S� japonica individuals with well-matured gonads should be 
selected as broodstock, and be transported to the indoor rearing pools for life-cy-
cle culture, including broodstock maintenance, spawning and hatching, nursing of 
juveniles, ongrowing and post-spawning natural dying. For hatchling rearing and 
ongrowing, 1–10 m2 round or rectangular concrete pools can be used. The entire 
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process can be done under the ambient water temperature with illumination inten-
sity below 1,000 Lx and salinity over 20 psu.

S� japonica is very sensitive to environmental changes, which will result in stress 
reaction and ink ejecting. Therefore, before introducing them to the new environ-
ment, the water temperature and salinity should be adjusted to almost the same as 
under the transit conditions. Besides, the density should be kept at 2–3 individuals 
m−3. The top of the pools should be shaded and the illumination intensity on the 
water surface should be 200–800 Lx. The water should be sand-filtered with salinity 
of 18–32 psu, dissolved oxygen (DO) > 4 mg L−1 and pH 7.8–8.4. The daily water 
renewal should be one to two times of the total quantity. Sex ratio of broodstock 
should be 1:1.

The feed can be fresh shellfish, fish or shrimps, such as Sardinella lemuru and 
Sinonovacula constricta. The feeding rate should be about 10 % of the broodstock 
total weight. Observation must be done every day and record should be maintained 
to get a clear knowledge of their activities, ingestion and growth.

14.3  Spawning Process

14.3.1  Mating

The broodstock can be forced to mature by increasing the water temperature little 
by little, i.e. 1 °C in 2–4 days. After some days, they become agitated swimming 
or even fighting violently, indicating that they are sexually matured. A male only 
approaches one female, and where there are more males than females, there are usu-
ally fierce fights between the males. Only the winners can get access to the female. 
When mating, the male holds the female tightly by its arms crossed and in a head-
to-head fashion (shown in Fig. 14.1a). The entire mating process lasts for 5–15 min. 
The male uses the hectocotylized arm to deposit the spermatophores to the sperm 
receptacle in the buccal region of the female.

Fig. 14.1  Mating and spawning of Sepiella japonica. a Mating. b Spawning
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14.3.2  Spawning

The sperm live for a certain period in the sperm receptacle near the buccal mem-
brane of the female. When a suitable breeding site is found, the eggs mature in 
batches and are transferred to the sperm receptacle, fertilized and then laid one by 
one (Zheng et al. 2010). The fertilized eggs are wound onto seaweed, branches or 
ropes. Most of the parents die after spawning. The main spawning period is from 
mid-April to late June under the conditions of 5–50 m depth with abundant seaweed 
and hard bottom; however, there are two spawning periods along the coastal wa-
ters of Fujian Province: April–May in spring and September–October in autumn. 
As for the rearing indoors, the settled substrata such as ropes and pieces of mesh 
should be treated to have rough surfaces, and put into the cultivating pools. After 
3–5 days, beneficial bacterium will develop on the substrata surface, which will 
help the eggs to attach (Zheng et al. 2010). During the spawning period, the male 
always swims around to protect the female from other males and mates with the 
female (Fig. 14.1b). In cases where there are other males, the male usually fights 
fiercely with them. The mated female can lay eggs without a male. The spawning 
period usually lasts from several days to 10 days. S� japonica prefers substrata with 
egg clusters, and usually there is more than one female laying eggs together. Putting 
the substrata with eggs together can induce the females to lay eggs continuously and 
attract more females to come and lay eggs. Parents do not take care of the eggs after 
spawning; instead, they die very soon.

14.3.3  Nursing of Eggs

In general, one female can lay 1,000–2,000 eggs. The fertilized eggs should be 
hatched under stable room temperature, and should be checked regularly. The sea-
water in the cement pools keeps flowing all day, and the salinity should be above 
20 psu.

The number of days required for hatching depends on the water temperature—
the higher the temperature, the shorter the hatching period (Table 14.1). The newly 
laid eggs are soft, black in colour and look like grapes (Fig. 14.2a), with an average 
diameter of 11.0 mm × 7.6 mm and wet weight of 0.31 g. After 10 days, the egg 
becomes larger, and the embryo can be seen inside (Fig. 14.2b). Figure 14.2c shows 
a 20-day embryo under the temperature of 22 °C. There are yellowish pigment gran-
ules on the arms and at the ventral edge of the mantle, and an initially developed ink 
sac. On the 24th day, a well-developed embryo hatches, still with a little external 
yolk and 4 mm long in mantle. The hatching rate can reach 80 % or over. The hatch-
lings can swim, and their morphology is similar to the adults. The yolk is consumed 
in 1–2 days, and the hatchling starts to look for food (Fig. 14.2d). It is capable of 
moving actively by water ejecting.
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14.4  Hatchling and Juvenile Nursing

Once the fertilized eggs are hatched, they are then transferred to the nursing pools. 
The hatchlings with about 4 mm ML usually swim near the water surface. They can 
be nursed in round pools with rotating current to avoid mortality by collision with 
the walls (Fig. 14.3). The current and water level can be adjusted by valves outside 
the pool so as to make the hatchling distribution more uniform to effectively utilize 
the water volume and increase density. During the planktonic phase, the hatchlings 
should be closely observed for their growth, ingestion and condition of the feeds, so 
as to discover and isolate the sick ones at an early time.

14.4.1  Feed

Feed is a key factor for hatchling growth and development. The size, buoyancy, 
density and nutrition value of feed should be taken into consideration. The hatch-
ling has yolk in its mouth which may disappear in 1 or 2 days. Most of them take 
feed soon after hatching. S� japonica is a typical carnivorous cuttlefish. As soon as 
the hatchlings are placed into the pools, free-swimming copepods, Artemia nauplii 
or Miona mongolica, should be added at a density of 0.1–0.2 individuals L−1, 1–2 
times per day. The hatchling survival rate can be higher (83.3 %) when initial feed-
ings are cladoceran, copepods, shrimp or Artemia (Li et al. 2007).

Fig. 14.2  Embryonic development of Sepiella japonica. a Newly laid eggs. b 10-days eggs. 
c 20-days embryo. d Hatchling

 

Table 14.1  The relationship between temperature and time of hatching in Sepiella japonica
Hatching temperature (°C) 16 18 20 22–24 26 28
Hatching (days) 33–38 28–31 24–27 20–22 15–18 12–14
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The juveniles start their demersal life when the ML reaches 8–10 mm. As for 
above 10 mm ML juveniles, shrimp (e.g. Neomysis awatschensis) or crab (e.g. Por-
tunus trituberculatus) larvae can be used as feed. The feed density is up to 0.3–0.5 
individuals L−1. When the ML of the juveniles reaches 12–15 mm, dried shrimp 
( Acetes sp.) or crushed fish ( Pseudorasbora parva) at a body length of 10 mm 
can be used as supplement, and gradually, be used as the only diet, at the rate of 
10–20 % of the body weight.

14.4.2  Water Quality, Illumination, Aeration and Nursing 
Density

The suitable temperature for juveniles is 19–30 °C, with 23–26 °C being the best 
range (Zheng et al. 2010). Within this range, the warmer the water is, the faster 
the hatchlings grow. The standards regarding the water quality are: pH 7.6–8.6, 
DO ≥ 5 mg L−1 and ammonia nitrogen ≤ 0.2 mg L−1. These conditions should remain 
stable. The juveniles have good adaptability to low salinity, so long as it is above 
20 psu, with 25–32 psu being the best.

The juvenile cuttlefishes prefer dim light and excessive illumination can reduce 
their ingestion, which has a negative impact on the growth and survival rate. Bright 
light may cause them to eject ink. The nursing pools should be covered with black 
cloth sheeting, and dim light (≤ 500 Lx) should be maintained during the entire 
nursing period. Oxygen demand by the juveniles increases along with their growth. 

Fig. 14.3  Hatchling nursing 
of Sepiella japonica
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Low aeration rate can be carried out in the earlier period, which should be intensi-
fied in the later period.

At the initial period, the culture density is maintained at 1,000–1,500 individu-
als m−3, which should be reduced to 300–500 individuals m−3 once the ML reaches 
15–20 mm. The crowding and insufficient feed may cause the juveniles to fight for 
feed or even eat each other.

Thirty to forty days after hatching, the ML of the juvenile S� japonica increases 
to 20 mm and total wet weight reaches 2–3 g.

14.5  Ongrowing

When the ML of the juveniles reaches 20 mm or when the hatchlings start demersal 
life, they can be transferred to indoor pools, outdoor ponds as well as cages for 
further growing.

14.5.1  Indoor Ongrowing

Indoor round pools of 10 m2 are used. Indoor ongrowing can guarantee the physical 
and chemical conditions of the seawater and allows fine management. The pools 
should be covered with black cloth sheeting, and water inside it should be flowing 
constantly. There should be fresh air in the room and optimal quality water with ap-
propriate DO in the pools. The room temperature should be controlled at 15–20 °C. 
There should be good drainage, the noise from the pump should be low and the 
feeding operation should be convenient to conduct. The main parameters for the 
ongrowing period are as follows:

Feed There must be change of feed at the beginning of this period. Small shrimps 
(e.g. N� awatschensis, Acetes sp.), Artemia urmiana and fish ( P� parva) captured 
from the wild can be used. Feeding should be done two to three times a day, 
with the quantity equal to 8–10 % of the main total body weight of juveniles. 
Gradually, inexpensive fresh fish ( Ammodytes personatus) and shellfish ( Rudi-
tapes philippinarum) can be introduced as interim or transition feed, and then 
decreased gradually through the middle and later stage. Finally, frozen fish ( S� 
lemuru) and shellfish ( S� constricta) muscles will become main diet for adult 
cuttlefishes.

Water temperature and salinity The temperature is controlled at 10–28 °C, salin-
ity at 20–32 psu, and the water depth should be at least 0.5 m.

Culture density It depends on the size of the individuals. For the juvenile with 
12–20 mm ML, the density ranges from 600 to 800 individuals m−3, whilst with ML 
over 60 mm, less than 100 individuals m−3 (Fig. 14.4a).
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Management The daily water renewal should be equal to the total quantity gener-
ally, or half of the total quantity in the hot season, or keeping the water constantly 
flowing. In the cold season, 10–20 % of the water should be renewed per day. The 
water in the cement pools should always be clean and fresh, with sufficient DO and 
standard pH value (Fig. 14.4b).

The spineless cuttlefishes are sexually mature after 90–120 days of growth, and 
mating has been observed since then. Twenty-thousand mature individuals are ob-
tained, and survival rate from the juvenile to adult phase is about 60 %. The adult 
mean weight is 100 g. The ML is 50 mm in the smallest sexually mature individual. 
Spawning occurs as early as day 120. The amount of spawned eggs is 300–500 per 
individual (Zheng et al. 2010).

14.5.2  Cage Culture

The plate and frame type cages, 4 m × 4 m × 4 m in size, covered with polyethylene 
knotless nets are used in the southeast China Sea for raising S� japonica. The mesh 
diameter of the net ranges from 10 to 17 mm. The cages have many advantages such 
as easy management, convenient operation, low price and easy to use widely.

14.5.2.1  Selection of the Farm Location, Cage Size and Layout

Usually, good locations for S� japonica rearing are the bays or waters with active 
water exchange, less pollution, gentle waves, suitable salinity, small change in sa-
linity after heavy rains, over 5 m depth in low tide, perennial water temperature be-
tween 7 and 30 °C, DO > 4 mg L−1, pH 6.8–8.5 and quiet surrounding environment.

Floating and deepwater cages of various sizes and shapes are suitable. The cages 
should be arranged in a pyramid pattern along the tide. The mesh specification 
depends on the size of the juveniles. For individuals with 15–20 mm ML, 4 mm di-
ameter mesh is suitable, and when the individuals are growing larger, the mesh size 

Fig. 14.4  Ongrowing of Sepiella japonica. a Growing density. b Management
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should be adapted accordingly. The cages should be shaded by black mesh on the 
top to avoid stress by bright light, which may cause the individuals unrest, or even 
eject ink and die. The height of the net should be convenient for feeding operation. 
In order to avoid attacks by the birds, net cover should be provided.

14.5.2.2  Juvenile Size and Density

Active, healthy juveniles of 15–20 mm ML can be introduced to the ongrowing pro-
cess in 13–32 °C, optimally 27 ± 2°C, and salinity of 20–35 psu. Stocking density 
depends on the size of the individuals. A 3 m × 3 m × 3 m cage can accommodate 
2,000–2,500 juveniles of 0.7–1 cm total length (TL), or 1,200–1,500 juveniles of 
3–5 cm TL, or 800–1,000 juveniles of 6–8 cm TL or 300–500 (> 9 cm TL).

14.5.2.3  Feeding

Wild fresh small shrimp ( N� awatschensis) and fish ( P� parva) are the major feed for 
the juveniles during the ongrowing period. Daily feed quantity should be 10–15 % 
of total body weight of juveniles. Besides, lamp light can be used to attract wild 
preys, or if conditions permit, use lamps on top of the cages to attract zooplankton 
(such as copepods, cladoceran) as supplement

14.5.2.4  Daily Management

During the ongrowing period, the fouling on the cage should be cleared and mesh 
of suitable size should be changed periodically. Water flow in the cage should be 
maintained. Water exchange must be guaranteed to ensure that there is always fresh 
water in the cage, but the mesh size should be appropriate to prevent individuals 
from escaping.

During the period 2006–2007, a total of 50,000–60,000 S� japonica adult indi-
viduals were reared in cages in the seas off the coast of Ningde and Putian counties, 
Fujian Province, at a total survival rate of 60 %. Meanwhile, the outdoor ponds 
were also used to S� japonica ongrowing in East China Sea (Wang et al. 2006); the 
survival rate of the species was 26.7 % in 2005, and mean wet weight was 250 g; the 
survival rate was up to 47.4 % in 2006, and the maximum weight reached was 400 g.

14.6  Harvest

After 3–4 months of ongrowing, S� japonica reaches commercial size and can be 
harvested for marketing. The spineless cuttlefishes are active when water tempera-
ture is over 15 °C. Cuttlefish fishing traps which are cylinders of 20–30 cm height 
by 30 cm diameter, covered with the polyethylene net of 10–20 mm mesh diameter 
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with reversed whisker, can be used to capture them. Firstly, baits (fresh fish or 
shrimp) are deposited into them, and then the traps are hung into the water. The 
traps will be lifted when there are a sufficient number of adult cuttlefishes. It is 
not advisable to take them out of the traps by hands; instead, they should be taken 
out with big spoons with water inside. However, when water temperature is below 
15 °C, S� japonica is not active and the trap capture is not feasible; instead, purse 
seine or draining-out-the-pond method can be adopted.

14.7  Trends in Research and Industrial Level

Optimization of the feed supply is a key to commercial culture which still requires 
further research. Furthermore, the production of artificial feed is still a scientific 
blank at the moment.

The culture of S� japonica has not caused loss of meat quality so far, and cultured 
production can fully substitute wild products to be an ideal healthy food (Chang 
et al. 2008). But the mean size of the stocks reared indoors is 20 % smaller than the 
wild ones. Whether this is caused by genetic degeneration, the artificial environ-
ment or culture technique is still unknown. S� japonica spends at least 6–8 months 
to reach sexual maturity in the wild; however, under the artificial environment, 
it requires only 3–4 months. The authors suggest that early sexual maturity and 
shorter growth period should be the main reasons why the cultured individuals are 
significantly smaller than their wild counterparts. Although the maturation phase of 
the species has been lengthened from 3–4 months to 6 months by adjusting the light 
intensity indoors, related problems still have to be solved. It is worth noting that the 
wild resource restocking of the species has been achieved by releasing of artificial 
hatchlings in recent years (Wu et al. 2010).

14.8  Conclusions

The process of spineless cuttlefish culture includes broodstock capture, acclimati-
zation to captivity, spawning, hatching, nursing, ongrowing and harvest. The main 
conclusions are as follows:

1. In general, each wild female of S� japonica lays 1,000–2,000 eggs. Water tem-
perature and salinity of hatching are 20–26 °C and 25.0–32.0 psu, respectively. 
The hatching period is 17–26 days. Hatchlings are planktonic, and mean ML is 
approximately 4 mm. The highest hatchling survival rate (83.3 %) is obtained 
when initial feeding is based on cladoceran, copepods, shrimp or Artemia.

2. When the ML of juveniles reaches 20 mm or when the hatchlings start benthic 
life, they can be transferred to indoor pools, outdoor ponds as well as cages for 
growing. The survival rate from the juvenile to adult phase is about 60 %. The 
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mean weight of adults is 100 g. After 3–4 months of ongrowing, S� japonica 
reaches commercial size and can be harvested for marketing.

3. The spineless cuttlefishes show early sexual maturity after 90–120 days growth 
indoors. Spawning occurs as early as day 120. And the number of spawned eggs 
from cultured females ranges from 300 to 500 per individual. The maturation 
phase of the species is delayed by adjusting the light intensity indoors.

4. S� japonica is the dominant and commercial cuttlefish in China, especially in 
the southeast China Sea. The broodstock do not take care of their eggs. Instead, 
they leave them to develop alone on the yolk’s nutrition. Artificial breeding can 
greatly enhance hatching rate. So its culture has been developing prosperously 
in the current decade, and will be available to become an emerging mariculture 
industry in the coastal waters of China.
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Abstract Bobtail squids of the genus Euprymna are small in size with a benthic 
habit. Such small size results in their insignificance in fisheries and aquaculture 
focused for human consumption. The unique ability of the voluntary adhesion 
system and symbiotic bacteria used for bioluminescence is now a primary research 
focus with potential industrial and biomedical applications. Their small size is 
well suited for the home aquarium with small volume. Culture of this cephalopod 
group can therefore serve both research and recreational purposes. Aquaculture in 
the laboratory provides valuable information for culture methodology that is uti-
lized throughout the entire life cycle of several consecutive generations. This small 
size and benthic habit of Euprymna are advantageous for small-scale closed or 
open seawater culture systems. Major trends for culturing Euprymna are similar to 
other cephalopod groups, particularly benthic octopus that also produce planktonic 
hatchlings. Reduction of the cost of production is necessary for future large-scale 
production, with novel protocols for live feed requirements of planktonic young in 
the nursing phase.

Keywords Euprymna · Small size · Benthic habit · Small-scale culture · Closed 
and open seawater systems · Research and recreational purposes

15.1  Importance of the Species

The Thai bobtail squid, Euprymna hyllebergi Nateewathana 1997, is a common 
species occurring in the Andaman Sea of Thailand (Indian Ocean) and the Gulf 
of Thailand (Pacific Ocean; Nateewathana 1997; Nateewathana et al. 2001; 
Aungtonya et al. 2011). This species is small (20–40-mm mantle length, ML), 
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neritic and strictly nektobenthic, inhabiting coastal waters in a similar manner to 
its congeners that occur in the Indo-west Pacific region (Summers 1985; Norman 
and Lu 1997; Reid and Jereb 2005). E� tasmanica (Pfeffer 1884), otherwise known 
as the “southern dumpling squid”, is a species that resides around the continent of 
Australia and is found in similar habitats as E� hyllebergi (Reid and Jereb 2005). E� 
tasmanica is somewhat larger in size than E� hyllebergi, with an approximate ML 
of 30–40 mm (Norman and Lu 1997). In Thailand, E� hyllebergi and congeners are 
captured as by-catch of commercial fishing, particularly push netting and trawling 
(Nateewathana 1997). The yields are discarded as trash fishes due to their small size 
and low economic value. Because of this, fishing statistics of both species are not 
available (Nateewathana et al. 2001; Reid and Norman 1998; Reid and Jereb 2005).

Although the economic value of Euprymna as human food is low, there is a 
growing importance of the animals as scientific experimental models. The unique 
behaviour of Euprymna is its capability to retain a “coat” of sand or other debris 
on its dorsum (Fig. 15.1) when it emerges from its daily buried state to hunt prey 
at night (Anderson et al. 2002). The function of the sand coat is presumably for 
camouflage, making the squid difficult to be detected visually by its predators and 
prey (Anderson and Mather 1996; Shears 1988). The stickiness of the sand coat 
depends upon secretions of the ectodermal epithelium (Moynihan 1982). Choice 
between being sticky and nonsticky is voluntary and variable (Moynihan 1982). 
This indicates that the ability to use a sand coat might have evolved from the initial 
use of the behaviour for sand consolidation when the squid buries (Shears 1988). 
The ability to begin sand coating starts 5–7 days after hatching, simultaneous to 
their burrowing ability (Nabhitabhata et al. 2005). Additionally, bobtail squids are 
presently used as a model organism to identify a new generation of biomimetic 
adhesives and marine antifouling compounds with potential industrial value (Byern 
and Grunwald 2010).

Symbiotic associations between Euprymna and the bioluminescent bacterium 
Vibrio fischeri has been a recent focus as a model for investigating the process of 
bacterial colonization of host tissues and its effect on host development (Ruby 1999, 
Ruby and Lee 1998). V� fischeri and other luminous bacteria form a variety of patho-
genic and cooperative associations with marine animals; more recently, they are 
being increasingly recognized as causes of invertebrate diseases (Guerrero-Ferreira 

Fig. 15.1  Partial sand-coated 
Euprymna hyllebergi shortly 
after emerging from its bur-
rowing site. (Photograph of J 
Nabhitabhata)
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and Nishiguchi 2011; Guerrero-Ferreira et al. 2012). Since the process of bacterial 
colonization of the squid light organ begins immediately after hatching (Ruby and 
McFall-Ngai 1992), independent aquaculture of the squids and their luminous bac-
terial partners could yield valuable results for biotechnological and biomedical 
sciences (McFall-Ngai et al. 2012; Nyholm and Nishiguchi 2008). Because of these 
newly developed models for basic research, the advancement of culturing tech-
niques for species of Euprymna has been especially important for monitoring fitness 
between generations, effects of inbreeding and, more importantly, diet and stress 
under laboratory conditions (Nabhitabhata et al. 2005; Sinn 2005; Sinn et al. 2008; 
Moltschaniwskyj and Carter 2010). Additionally, more information on their develop-
ment, growth and time to reproduction can indicate whether all species have similar 
life-history strategies, and if this is dependent upon habitat or other abiotic factors.

15.2  State of the Art

Both E� hyllebergi and E� tasmanica are small in size and found living within benthic 
habitats. This is an advantage to provide culture conditions on a smaller scale with 
lower cost and less requirement of facilities compared to those used for pelagic and 
large-sized species. Euprymna can be cultured through several consecutive genera-
tions ensuring a supply of broodstocks. Broodstocks collected from the wild can 
spawn in captivity and are maintained throughout the life history of the animal. 
E� hyllebergi hatchlings are fed with wild-collected live feed for approximately 
30 days, but later can be trained to accept dead feed. E� tasmanica hatchlings are 
fed small mysid shrimp two times a day for approximately 6 weeks, and then moved 
to a diet of ghost shrimp for the duration of their lives while in captivity. Interest-
ingly, E� tasmanica adults were not trained to feed on dead material, and prefer not 
to eat food items that do not move. These same facilities for raising juvenile squids 
can be used for culture throughout the squid’s entire life cycle. The daily growth 
rate for E� hyllebergi is 2.4 % in length and 7.5 % in weight through the culture 
period of 100 days. Growth rates for E� tasmanica were approximately 3.5 % in 
length and 10 % in weight for approximately 60 days. Growing demands for these 
squid for use as both biotechnological and biomimetic experimental models as well 
as ornamental animals for home aquaria and teaching laboratories are beneficial 
for aquaculture and biomedicine, e.g. Nabhitabhata et al. (2005), Moltschaniwskyj 
et al. (2007), Sinn and Moltschaniwskyj (2005) and Sinn et al. (2008).

15.3  Broodstocks Maintenance

Broodstocks of the Thai bobtail squid, E� hyllebergi, are collected live from otter 
board trawlers and beam trawlers, operating along the eastern part of the Gulf of 
Thailand, South China Sea and Pacific Ocean. Onboard, the squids are maintained 
in cylindrical fibreglass tanks of 50-L capacity containing 30 L of fresh seawater 



256

with aeration and then, upon landing, are transported to the cephalopod hatchery. 
The broodstocks are maintained in an open system of cylindrical concrete tanks of 
2 m3 with flow-through filtered seawater (for the seawater supply system in this 
chapter, see also Chap. 7 “Aquaculture to Restocking”). Artificial substrates, made 
from pieces of longitudinal-cut polyvinyl chloride (PVC) pipe (50-mm diameter, 
150-mm length), are previously placed on the tank bottom as shelters or “dens”.

Broodstocks of southern dumpling squids, E� tasmanica, are collected by seine 
net in shallow waters of Botany Bay, New South Wales, Australia. Adult animals 
are transported to running open seawater facilities located at the Sydney Insti-
tute of Marine Sciences (SIMS) at Chowder Bay, NSW. Adults are acclimated to 
the conditions in the tanks (34 psu, 18 °C) and transported to New Mexico State 
University within 2–3 days. Transport of the squids takes approximately 36 h tank 
to tank in aquaria bags with less than 1 L of seawater. Animals are then acclimated 
to the contained recirculating artificial seawater tanks (100 L) at New Mexico State 
University under the same culturing conditions. Each tank is divided into eight 
cubic sectionals (each 0.3 m2), which holds three to four adult individuals. Sexes 
are continuously kept separate, since the presence of males can stress female be-
haviour. The only time males are placed with females is when a planned mating is 
scheduled. In this manner, we can document which particular male has mated with 
which female (and therefore, track fecundity of each female). Males are placed in 
the female cubical (usually at a 1:1 or 1:2 male to female ratio) and are removed 
anytime between 4 and 10 h. PVC pipe cut longitudinally is placed in the female 
cubical and used as artificial substrates for the females to lay their eggs after they 
have been mated.

Squids will mate and spawn in the tanks. Mating occurs without prior pair 
formation for E� hyllebergi, and controlled conditions (noting which pairs are mated, 
and how many times) are maintained for E� tasmanica. Spawning behavioural pat-
tern is similar for both species. The male responds to the presence of a swimming 
female by initially approaching and then grasping her from below in a male to 
female neck position. The female is pulled down to the bottom where copulation 
takes place. Copulation takes 7–10 min and then the pair separate. Spawning is 
observed at dawn, 2–3 days after mating. Prior to spawning, the female investigates 
substrates for attaching her eggs by swimming around, and touching the substrata 
with the tip of her arm cone. In the tanks, the female attaches her eggs in clusters to 
the inner surface of the artificial substrates (Fig. 15.2). The time period for attaching 
is 40–60 s for one egg. Intervals between each egg attachment lengthens as the 
number of eggs increases, up to 2–3 min. Spawning is intermittent and irregular 
and may be extended over several weeks. The total number of eggs per female 
is about 100–470 with an average of 200 eggs. Females can spawn up to three to 
four clutches in her lifetime, with the number of eggs decreasing as the female 
becomes older (Steer et al. 2004; Nabhitabhata et al. 2005). For E� tasmanica, adults 
reared in captivity (F1 generation) live longer (2–3 months) and produce larger 
and more clutches per female. Wild-caught adult E� tasmanica at maturity produce 
approximately 3 clutches while in captivity, ranging from 25 to 100 eggs per clutch 
(with one exceptional female, which laid approximately 500 eggs in one clutch). F1 
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generation E� tasmanica females lay up to 5 clutches/lifetime, with sizes ranging 
from 100 to 250 eggs per clutch. Hatching rate from the F2 clutches is approxi-
mately 99 % for the first clutch, with a decrease leading up to approximately 20 % 
(~80 % hatching rate) for later clutches. F1 adults are larger and thus far have lived 
for 1 year in captivity (Nishiguchi, unpublished). F2 adults have similar longevities, 
but hatching rates for the F3 generation was somewhat lower (70–80 %)

15.4  Nursing of Eggs

15.4.1  Egg Characteristics

Eggs are single, stalkless and opaque white, having a droplet shape and calcareous 
leather-like coating capsule (Fig. 15.3). The size of each egg is about 4 mm along 
its major axis, 3 mm in its minor axis and weighs about 0.02 g. About 2 h after be-
ing laid, the outer coat (or capsule) turns brown, leathery and rigid in E� hyllebergi 
(Nabhitabhata et al. 2005), whereas in E� tasmanica the egg is orange from wild-
caught specimens. In F1 and subsequent generations of E� tasmanica, egg capsules 
are white to opaque and remain so during development. This solid protection allows 
the developing embryo to become a “sessile organism” during the extended pe-
riod of development (Boletzky 1998). Eggs are telolecithal. Asymmetric eight-cell 
cleavage occurs 10 h after fertilization. Clockwise rotation of the embryo occurs 
from days 3 to 8, at 28 °C. Organogenesis occurs from day 4. The unique bilobed 
character of the external yolk sac appears after day 5 when the capsule becomes 
more transparent and the embryo is now visible. Chromatophores develop from day 
6, and four diverticula of the internal yolk sac from day 8. The first hatching occurs 
at day 12 (Fig. 15.4) for E� hyllebergi, and day 32 for E� tasmanica. The embryonic 
phase is about 12–18 days, after approximately 14 days at 28 °C for E� hyllebergi, 
and 21–28 days at 18 °C for E� tasmanica. The hatching period of eggs in the same 
clutch takes 5 days from first to the last eggs and primarily occurs on the third day. 
Average hatching rate is about 94 % (82–100 %) for both species.

Fig. 15.2  Egg capsules of 
Euprymna hyllebergi attached 
to the inner side of the 
artificial substratum, a piece 
of cut polyvinyl chloride 
( PVC) pipe. (Photograph of J 
Nabhitabhata)
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15.4.2  System Requirements and Management

Artificial substrates with egg clusters are transferred to hatch in fibreglass tanks 
of 50-L capacity containing 40-L filtered seawater. Two pieces of longitudinal-cut 
PVC pipe (25-mm diameter, 400-mm length) equipped with aeration devices are 
placed in each tank, facing in the same direction, to generate and direct an artificial 
current (Fig. 15.5). Tanks are cleaned by siphoning out the old water and replaced 
by a volume of 50 %. Temperature change is minimised by means of outside running 
water around the tank base (Nabhitabhata et al. 2005). The average temperature 

Fig. 15.4  Hatchling of 
Euprymna hyllebergi (dor-
sum, 17x). (Photograph of J 
Nabhitabhata)

 

Fig. 15.3  Egg capsule of 
Euprymna hyllebergi; surface 
is colored brown by attached 
diatoms (40x). (Photograph 
of J Nabhitabhata)
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can be maintained at approximately 28.2 °C, pH 8.0 and salinity at 32.5 psu. For 
E� tasmanica, clutches are placed in a 100-L polycarbonate tank with ultraviolet 
(UV)-filtered artificial seawater. Each individual clutch is placed in a cage made 
out of 2 pieces of PVC tubing, cut longitudinally and then glued back together with 
mesh netting in between. The clutches are placed in these cages so as not to have 
hatchlings mix with other clutches, as well as receiving enough aeration from below 
during development. Each cage is aerated with water from an individual spout that 
provides oxygenated seawater (Fig. 15.6). Water is kept at constant temperature 
(20 °C) with pH 8.0 and salinity 34.0 psu. Water changes are completed every other 
day to maintain salinity due to evaporation.

15.5  Nursing of Young

15.5.1  Hatchling Characteristics

The living mode of the hatchling includes a planktonic phase lasting from 6 to 8 h be-
fore the hatchling gradually adopts a benthic habit. The settling stage is approximately 
5 days. Juvenile squids still enter the water column on a regular basis, alternatively 
planktonic and benthic, until 25–30 days after hatching. The internal yolk sac is still 
visible through the transparent mantle from hatching until the third day (Fig. 15.4).

Fig. 15.5  A culture tank of Euprymna hyllebergi equipped with current generator devices ( arrows 
indicate current direction). (Photograph of J Nabhitabhata)
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15.5.2  System Requirements and Management

Nursing of young is performed using the same system as for nursing of eggs for 
both species.

15.5.3  Feeding

The general task is to feed planktonic food to juvenile squids before the settling stage, 
at which time the squids are column feeders. Subsequently, benthic food is provided 
after the settling stage, when the juvenile squids settle to the bottom (Hanlon 1990; 
Hanlon et al. 1997; Nabhitabhata et al. 2005). E� hyllebergi hatchlings are fed with 
live, hatchery-produced penaeid shrimp larvae ( Penaeus merguiensis, P� monodon) 
of the protozoea and mysis stages for 5 days after hatching (Fig. 15.7). Postlarvae 
of penaeid shrimps of the same species as well as wild mysids ( Mesopodopsis 
orientalis) are also fed to the squids from hatching to 40 days. The planktonic 
young seize and eat its prey in the water column while hovering. After 25 days, the 
juvenile gradually changes to a benthic feeder, seizing its prey in the water column 
and then consuming it on the bottom substrate.

After 30 days, supplementary prey organisms for E� hyllebergi are palae-
monid shrimps ( Palaemon styliferus) and wild mysids ( Acetes spp.). Training 
the squids to feed on dead fish meat ( Caranx leptolepis) begins during this 

Fig. 15.6  Culture facilities for clutches/hatchlings for Euprymna tasmanica. (Photograph of MK 
Nishiguchi)
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period. Size grading is also initiated and continued every 10 days. The density is 
reduced from the initial 2–6 individuals L− 1 by at least 25 % after each grading 
(Nabhitabhata et al. 2005). E� tasmanica juveniles are fed on live, mysid shrimp 
for the first month (~ 30 days), i.e. Tasmanomysis oculata, Paramesopodopsis 
refa, and then are moved to smaller, post-larval panaeid shrimp ( Penaeus sp.). 
Since E� tasmanica are larger when hatched, they are capable of obtaining bigger 
prey items earlier in their development than E� hyllebergi. Enriched brine shrimps 
( Artemia parthenogenetica and A� franciscana) can be used as substituted food 
when mysids are unavailable (Sinn 2005; Sinn and Moltschaniwskyj 2005; Sinn 
et al. 2008) although they are generally less preferred. E� tasmanica does not take 
dead prey, although there is no attempt to train juveniles to feed on this type of 
material.

15.5.4  Euprymna hyllebergi Growth

Hatchlings of Thai bobtail squid grow from about 2-mm ML and 0.004-g weight 
to 7-mm ML and 0.26 g in the first month (Fig. 15.8a, b; Nabhitabhata et al. 2005). 
The daily or instantaneous relative growth rate (IGR) is the highest between 10 
and 20 days after hatching, about 5 % in length and 17 % in weight (Fig. 15.8b). 
The survival in the nursing phase from hatching to settling stage (0–30 days) is 
approximately 30 %.

Fig. 15.7  Diagram of feeding of cultured Euprymna hyllebergi in the nursing phase (0–30 d) and 
ongrowing phase (after 30 d settlement) with live feed ( full line) and dead feed ( dotted line). (After 
Nabhitabhata et al. 2005)

 

15 Euprymna hyllebergi and Euprymna tasmanica



262

Fig. 15.8  Growth of Euprymna hyllebergi in terms of ( above) mantle length (x10 mm), instan-
taneous relative growth rate ( IGR: %) and age ( d) after hatching and ( below) weight ( g), IGR 
(%) and age ( d) after hatching. Arrows indicate spawning ( s) and settling stage ( st). (After 
Nabhitabhata et al. 2005)
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Growth models demonstrate two phases of growth. The early phase was from 
hatching to 30 days where the relationships between the ML (mm) and weight (g) 
can be expressed as a power regression model (Fig. 15.9; Nabhitabhata et al. 2005):

 
(15.1)

The relationships between ML and age (d: days after hatching, Fig. 15.10; 
Nabhitabhata et al. 2005) and between weight (g) and age (d, Fig. 15.11; Nabhitabhata 
et al. 2005) can be expressed as the exponential models:

 
(15.2)

 (15.3)

15.6  Ongrowing

15.6.1  System Requirements and Management

For E� hyllebergi, ongrowing phase starts after the benthic young are able to 
accept dead fish meat. Tanks for ongrowing are the same tank used for the nursing 
phase and with similar management for both species. The density of E� hyllebergi 

4 4.124W 1.230 10 ML .−= ×

ML e A= × −1 988 4 205 10 2. . *( )

W 2.750 10 e .3 0.153A= × −

15 Euprymna hyllebergi and Euprymna tasmanica

Fig. 15.9  Relationships between mantle length (x10 mm) and weight ( g) of Euprymna hyllebergi; 
intercept of the two regressions at 5.5 mm mantle length. Arrows indicate spawning ( s) and settling 
stage ( st). (After Nabhitabhata et al. 2005)
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Fig. 15.11  Relationships between weight ( g) and age ( d) of Euprymna hyllebergi. Arrows indicate 
spawning ( s) and settling stage ( st). (After Nabhitabhata et al. 2005)

 

Fig. 15.10  Relationships between mantle length (x10 mm) and age ( d) of Euprymna hyllebergi. 
Arrows indicate spawning ( s) and settling stage ( st). (After Nabhitabhata et al. 2005)
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is changed from a water volume oriented to an (bottom) area oriented as 4–5 in-
dividuals m−2. E� tasmanica juveniles are initially raised in round glass bowls 
(approximately 2 L) with sand at the bottom so the juveniles can settle. Unlike 
E� hyllebergi juveniles, E� tasmanica immediately settle on the bottom once they 
are hatched. Water is changed daily since the volume is small and there is greater 
evaporative loss from this volume. At approximately 2–3 weeks, juvenile squids 
are transferred to 40-L aquaria with sand on the bottom and raised until sexually 
mature (2 months). Generally, 20 squids are kept in an aquarium this size due to 
space limitations, but this number does not seem to affect their behaviour with 
any visible signs of stress. Since E� tasmanica F1 and F2 generations have higher 
growth rates than those caught in the wild, these individuals are moved earlier to 
the adult cubicals.

15.6.2  Euprymna hyllebergi Growth

The growth rate from hatching to 100 days of age for E� hyllebergi is approximately 
2.4 % in length and 7.5 % in weight. At 60 days after hatching, the squid had grown 
to 17-mm length and 2.6-g weight and 22 mm and 6 g at 100 days. Food consumption 
of about 0.2 g d−1 or 37 % body weight d-1 enables calculation of the food conver-
sion efficiency of about 37 % (range 14–99) from hatching to 100 days. This rate 
increases from 30 to 40 % after hatching to 60–70 % during 40–60 days with a peak 
of about 64 % between 50 and 60 days (Fig. 15.12). These values potentially relate 
to the storage of energy for the consequent reproductive period (Nabhitabhata et al. 
2005). At 90 days after hatching, the survival from hatching is approximately 10 % 
and from settlement is 70 %.

Transition in growth phases is reflected in the nature of the growth models. The 
stage where the models shifted to a higher elevation is at about 30 days after hatch-
ing, and this corresponds to the observed settlement stage (Figs. 15.8–15.11). The 
second growth phase is from 30 to 122 days. The relationships between ML (mm) 
and weight (W, g) can also be expressed as a power regression model (Nabhitabhata 
et al. 2005) as happened in the early phase (Fig. 15.9):

 (15.4)

The relationships between ML and age (d, days after hatching) and between weight 
(g) and age can be expressed as the quadratic equation (Fig. 15.10; Nabhitabhata 
et al. 2005) and a cubic regression model (Fig. 15.11; Nabhitabhata et al. 2005):

 
(15.5)

 (15.6)
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15.6.3  Euprymna tasmanica Growth

Detailed studies on growth of E� tasmanica are scarce. Growth rate of E� tasmanica 
is rapid, with hatchlings reaching adult size in 2 months at 18 °C. E� tasmanica can 
grow from a ML of approximately 1.7 mm and a weight of 0.012 g at hatching 
(Steer et al. 2004) to 0.06 g at 21 days and to 6.8 g at 112 days (Sinn et al. 2008). 
The daily growth rate from day 21 to 63 is 7–9 %, from 63 to 84 days decreases to 
2–4 % and from 84–112 days 1–2 % at 18 °C (Sinn 2005).

The relationships between weight and age are exponential from 7 to 44 days after 
hatching and linear from 58 to 140 days (Moltschaniwskyj and Carter 2010) which 
can be expressed as:
 (15.7)

 (15.8)

15.7  Trends in Research and Industry

The main purpose of culture Euprymna is obviously not for human consumption. 
Present research in the fields of marine pharmacology, biotechnology and mimetic 
engineering requires small and “easy to culture” squids. Rapidly growing demand 
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Fig. 15.12  Food conversion efficiency ( FCE: %) of cultured Euprymna hyllebergi during growth 
(age: d). Arrows indicate spawning ( s) and settling stage ( st). (After Nabhitabhata et al. 2005)
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in the ornamental aquaculture trade also requires organisms of similar characters, 
specifically size and ease of care. The small adult body size, benthic habit and good 
adaptability to culture conditions of Euprymna are prominent character suites that 
are well adapted to the aforementioned purposes. Based on such qualities, bobtail 
squids should be cultured on a small scale in order to reduce the cost of production. 
Additionally, a small-scale culture has advantages of the reduced size and benthic 
habits of the squids. The variety of flow-through open or closed seawater systems 
can yield different results and should be further studied to better quantify which 
systems are best for maximising production and those appropriate for each species.

Culture of Euprymna similarly encounters a bottleneck during the nursing 
phase similar to other cephalopods, since young innately feed on live feed. Future 
research should focus on developing feeds, both live and artificial. However, small-
scale culture of live food organisms is more appropriate for small-scale culture of 
Euprymna in view of low operating costs at present. Development of artificial feed 
is necessary to reduce costs, but it could be postponed on a small scale. Artificial 
feed for cephalopods has not been commercially developed anywhere, but many 
studies are being completed, focusing on species that are aimed to be cultured as 
human food. Investigating various types of feed may give insight as to whether 
bobtail squids can also use artificial feed in such a manner.

E� hyllebergi and E� tasmanica can be cultured through multiple consecutive 
generations (3 generations for both E� hyllebergi and E� tasmanica) with similar 
growth rates (under similar conditions) without apparent effects of inbreeding on 
decreased growth (Nabhitabhata et al. 2005). Similar growth among generations 
enables a reliable supply of broodstocks for aquaculture and provides an alterna-
tive to continued fishing for wild-caught specimens, which can be time consuming 
and costly. However, the feasibility of inbreeding effects on decreasing of growth 
and fertility must be considered when producing future generations from the same 
broodstock. Broodstocks cannot rely solely on cultured batches, and wild brood-
stocks should be added intermittently to provide both genetic variation and possibly 
the induction of beneficial microbes that are necessary to keep squid healthy during 
their lifetime. Growth in captivity and culture methodology of both E� hyllebergi 
and E� tasmanica as well as their congeners should be further studied in views 
of maximising the aquaculture production and increasing our ability to provide a 
useful resource for a variety of research studies as well as the development of model 
aquaculture cephalopods.

15.8  Conclusions

The ability to maintain and grow small benthic squids such as Euprymna has 
opened up a new avenue for instigating the use of these animals as model systems in 
both bioengineering (adhesion) and biomedical (beneficial bacteria) research. The 
requirements for housing, maintaining and raising sepiolids is minimal and not as 
costly as other, more gregarious squid species, and this allows laboratories to set up 
facilities that may not necessarily be close to the ocean (such as NMSU). Presently, 
there are 14 laboratories in the USA alone that have culture facilities for raising 
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Euprymna; such facilities would not be feasible unless these animals were easy to 
transport long distances and maintained continually and without a nearby marine 
station or source of seawater. Additional research must be considered for the effects 
of inbreeding (when maintaining a constant broodstock) as well as comparing spe-
cies for different traits that can be used for certain research foci. The inception 
of using cephalopods as research and not “feed” organisms is a new and exciting 
avenue that multiple areas of research can benefit from for furthering our knowl-
edge in aquaculture, bioengineering, medicine, ecology and evolutionary biology.
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Abstract The medium-sized loliginid squids Loligo vulgaris and Doryteuthis 
opalescens have a long record as experimental models in cephalopod culture. The 
respective size of eggs (2.0–2.5 mm) and of hatchlings (2.5–3.5 mm mantle length) 
make them an interesting material for small-scale culture, but the high require-
ments for live food (copepods, crustacean larvae and/or mysids at early juvenile 
stages), highly active swimming behaviour and the relatively modest adult size 
have prevented them from becoming target species in commercial culture projects. 
The inherent difficulties and costs in providing food and large volume tanks to 
hold groups of schooling squid have an impact on profitability. However, the data 
obtained in culture experiments involving these species have been useful in a wider 
biological context. This chapter summarizes our present knowledge of their culture 
potential refraining from suggesting standardized methodologies.

Keywords Doryteuthis opalescens · Loligo vulgaris · Cephalopod · Culture · 
Paralarvae · Rearing · Squid

16.1  Importance of these Species in the Market

Loligo vulgaris (Lamarck 1798) and Doryteuthis opalescens (Berry 1911) are two 
medium-sized squids of the family Loliginidae and both are of great interest to 
fisheries.

The European squid L. vulgaris (Fig. 16.1) is distributed in the eastern Atlantic 
Ocean and North and Mediterranean Seas (approximately from 55°N to 20°S). For 
this species, Jereb and Roper (2010) stated the following: ‘Loligo vulgaris is taken 
throughout its distributional range all the year round, mainly as by catch of the 
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multi-species bottom and pelagic trawl fisheries. Major fishing grounds are located 
off Portugal, on the West African Banks and in the western Mediterranean, where 
the species is caught in the international fisheries with otter trawls and purse seines 
in daytime and occasionally at night with light attraction’.

The California market squid (Fig. 16.2) was recently renamed from Loligo opal-
escens to Doryteuthis opalescens, based upon the molecular phylogeny (Anderson 
2000). This key forage species lives in the nearshore pelagic environment and is en-
demic to the California Current region, being found from British Columbia, Canada 
to the southern tip of Baja California, Mexico (from 50°N to 25°N).

The fishery is focused entirely on adults aggregated for spawning over the shelf, 
which occurs from April to July in Monterey during the upwelling season and from 
November to March in southern California during the productive storm season. 
Fisheries shifted from Monterey to southern California (Channel Islands) from 
1970 to 2000. Landings grew in the past 20 years to become the largest US squid 
fishery in terms of tonnage and ex-vessel value (Jereb and Roper 2010, p. 64). The 
fishery is managed with weekend closures and an annual limit of 118,000 t with 
yields of ~US$ 26 million. However, since 2003, a record year, landings in Mon-
terey have dropped off to zero in 2008, and fishing in southern California has gone 
from a winter activity to a year-round venture (Jackson and Domeier 2003). ‘They 
typically are harvested on shallow nearshore spawning grounds; specialized light 
boats shine high intensity lights on the water to attract and congregate the squids 

Fig. 16.1  Loligo vulgaris. Adult individuals in a large outdoor tank, with an egg mass attached 
close to the upper end of the overflow pipe. On the left side is a mated pair, the female is turning 
to the right and beginning to approach the egg mass. (Original image)
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near the surface, then seiner boats capture them with purse-seine nets’ (Jereb and 
Roper 2010 p. 64).

One of the most popular capture methods in recreational and artisanal fishery is 
hand jigging. For L. vulgaris in the Mediterranean, there are at least two variants, 
one with bare jiggers (generally used along with a surface light) and the other using 
jiggers partly wrapped with fish fillets (supposed to act chemically as a ‘tasteful 
lure’, G. Celentano, personal communication). Hand jigging is minimally traumatic 
for specimens of medium to large size, and therefore can be recommended for field 
collections serving the establishment of a breeding stock.

16.2  State of the Art

Before approaching the questions of culture techniques and the aims of specific cul-
ture projects, it may be useful to survey the scientific literature on the two species 
considered, especially with regard to their biology.

Many of the early accounts of the fishery and biology of L. vulgaris were re-
lated to the activities of the Zoological Station at Naples (Italy), beginning with 
Jatta (1896) and Lo Bianco (1899), continuing with Bauer (1909), Naef (1921/1923, 
1928), Sereni (1930) and with Grimpe (1928) who also worked at the Helgoland 
Station and studied the cephalopods of the North Sea, including L. vulgaris (Grimpe 
1925). A highlight of cephalopod biology research at the Naples Station was the de-
scription of giant nerve fibres in L. vulgaris (Young 1938, 1939). A great part of the 
detailed studies of Bidder (1950) on digestive mechanisms in squid was achieved 

Fig. 16.2  Doryteuthis opalescens. (Photo credits: Roger T. Hanlon)
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at the Naples Station. A major contribution from the Naples Station is a catalogue 
of body patterning in cephalopods (see Packard 1995), describing and illustrating 
also the chromatic components, body patterns and displays observed in L. vulgaris 
(Borrelli et al. 2006).

A survey of the biology of L. vulgaris in the western Mediterranean was per-
formed by Mangold-Wirz (1963) giving information on sexual maturation, mating 
and spawning.

Statoliths studies revealed a lifespan around 15 months, with males maturing ear-
lier and at smaller sizes than females (Moreno et al. 2007). However, longer lifespans 
were estimated in males from the Galician waters, but shorter (9 months) in squid 
from the Portuguese waters and the Sahara shelf. Maturity was ultimately found to 
be primarily dependent on size rather than age. Detailed information on life cycle, 
maturation and reproduction of L. vulgaris can be found in Moreno et al. (2013).

Following earlier reports by Collins (1892), Scofield (1924) and others, Fields 
(1950) surveyed the fishery and biology of D. opalescens, providing catch statistics 
from the Monterey area beginning in the 1930s, and offered detailed observations 
on maturation and spawning. McGowan (1954) summarized his biological study of 
D. opalescens, especially laboratory observations on animals collected by diving. A 
richly illustrated monograph covering fisheries, general biology and development 
of D. opalescens is due to Fields (1965) who also described feeding behaviour in 
the aquarium.

Hurley (1977, 1978) studied the mating behaviour and school structure of D. 
opalescens in the laboratory and in the field, using artificial eggs to study the vi-
sual stimulus of egg masses on spawners. Recksiek and Frey (1978) coordinated 
a publication uniting a dozen original articles covering the results of 3 years of 
research on D. opalescens. Starting from background information on market squid 
research, basic life history and the California squid fishery, presented by the two 
coordinators, there are studies of spermatogenesis (Grieb and Beeman 1978), oö-
genesis (Knipe and Beeman 1978), age and growth (Spratt 1978), feeding dynamics 
(Karpov and Caillet 1978), importance of D. opalescens in the marine vertebrate 
food web (Morejohn et al. 1978), morphological indicators of population structure 
(Kashiwada and Recksiek 1978), biochemical genetic population structure (Ally 
and Keck 1978), electrophoresis of select proteins (Christofferson et al. 1978), 
acoustic sensing (Vaughan and Recksiek 1978), target strength of individual squid 
(Vaughan 1978) and correlations between squid catches and oceanographic condi-
tions (McInnis and Broenkow 1978).

More presentations on these loliginid species are available in volume I of Ceph-
alopod Life Cycles (Boyle 1983), with individual chapters for L. vulgaris (Worms 
1983) and D. opalescens (Hixon 1983) covering the ‘Egg stage’, the ‘Juvenile stage’, 
‘Growth’, ‘Maturation’, ‘Reproduction’, ‘Mortality’ and ‘Ecology’. In the above-
mentioned volume, Worms (1983) deals with characteristics of L. vulgaris, unfortu-
nately introducing several errors. The correct graphs for embryonic development of 
L. vulgaris that should have been given by Worms (1983) in his Fig. 9.1 are recapitu-
lated in volume II of Cephalopod Life Cycles (Boletzky 1987, Fig. 2.1b). For D. opal-
escens, recent in-depth information on life cycles can be found in Zeidberg (2013).
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Loliginid females lay their egg capsules over other egg masses of the same spe-
cies, forming egg masses that can vary greatly from small clusters of a few cap-
sules to very large ones. In L. vulgaris, each capsule contains from 130 to 180 
eggs (Mangold-Wirz 1963) and newly laid eggs measure 2.0–2.2 mm in length by 
1.5–1.6 mm in width (Boletzky 1974a). The size of eggs are close to those of D. 
opalescens (2.0–2.5 mm in length by 1.3–1.6 mm in width), although in this species 
the number of eggs per egg capsule ranges from 180–300 as indicated by Hixon 
(1983). In summary, these two loliginid species form oocytes of roughly similar 
size, much larger than, e.g. Doryteuthis pealeii (Hanlon et al. 1979).

16.3  Broodstock Acclimatization to Captivity

Broodstock acclimatization is necessary when juvenile, subadult or adult individu-
als are captured from the sea and transferred to holding facilities where reproduc-
tion can be achieved.

In a brief section on ecological characteristics of L. vulgaris, Bauer (1909, 
p. 154) had already stated the following: ‘Loligo is pelagic like most of the deca-
pods and in general lives in shoals. In the aquarium the animals are in continuous 
movement, swimming intermittently forward and backward without turning; indeed 
all the individuals in a swarm move simultaneously in the same direction’.

Tardent (1962) summarized earlier experience (e.g. Grimpe 1928) with squid 
maintenance at the Naples Aquarium (which used an open seawater circuit, func-
tioning as a closed circuit during stormy periods with high water turbidity), where 
groups of individuals have been kept continuously for periods lasting up to 2 
months, being fed mainly on live and dead fish. Freshly caught individuals were 
acclimatized in circular rubber tanks (inflatable splash pools; see Neill 1971) before 
being transferred to a rectangular show tank, where they formed well-organized 
‘schools’. Bentivegna (1987) indicated maximum survival time of 3 months for 
small individuals of L. vulgaris in the Naples Aquarium, under optimal feeding 
conditions (live prawn).

For highly active swimmers such as loliginid squids (Neumeister et al. 2000), 
which begin schooling at an early juvenile stage, sufficient tank space accommo-
dating relatively large groups is a major requirement (Neill 1971; Neill and Cullen 
1974). Hanlon and Messenger (1996, p. 151) drew attention to a distinction be-
tween shoaling and schooling: ‘Shoaling emphasises the social behaviours related 
to aggregating as distinct from the physical synchrony (velocity and direction) and 
polarization (parallel swimming) of individuals in the group, which are termed 
schooling’.

Visual landmarks in their artificial environment (e.g. striped tank walls or cur-
tains, or entirely black-walled cylindrical tanks, as described by Mladineo et al. 
2003) may help the animals to avoid contact with technically imposed barriers in 
their artificial environment (Hanlon 1978, p. 10). But even when a high water qual-
ity (cf. Gilly and Lucero 1992), a regular supply of appropriate prey (DeRusha et al. 
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1989) and a complementary assortment of sensory inputs are offered in captivity, 
the question remains whether these highly active, gregarious animals can be fully 
acclimatized to captivity without losing significant elements of their natural behav-
iours (cf. Zeidberg 2008). Only if ethological aspects are clearly outside the scope 
of the research field envisaged, can the question of possibly impoverished behav-
ioural repertoires be ignored in a squid culture (cf. Yang et al. 1986). Little is known 
about how broodstock feeding affects eggs and paralarval quality in squid. Ideally, 
females should be maintained under controlled conditions that match those to which 
they have been exposed in the wild.

16.3.1  Food Supply

Considering wild food sources of squid (mainly living marine fish and shrimp), the 
question of food supply in captivity raises some practical and economic problems: 
Are the prey species known from wild squid stomach contents available, and if so, 
can their procurement be afforded by the squid culturist? What are the acceptable 
alternatives, e.g. other marine prey items or fresh water animals? Can live prey be 
replaced by dead animals or food preparations? These questions again relate to the 
problem of behavioural repertoires mentioned above (Boletzky 2004).

Tardent (1962) indicated for L. vulgaris kept in the Naples Aquarium that ‘cut 
dead sardines and anchovies’ and live prawns ‘Leander and Lysmata (are) given at 
least once a day’. In particular, this author observed that ‘food is as readily picked 
up from the bottom or walls of the tank as from the water surface’. Bentivegna 
(1987) confirmed these observations.

Pierce et al. (1994) summarized information on diets of wild L. vulgaris from 
Scotland, northwestern Spain, western and southern Portugal and the western Med-
iterranean, and found fish, crustaceans, cephalopods and polychaetes in various 
combinations.

For D. opalescens, Fields (1965) summarized his observations and literature sur-
veys: ‘Thus L. opalescens probably eats two or more meals each day, foraging from 
the sea surface to its floor, and any available animals of appropriate size may be its 
prey. Pelagic crustaceans and fellow squid are important components of its diet; it 
feeds with, and probably upon, sardines ( Sardinops caeruleus), herring ( Clupea 
pallasi), mackerel ( Scomber diego), sauries ( Cololabis saira), and anchovies ( En-
graulis mordax)’. The observation that ‘fellow squid’ are regularly eaten raises the 
question whether cannibalism could be ‘exploited’ in squid cultures (e.g. in ‘sacri-
ficing’ small, immature males).

16.3.2  Sex Ratio

Although the sex ratio appears to be on an average roughly 1:1 in loliginid squids, a 
special situation arises with ’sneaker mating’, a phenomenon also observed in other 
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cephalopods. Zeidberg (2008) reports that in D. opalescens mating groups involved 
10–20 individuals and had a sex ratio of 1–2 males for each female. Although 
sneaker mating has been observed in other species of Doryteuthis and Loligo, so far 
no such reports exist for L. vulgaris. However, Zeidberg (2008) considers that mul-
tiple paternity in individual egg capsules may be common in most loliginid squids.

16.3.3  Physical and Chemical Parameters

Natural or synthetic seawater of high quality is indispensable for cephalopod 
 broodstock maintenance, rearing and culture. A salinity between 34 and 38 psu is 
recommended, with pH around 8 (7.7–8.2) and O2 levels close to saturation (5 mg 
L–1), along with levels of ammonia and nitrite < 0.1 mg L–1, and < 20 mg L–1 for ni-
trate are considered normal (Boletzky and Hanlon 1983). Water temperature should 
best be maintained between 12 and 22°C in culture systems for the two species 
considered here.

16.4  Spawning Process

The structure of the egg capsules in both species is essentially as described by 
Jecklin (1934), but the way these capsules are deposited is different. In L. vulgaris, 
the egg capsules are always suspended in dense clusters from overhanging sub-
strates (Boletzky 1974a), whereas in D. opalescens, they are deposited on (gener-
ally soft) bottoms (Fields 1965). Spawning can be stimulated by the visualization of 
natural or artificial egg masses in the tanks (Arnold 1962).

An open question remains with regard to the actual making of an egg capsule 
by the spawning female: Is the spirally coiled string of eggs embedded in oviducal 
jelly released along with the outer capsule, the material of which is produced by the 
nidamental glands, or is the outer capsule released first and the egg string ‘pumped’ 
into it, as described by Zeidberg (2008)?

Ideally, females spawning in a tank should remain in contact with other adult in-
dividuals (Hanlon 1990), to be able to regularly feed, mate and lay eggs (Fig. 16.1). 
However, if mating males are generating too much stress for spawning females, 
they should be separated.

16.5  Embryonic Development

Egg care is one of the most important steps for rearing success. During embryo-
genesis, eggs should be closely monitored to evaluate progress of development and 
proximity of hatching. Naef (1928) and Arnold (1965) provided embryonic devel-
opmental scales for loliginids and the latter scale is used as reference in this chapter.
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16.5.1  Egg Collection and Transportation

Egg masses can be obtained from females spawning in captivity and collected from 
the spawning grounds. In the second case, it entails careful selection of eggs in good 
condition, following proper transportation. Embryos and paralarvae can also be pro-
duced by in vitro fertilization methods as demonstrated by D. pealeii (Crawford 
2002). Studies that focus on aspects of embryonic development should acquire eggs 
from captive females or in vitro fertilization, since fundamental information such as 
the exact incubation time and the physical conditions the eggs were exposed to can 
be obtained and controlled. When eggs are collected from the field, it is advisable 
to get hold of them around stages 16–22 (i.e. late gastrulation stages). Collection of 
eggs at early stages frequently results in death of the embryos if conditions during 
transport and maintenance are not ideal, for instance, major oscillations in water 
parameters (temperature, salinity, dissolved oxygen and pH) can lead to abnormali-
ties and death of embryos (Marthy 1972). On the other hand, collection of eggs 
at late stages (25–28) entails other problems. Mechanical disturbance may trigger 
premature hatching and may cause mass hatching during transport. Additionally, 
late-stage embryos metabolize at high rates and require more water and oxygen than 
at early stages (Rosa et al. 2012). Thus, depletion of oxygen can occur rapidly caus-
ing mass premature hatching due to deterioration of water quality (Hanlon 1990). 
Prematurely hatched paralarvae have not yet fully absorbed the outer yolk sack, a 
crucial step prior to hatching; thus, the outcome from premature hatching is high 
mortality of paralarvae (Boletzky and Hanlon 1983, Hanlon 1990), thus jeopardiz-
ing rearing trials.

The effects of transportation conditions on loliginid eggs are largely underval-
ued; however, when proper conditions are endowed the eggs can withstand long 
transport times (~ 24 h, Yang et al. 1983a, b; Vidal et al. 2002a, 2005) at relatively 
small shipping costs compared to juveniles and adults (Hanlon 1990). During trans-
port, eggs should be conditioned in double plastic bags containing from 30 to 50 % 
of oxygenated seawater with the remaining space filled with pure oxygen. To avoid 
thermal shock, they should be slowly acclimatized to the temperature and salinity of 
the rearing tanks at destination (1 °C h−1, Villanueva 2000b), especially if there is a 
difference in any aspect of water quality. Hanlon (1990) provided detailed informa-
tion on egg transportation and handling.

Eggs produce large amounts of ammonia and require high levels of dissolved 
oxygen (Hanlon 1990), demanding pristine water quality and aeration. Excellent 
hatching success has been obtained by carefully tying single collective capsules 
(strands) or bunches of five to ten egg strands with nylon thread and suspend-
ing them in highly aerated water underneath the water inflow of the tanks and/or 
maintaining an upwelling flow of water through the suspended eggs (Boletzky and 
Hanlon 1983; Paulij et al. 1990; Villanueva 2000a; Vidal et al. 2002a). This simple 
procedure exposes the eggs to adequate levels of oxygen that in combination with 
high flow rates (Villanueva et al. 2003) and proper current speed inside the tanks 
(Vidal et al. 2002a) maximize timely hatching. The aim of keeping egg strands in 
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small bunches and in constant motion is to promote an even aeration between them. 
Steer and Moltschaniwskyj (2007) have shown that the relative position of the eggs 
within the egg mass of Sepioteuthis australis dictates their chances of survival. 
Eggs located near the attachment point of the egg strand or within the interior of the 
egg mass are subject to the highest mortality rates due to reduced levels of oxygen 
supply. This effect is amplified with increasing egg mass size. Furthermore, the 
development of the embryos within a single egg strand is asynchronous as they 
are exposed to differential oxygen levels. Embryos located at the periphery and 
exposed to higher oxygen supply will hatch first, as particularly in the case of those 
species which produce egg capsules containing dozens of eggs as both L. vulgaris 
and D. opalescens (Fig. 16.3). Through the hatching process the external egg en-
velope is punctured, triggering a reduction of the diffusive distance to the centrally 
located embryos, and allowing them to develop further, as demonstrated for Sepia 
apama (Cronin and Seymour 2000). Thus, during embryonic development oxygen 
levels should be maintained close to saturation, and flow rates and the current gen-
erated inside the tanks should be closely monitored to ensure optimal survival of 
the embryos. Low-speed currents reduce aeration between the egg strands, leading 
to death of the embryos, and high current speeds can provide mechanical stimuli 
that will cause premature hatching at late embryonic stages. Air bubbles must also 
be avoided because they adhere to either the surface of the egg strands or the hatch-
lings’ skin, thus causing mortality (Boletzky and Hanlon 1983).

Loliginid eggs collected in the wild are sometimes infested with capitellid poly-
chaete worms (McGowan 1954, Fields 1965; Boletzky and Dohle 1967; Yang et al. 
1986; Vidal et al. 2002a; Zeidberg et al. 2011). Infestations by these worms have 
been related to deterioration of the external egg envelope, exposure of the chorion 
of the eggs, premature hatching and subsequent high mortality of paralarvae (Vidal 
et al. 2002a). An exception to this pattern, however, was found by Zeidberg et al. 
(2011), who observed that by perforating and feeding on the external egg envelope 
the worms slightly increased the hatch rate (3.1 %), suggesting the existence of 
a symbiotic relationship between the squid eggs and the worms. However, these 
authors did not supply information on the condition of the hatchlings (premature, 

Fig. 16.3  Doryteuthis opal-
escens. Late-stage embryos 
(stage 28). (Arnold 1965; 
original image)
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normal or late; see below) or on their subsequent survival and performance to attest 
that infestation by the worms is indeed beneficial during embryonic development. 
In any case, infestation can be prevented or greatly reduced by removing the sand 
from the apical tip of the egg strands. Thus, the relationship between the squid eggs 
and these worms remains not fully explained, as well as other ecological relation-
ships during the egg phase. It has been shown that the egg capsules of D. opalescens 
and D. pealeii hold a complex bacterial community via the accessory nidamental 
glands, recognized as the host organ and inocula for bacterial species (Barbieri et al. 
2001). The precise function of the egg capsule-associated bacteria is unknown, but 
it was suggested by Biggs and Epel (1991) that the defence of the eggs against mi-
croscopic and macroscopic predators is a possible explanation, as demonstrated by 
the antifungal effects of D. pealeii-associated Pseudoalteromonas strains (Barbieri 
et al. 1997).

16.5.2  Incubation Conditions and Influence of Environmental 
Factors during Embryogenesis

Both natural and artificial seawater have been used to incubate L. vulgaris and D. 
opalescens eggs, although developmental problems have been observed mainly in 
artificial seawater. The perivitelline fluid inside the egg chorion is in osmotic equi-
librium with seawater and will reflect changes in the concentration of major ions of 
seawater; therefore, these ions must be within the required concentration for normal 
egg development (i.e. calcium and potassium 9–15 mM, magnesium 48–68 mM 
and sulphate 15–37 mM) (D’Aniello et al. 1987). Even though late-stage eggs de-
veloped normally when incubated in artificial seawater containing these major ions 
in proper concentrations, early stage eggs did not, suggesting that other elements 
are required. This was later addressed by Hanlon et al. (1989), who demonstrated 
that the embryo statoliths do not develop normally when strontium levels are below 
8 mg L−1. Paralarvae hatching without or with abnormal statoliths were termed 
‘spinners’, as they displayed erratic swimming patterns making continuous loops 
at the surface and being unable to descend in the water column. The importance of 
strontium in the biomineralization process during embryogenesis remains unknown 
and other factors must play a role in the formation of statoliths, since the spinners 
are occasionally found from natural seawater cultures. Natural seawater is therefore 
recommended for egg incubation.

Eggs of both species have been incubated in closed and open, flow-through cul-
ture systems (Tables 16.1 and 16.2) and exposed to both constant and fluctuating 
water temperatures and salinity conditions. Temperature strongly influences the rate 
of embryonic development, incubation time and hatching rate (Boletzky 1987) and 
there is some evidence that it might also have an effect on the hatching rhythm 
(Paulij et al. 1990). Sen (2005a) evaluated thermal tolerance limits of L. vulgaris in-
termediate stage eggs (11–13) from Izmir Bay, Turkey. When eggs were exposed to 
temperatures from 6 to 28 °C (at 37 psu), hatching rates (defined as number of viable 
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paralarvae × 100/number of incubated eggs) above 80 % were found within the 
range of 14–22 °C (Fig. 16.4). Temperatures above and below this range resulted in 
low hatching rates, deformities and death of embryos. This is consistent with results 
of Villanueva et al. (2003), who observed irregular statolith growth and low hatch-
ing rates from L. vulgaris eggs incubated at 12 and 24.7 °C. More recently, Rosa 
et al. (2012) obtained similar results by incubating early stage eggs from the west-
ern coast of Portugal at similar temperatures (13, 15, 17 and 19 °C), but at 34 psu. 
These authors, however, found relatively lower hatching rates (71 %) and the high-
est percentage of premature hatchlings at the highest temperature (Fig. 16.4). They 
have also shown that late-stage embryos were more heat tolerant than hatchlings, 
obtaining CL50 (temperature at which 50 % of the initial population died) values of 
34 and 35 °C from eggs incubated at 13 and 19 °C, respectively. This was partially 
attributed to the physical protection provided by the egg envelopes.

It is noteworthy that eggs at different developmental stages have different toler-
ance limits to stress factors, and this should be taken into consideration to avoid 
misinterpretations. Tolerances are also closely related to habitat, reproductive sea-
son and geographic range of species (Kinne 1971), and could uncover seasonal or 
geographical cohorts characteristics as a result of genetic variability. Off the south 
coast of Portugal, L. vulgaris eggs are found year-round within a temperature range 
of 13–19 °C (Villa et al. 1997).

D. opalescens eggs collected from southern Monterey Bay seem to be more tol-
erant than L. vulgaris to lower temperatures as hatching rates above 80 % were 
obtained from eggs incubated at 7.2 °C. In addition, hatching rates above 95 % 
were recorded at temperatures of 9–14 °C, but decrease sharply outside this range 
(Fig. 16.4) (Zeidberg et al. 2011). These authors suggested that this is the best range 
for egg incubation of D. opalescens as it coincides with the temperatures commonly 
experienced by the eggs in the spawning grounds, which are subjected to intermit-
tent, wind-driven, coastal upwelling (Koslow and Allen 2011).

 

Fig. 16.4  Hatching rate (defined as number of viable hatchlings × 100/number of incubated eggs) 
versus temperature for Loligo vulgaris and Doryteuthis opalescens
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For L. vulgaris, incubation times at extreme temperatures were recorded for 70 
days at 10 °C (Boletzky 1987) and between 13 and 19 days at 24 °C (Sen 2005a). 
While for D. opalescens, incubation times varied between 93 days at 7.2 °C and 19 
days at 24.4 °C (Zeidberg et al. 2011). Incubation time is inversely proportional to 
temperature and egg size in cephalopods (Boletzky 1974a, 1987). Therefore, differ-
ences in incubation time suggest that more attention should be given to the exact 
range of variation in the respective sizes of ova in both species as well as to the 
exact relationship between the rates of embryonic development at different tem-
peratures and the individual size of ova.

When the data available for both species are plotted to fit a linear relationship 
between temperature and developmental time, the predicted response shows that 
each 1 °C increase in temperature will reduce incubation time by approximately 3.8 
days for D. opalescens and by 2.4 days for L. vulgaris, with incubation time turning 
out to be very similar for both species at the highest temperatures (Fig. 16.5). This 
information can be very useful to minimize collection efforts and allow that several 
experimental trials be undertaken from eggs maintained at different temperatures 
(Boletzky and Hanlon 1983). Although temperature exerts a major effect on incu-
bation time, other factors such as dissolved oxygen (Rosa et al. 2012) and salinity 
(Sen 2005a) must also play an important role that is likely masked by the dominant 
effect of temperature.

Very few studies focused attention on the sensitivity of loliginid eggs to changes 
in salinity. When L. vulgaris eggs (stages 15–17), from the Bay of Naples, Italy, 
were transferred to salinities from 19 to 57 at 18–20 °C, normal development was 
only observed between 34 and 42 psu (D’Aniello et al. 1989). Sen (2004, 2005b) 

 

Fig. 16.5  Embryonic developmental time versus temperature for Loligo vulgaris and Doryteuthis 
opalescens
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also evaluated the salinity tolerance of L. vulgaris eggs (stages 7–11) from the Izmir 
Bay, Turkey in two experiments. In the first, egg capsules were introduced at sa-
linities of 0, 28, 31, 34 and 37 psu under a mean temperature of 12.2 °C and in the 
second, at 32–42 psu (mean temperature of 19.8 °C). The eggs developed normally 
only within the range of 34–38 psu. These results suggest that salinity tolerance of 
eggs decreased at lower temperatures, in accordance with the result obtained by 
Nabhitabhata et al. (2001) for Sepioteuthis lessoniana. Nonetheless, in the experi-
ments of Sen (2004, 2005b) eggs were transferred to different salinities without ac-
climatization and no information on hatchings competence was provided. There is a 
good evidence that sudden temperature and salinity changes must be avoided, espe-
cially at early embryonic stages (D’Aniello et al. 1989; Boletzky and Hanlon 1983).

Changes in pH have the potential to cause a major impact on the physiological 
aerobic performance of cephalopods (Pörtner and Zielinski 1998), particularly dur-
ing late embryonic stages. D’Aniello et al. (1989) exposed L. vulgaris intermediate 
stage eggs to pH levels between 7.1 and 9.1, observing no development at these ex-
treme pH values. Eggs developed normally and hatching followed at pH 7.6 and 8.6, 
but the paralarvae did not survive. Normal egg development and paralarval survival 
was only found within a pH range of 7.8–8.4. Vidal et al. (2002a) observed that pH 
below 8.0 produced abnormal development and high mortality of the newly hatched 
D. opalescens paralarvae and recommended an even narrower pH range (8.1–8.4) for 
egg incubation. More recently, Lacoue-Labarthe et al. (2011) evaluated the effects of 
ocean acidification on accumulation of trace elements in embryos and hatchlings of 
L. vulgaris. It was shown that the combined effect of low pH on the adsorption and 
protective properties of the egg capsules during embryogenesis and of high CO2 par-
tial pressure on the metabolism of embryos and paralarvae resulted in changes to the 
bioaccumulation of metals. These physiological responses were believed to be a result 
of ionic and acid–base imbalance.

Eggs are incubated under constant low light intensities (1–6 Lx—Vidal et al. 
2002a; 1.5µE m−2 s−1—Villanueva 2000b) and also to a variety of manipulated (Paulij 
et al. 1990; Vidal et al. 2002a, b; Villanueva et al. 2007) and natural photoperiods 
(Boletzky 1979; D’Aniello et al. 1989). In any event, it is advisable to maintain light 
at low intensities. Paulij et al. (1990) demonstrated that photoperiodicity has a major 
influence on the timing of hatching of both L. vulgaris and L. forbesii. Independent 
of the timing and duration of the dark period, the transition from light to dark condi-
tions function as a synchronizer of hatching. This synchronization occurs only if light 
and dark transitions are detected by the embryos, given that hatching could not be 
stimulated by twilight (< 50 µE m−2 s−1). Embryos exposed to constant light showed 
random hatching, but when exposed to a dark shock hatched shortly after the onset 
of darkness. It was also revealed that an endogenous hatching rhythm can only be 
preserved after stage 15. Synchronous hatching seems to be very important to increase 
the chances of hatchlings survival in the wild and could have a foundation on selective 
intrinsic factors, such as light (L)–dark (D) cycles, although there are no field studies 
to attest this argument. There seem to be no reports of the negative effect of light on 
the embryonic development of the loliginid squid. However, reliable evidence suggest 
that continuous illumination might lengthen the embryogenesis in Sepia officinalis by 
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making the duration of the hatching period longer and hatching asynchronous (Paulij 
et al. 1991). In addition, it was also shown that L. vulgaris embryos exposed to con-
stant light conditions produced slower statolith growth when compared to embryos ex-
posed to manipulated summer (16L/8D) or winter (8L/16D) photoperiod (Villanueva 
et al. 2007). This is consistent with observations made for D. opalescens intermediate 
stage eggs exposed to continuous illumination and to natural photoperiod, but under 
the same water quality and temperature conditions. Hatchlings from eggs exposed to 
constant light were smaller and had consumed nearly all their internal yolk reserves, 
when compared with those under natural photoperiod, suggesting that light might also 
affect the efficiency of yolk utilization, and consequently, hatchling size and condition 
(E.A.G. Vidal, personal observation). This requires validation, but it seems imprudent 
to expose the eggs to constant illumination if the main purpose of the experiment is 
rearing of paralarvae. Hatchlings exposed to suboptimal or stressed conditions during 
embryogenesis may be weak, have poor functionality or be more susceptible to infec-
tion.

Viability and competence of paralarvae will, to a large extent, depend on the 
developmental history and environmental influences during egg development. En-
vironmental conditions are considered to play important roles on eggs and larval 
quality of invertebrates (Benzie 1998). Nonetheless, little progress has been made in 
elucidating the connections between the influence of environmental factors during 
embryonic development and the production of high-quality and competent paralar-
vae for rearing. Studies that focus on evaluating tolerances and conditions during 
embryonic development should provide information on a fundamental aspect of egg 
quality and development: paralarval survival and competence. For instance, temper-
ature has a dramatic impact on embryonic development of cephalopods (Boletzky 
1987) and both the rate and the efficiency of yolk utilization are temperature de-
pendent (Vidal et al. 2002b, 2005). Eggs of both L. vulgaris and D. opalescens in-
cubated at lower temperature yield larger hatchlings than those incubated at higher 
temperatures (Villanueva 2000a; Vidal et al. 2002b). This shows that development 
at lower temperatures maximizes yolk conversion efficiencies, with the opposite 
effect observed at high temperatures (Vidal et al. 2002b). The high metabolic de-
mands of late-stage embryos maintained at the highest temperature tolerance limits 
may impose a substantial constraint on the efficiency of conversion of yolk into 
tissue. This is coherent with the production of premature hatchlings of L. vulgaris 
when incubated at 24.7 °C (Villanueva et al. 2003) and 19 °C (Rosa et al. 2012). Ob-
servations under experimental conditions showed that the yolk reserve at hatching, 
although variable, is proportional to the body mass, representing around 33–65 % 
of the body dry weight (dw) of D. opalescens paralarvae (Vidal et al. 2002b). Most 
importantly, the yolk content at hatching is crucial for the survival of hatchlings dur-
ing the transition from endogenous (yolk) to exogenous (prey) feeding, when prey 
capture skills are developing and the highest mortality rates are registered.

An essential fact here is the absence of a morphological or physiological ‘hatch-
ing stage’ in cephalopods (D’Aniello et al. 1989; Boletzky 2003). According to 
Boletzky (2004), hatchlings can be: (1) premature, without complete absorption of 
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the outer yolk sac; (2) normal, after complete absorption of the outer yolk sac; and 
(3) late, when most of the inner yolk sac was absorbed (Fig. 16.6). While develop-
ment at lower temperatures tends to produce late, larger and likely more developed 
and competent hatchlings (Vidal et al. 2002b; Villanueva et al. 2003) adding a final 
time of embryonic ‘perfection’ (Boletzky 2004), these paralarvae lack the necessary 
energy reserves to make the transition to successful prey capture. The yolk reserve 
offers a ‘safeguard of considerable adaptive value’, allowing hatchlings to deal 
with an event of temporary food shortage (Boletzky 2010). Consequently, condi-
tions during embryonic development should produce paralarvae with large internal 
yolk reserves, an advantage under any circumstances. Better knowledge must be 
achieved to understand the influence of environmental conditions not only on yolk 
utilization rates during embryonic development but also how these conditions can 
be manipulated to uphold the production of high-quality and competent paralarvae.

16.6  Paralarval Rearing

Paralarval rearing is the main bottleneck in squid culture. It is a demanding process 
for which the production of meaningful quantities of healthy specimens requires 
meeting all environmental conditions from embryo through the paralarval phase. 
A major breakthrough was the understanding that holding tanks with favourable 
circulation regimes enhance successful interactions with prey and minimize skin 

Fig. 16.6  Schematic drawing showing possible hatchling forms in ventral view: a Premature. b 
Normal. c Late. oys outer yolk sack, mgg mid gut gland, iys inner yolk sack, st statocysts, is ink 
sac. (Adapted from Segawa et al. 1988)
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damage due to abrasion that occurs when paralarvae come in contact with tank 
surfaces (Vidal et al. 2002a). In addition, supplying a variety of live prey of high 
nutritional quality enhances feeding of the heterogeneously developing hatchlings 
by encouraging their natural hunting behaviour. The main requirements for paralar-
vae rearing are listed below.

16.6.1  Tank Design and Circulation Patterns

L. vulgaris and D. opalescens paralarvae have been reared in both open and closed 
seawater systems (Tables 16.1 and 16.2). Boletzky and Hanlon (1983) and Hanlon 
(1990) address the advantages and disadvantages of each system, with emphasis on 
filtration, a fundamental element of closed systems.

A tank must provide adequate space to reduce stress of paralarvae and allow 
them to express normal behaviour. Cylindrical tanks generally are preferable to 
rectangular tanks, as the corners of the latter create ‘dead’ zones of poor circula-
tion that make it more difficult to establish suitable circulation for the rearing of 
paralarvae.

Early attempts to rear L. vulgaris hatchlings in a ‘bell jar holding about 25 L’ 
were unsuccessful, with a maximum survival of only 1 week (Portmann and Bidder 
1928). Hatchlings of this species have been raised in 5-L glass cylinders (25 cm 
diameter with opaque walls), either in standing seawater, partially renewed twice 
daily or in slowly running seawater; and in circular 45-L polyvinyl chloride (PVC) 
tanks (40 cm diameter, 40 cm deep), in slowly running seawater (Boletzky 1974a). 
An experiment made under similar conditions but with continuous light and slowly 
decreasing temperatures (18.5–12 °C) developed a film of red and green algae on 
the inner tank surface. This presented a visual barrier that helped the animals avoid 
contact with the tank walls (Boletzky 1979), thus preventing injuries, especially 
abrasion of the outer rim of the fins. Reduced fin size due to abrasion prevents ani-
mals from stabilising the forward darting movement needed when attacking prey.

L. vulgaris was also reared by Turk et al. (1986) from eggs shipped in from 
the Mediterranean, in Galveston (USA) in both natural and artificial seawater in a 
closed system previously used by Yang et al. (1983a) for D. opalescens. To evaluate 
the effect of temperature on statolith growth, Villanueva (2000a) raised L. vulgaris 
paralarvae in an open system of 13-L cylindrical bags (20 cm diameter, 42 cm deep) 
with constant water flow (~ 35 L h−1), using near-natural photoperiod with fluores-
cent lamps (10.3–3.3 μE m−2 s−1 luminosity from the top to the middle of the bags).

D. opalescens paralarvae first were reared by Hurley (1976) in a closed system of 
aerated black cylindrical tanks (48 L). Subsequently, pioneering experiments were 
conducted in Galveston (Hanlon et al. 1979; Yang et al. 1980, 1983a, b, 1986). The 
work of Yang et al. (1983a) became the foundation for experiments with loliginids 
in which paralarval rearing and growth was improved compared to previous trials. 
These authors used a closed system of two relatively large tanks (1,300 L, 1.8 m 
diameter, 0.75 m deep, total volume 2,600 L). One was the rearing unit and the other 
the biofilter. Photoperiod was set at 17L:7D and light intensity varied between 11 
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and 15 Lx at midwater. Water was processed through the biofilter, a 15-W ultravio-
let (UV) sterilizer, a 5-μm polyester filter and activated carbon. Mortality still was 
high, but an improvement compared to earlier works. This was attributed to greater 
reduction of skin and fin damage owing to a lower wall-surface-to-volume ratio; 
improved prey capture with black sidewalls and adequate illumination; and higher 
water quality from the efficient filtration. The larger tanks, however, required higher 
current speeds for thorough water mixing. This was later found to decrease survival 
because paralarvae still were subject to fin and skin damage, as explained below.

For the first 2 months of life in D. opalescens, Vidal et al. (2002a) used natural 
seawater collected from offshore locations, which was maintained at about 16°C 
and between 30 and 35 psu, and thus obtained high hatchling survival rates. Light 
intensities were low (< 6.0 Lx at the surface, Vidal et al. 2002a) and evenly dis-
tributed to avoid patchy distribution of the paralarvae and their prey. Sudden light 
changes should be avoided as they will set off escape reaction by backward jets 
making the squids hit the walls of the tanks and causing skin damage (Boletzky and 
Hanlon 1983). Thus, light conditions can greatly influence swimming and feeding 
behaviour and consequently promote stress. Homogeneous flat black colour tanks 
have improved feeding of paralarvae by reducing reflectance of light and increas-
ing the visual contrast of prey organisms (Yang et al. 1983a, b; Vidal et al. 2002a).

The minimum water volume for rearing paralarvae or adults is not known, but a 
safe practice is to use a larger volume than required (Boletzky and Hanlon 1983). 
Rearing densities ranged substantially from 0.67 L−1 for D. opalescens paralarvae 
(closed system, Yang et al. 1986) to 25 L−1 for L. vulgaris paralarvae (open system, 
Villanueva 2000a) (Tables 16.1 and 16.2). Best survival has been found from 6.8 to 
13 hatchlings L−1 (Vidal et al. 2002a).

Vidal et al. (2002a) advanced rearing of D. opalescens by reproducing circulation 
patterns in tanks in which paralarvae had higher survival and lower incidence of 
fin damage. Tanks were of intermediate diameter (1 m) and smaller height (0.4 m). 
This provided adequate swimming space. Fine-scale adjustment of the position and 
intensity of water inflow allowed optimizing current speed to achieve circulation 
of low speeds (1.0–1.4 cm s−1) and gentle mixing. Higher speeds (> 2.0 cm s−1) and 
greater turbulence were directly responsible for the lowest survival rates of 30-day-
old paralarvae. Circulation thus is a crucial design consideration. Properly imple-
mented, it noticeably reduces mortality caused by contact of the fragile paralarvae 
with the tank walls and also produces a uniform distribution of hatchlings and prey, 
and this enhances their interaction.

If circulation is too slow, the negatively buoyant paralarvae (Martins et al. 2010) 
tend to remain near the tank bottom while prey items, such as Artemia nauplii 
and zooplankton, have a patchy distribution near the surface. This segregation of 
paralarvae and their food reduces feeding interactions and, as a consequence, both 
survival and growth. In contrast, the stronger circulation needed for adequate mix-
ing in large-diameter tanks (Yang et al. 1980, 1983a) increases abrasive damage of 
fins, thus lowering survival.

Optimal circulation and mixing greatly reduce the mechanical stress on the deli-
cate paralarvae and can be achieved in several ways, as for example: (1) placing 
spray bars near the surface at intermediate angles (40–50°) and (2) introducing  
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water at the tank bottom to generate a gentle upwelling. In either case, one indica-
tion of ideal circulation is a relatively smooth water surface (see Vidal et al. 2002a) 
and long horizontal and vertical displacements of squids away from the walls. A 
tank-side window permits observation of distribution, feeding and swimming be-
haviour without disturbing the paralarvae.

The effect of small-scale turbulence on swimming performance and prey capture 
yet is an unexplored field of paralarvae research. As noted above, current speed and 
mixing directly affect survival rates (Vidal et al. 2002a). Further, studies of fish lar-
vae demonstrate the negative effect of turbulence in removing prey from a larva’s 
effective pursuit field, thereby reducing capture success (Mackenzie and Kiørboe 
2000). As a consequence, the effect of turbulence on encounter rates has been sug-
gested as an explanation for the lack of a straightforward relationship between lar-
val feeding and prey density. Turbulence is also believed to be a critical stressor 
that severely increases energy expenditure, which also reduces survival. Under-
standing how small-scale turbulence affects swimming and feeding behaviour is a 
fundamental step towards improving paralarvae growth and survival. Future efforts 
should also focus on the influence of tank design on feeding behaviour.

16.6.2  Water Quality

Water of excellent quality is a primary requirement for successful rearing of lo-
liginid paralarvae. Both natural and artificial seawater have been used, but more 
research is needed on the efficacy of artificial seawater in supplying essential ele-
ments for paralarval development (Boletzky and Hanlon 1983).

Water quality in open (or flow-through) systems is managed by continual replace-
ment of culture water with fresh seawater. Though effective, this may afford little con-
trol over specific water-quality parameters; and this, in turn, can make it more difficult 
to resolve low quality, contamination and pollution problems that jeopardize rearing.

In closed (or recirculation) systems, water quality is managed by implementing 
mechanical, physical adsorption, disinfection and biological processes. The main 
parameters that require control are particulate organic matter (POM), nitrogenous 
wastes, dissolved gases (oxygen, carbon dioxide and nitrogen), pH, alkalinity and 
pathogens. Each is discussed briefly below. Detailed discussions on the theory and 
application of these processes are found in Spotte (1979) and Losordo et al. (2001).

16.6.2.1  Particulate Organic Matter

The POM load is expected to be very low for paralarvae rearing. Yang et al. (1983a) 
estimated POM at < 1.0 g m−3, consisting mainly of dead paralarvae and prey. Denser 
POM sinks to the bottom of the rearing tanks and is removed easily by siphoning. 
Suspended POM is removed by mechanical filtration, such as employing a fine-
meshed (50 µm) screen in the biofilter inflow stream. Vidal et al. (2002a) found that 
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this had a considerable impact on reducing pH and nitrogenous compounds variations 
and maintaining a stable and high-quality rearing environment for D. opalescens 
paralarvae. Dissolved organic matter (DOM) is not a problem when POM is removed 
quickly. If, however, DOM increases owing to some malfunction in the system, it 
can be reduced effectively by protein skimmers operated outside of the rearing tanks.

16.6.2.2  Nitrogenous Wastes

Potentially deleterious inorganic nitrogen compounds are un-ionized ammonia 
(NH3-N), nitrite (NO2-N) and nitrate (NO3-N). Ammonia management deserves spe-
cial attention in closed systems because its un-ionized form (NH3-N) is particularly 
toxic to many marine species, even at very low concentrations. Together with its ion-
ized form, ammonium (NH4

+-N), the two are referred to as total ammonia nitrogen 
(TAN) and exist in an equilibrium determined by water temperature, salinity, pH and 
pressure. Experiments at high temperature and (especially) high pH must thus monitor 
NH3-N closely. Ammonia is produced by heterotrophic excretion and so increases, al-
though not linearly, with stock ingestion rate and feed protein content. Thus, at higher 
stocking densities, more feed will be ingested and more ammonia will be produced. 
Excess feed, faeces and dead animals not removed from the rearing unit will be miner-
alized by heterotrophic microorganisms, which will add to the ammonia load.

Tolerance of loliginid embryos and paralarvae to nitrogen species is largely 
unknown, so current guidelines follow those for most marine invertebrates: Un-
ionized ammonia should not exceed 0.05 mg L−1 (Timmons and Ebeling 2007); 
nitrite-N, < 0.10 mg L−1; and nitrate-N, < 20 mg L−1 (Spotte 1979; Yang et al. 1989).

It is also very important to consider the system’s filter capability, which should 
have a surface-area-to-volume ratio as large as possible to offset total animal biomass. 
Recommendations for loliginids suggest a ratio > 10 for small biomass loads, as in 
the case of paralarvae (Yang et al. 1989). In a robust biofilter, ammonia is converted 
to NO2-N that is oxidized to NO3-N. This NO3-N may accumulate to relatively high 
levels, but it eventually must be removed by water exchange. Care also must be tak-
en with oxygen levels, as a low oxygen concentration leads to insufficient biological 
oxidation and subsequent build-up of toxic NO2-N. Even with good filtration, water 
exchange must be done periodically to ensure proper types and concentrations of trace 
elements, as these have important metabolic functions in growth and survival of squid 
hatchlings (Boletzky and Hanlon 1983; Yang et al. 1983a).

16.6.2.3  Dissolved Gases

In loliginids, oxygen demand increases considerably after hatching because of 
the highly active paralarvae as shown for L. vulgaris (Rosa et al. 2012). Feeding, 
respiration and excretion of paralarvae and their prey all impact water quality. Dis-
solved oxygen levels thus should be maintained at saturation at all times (Boletzky 
and Hanlon 1983). Oxygen solubility depends on temperature, salinity and the 
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 partial pressure gradient across the air–water interface (Appleford et al. 2003). Sat-
uration is lower at high temperature, exactly when oxygen demands by respiration, 
feeding and ammonia excretion increase. Therefore, when rearing at high tempera-
tures, continual monitoring of oxygen levels is very important, as hatchlings must 
be able to extract enough oxygen to match their higher metabolic demands. Special 
attention must be paid at higher stocking densities.

Air bubbles (especially extra-fine bubbles) must be avoided in rearing tanks be-
cause they adhere to the skin and are trapped inside the mantle, causing entrap-
ment of the hatchlings in the surface tension at the air–water interface. This impairs 
swimming and prey capture, which increases mortality of paralarvae (E.A.G. Vidal, 
personal observation). If artificial aeration is used, it should be in a separate treat-
ment tank and not in the rearing tank (Boletzky and Hanlon 1983). Gas bubble dis-
ease can be a problem in some systems. It is caused by the supersaturation of total 
dissolved gasses: oxygen, carbon dioxide, nitrogen and argon. This can result when 
injecting high-pressure air at depth; when water near saturation is heated; or when 
an outdoor system near supersaturation is exposed to a low-pressure weather front. 
The gas bubbles so formed can adhere to hatchlings, hampering mobility in a way 
that can increase mortality. In general, total gas saturation should not exceed about 
105 % and is managed by degassing.

16.6.2.4  pH

pH is a critical parameter that plays a role in determining the concentrations of other 
key parameters, such as the aforementioned toxic nitrogen species. As with eggs, 
paralarvae are very sensitive to pH changes and it was shown that low pH values 
might affect the accumulation of essential and nonessential metals in L. vulgaris 
paralarvae due to the disturbance of ionic and acid–base physiological processes 
(Lacoue-Labarthe et al. 2011). The ideal pH range is 8.1–8.4 (Vidal et al. 2002a), 
similar to the typical values in their natural oceanic habitat.

16.6.2.5  Disinfection and Pathogens

The seawater used for rearing should pass through UV sterilization to reduce levels 
of pathogenic bacteria. However, filtration to remove suspended particles should 
be done before the utilization of the UV sterilizer as POM is the major substrate 
for bacteria in recirculation systems (Appleford et al. 2003). UV sterilization has 
been useful in minimizing bacterial infection (Hanlon 1990; Vidal et al. 2002a) and 
should be employed during the rearing of paralarvae.

The surfaces of eggs and larvae are well known to be good substrates for bacteri-
al colonization (Bergh et al. 1992) and paralarvae stressed by suboptimal conditions 
are more subject to skin damage and infection. A particularly promising line-of-
research is the interaction between paralarvae and bacteria, particularly the ability 
of paralarvae to withstand pathogens.
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16.6.2.6  Temperature

L. vulgaris paralarvae have been reared from 11 to 22°C (Boletzky 1974a; Villanueva 
2000a) and D. opalescens from 12 to 18°C (Vidal et al. 2002b; Chen et al. 1996) 
(Tables 16.1 and 16.2). Interestingly, L. vulgaris hatchlings showed lower thermal 
tolerance than the embryos. This was attributed mainly to the greater oxygen de-
mand of the highly active hatchlings. In addition, thermal tolerance of hatchlings 
increased with temperature, with LT50 (temperature at which 50 % of hatchlings 
had died) values of 31 and 33°C from hatchlings incubated at 13 and 19 °C, respec-
tively (Rosa et al. 2012).

Despite our current deficiencies in establishing realistic criteria on tolerance 
and chronic toxicity limits for loliginid hatchlings, as indicated above, available 
information provides essential features for the main factors required in successful 
rearing.

16.6.3  Food and Feeding

In the first days after hatching (dah), paralarvae combine both endogenous (yolk) 
and exogenous (prey) energy sources (Boletzky 1975; Vidal et al. 2002b). The yolk 
content at the moment of hatching although highly variable seems to be propor-
tional to the body mass, representing 33–63 % of body dw and 10–18 % of body wet 
weight (ww) of paralarvae. The time required to exhaust yolk reserves decreases 
exponentially with increasing temperature. For example, D. opalescens hatchlings 
can survive longer (6 days) on their yolk reserve at 12°C than at 16°C (4 days; with 
80 % mortality, Vidal et al. 2002b). Clearly, the yolk reserve must fuel metabolism 
while the prey capture skills of paralarvae are still developing. This implies that the 
‘window of opportunity’ is very short and hatchlings must quickly capture sufficient 
food to meet their high metabolic demands (Vidal et al. 2002b; Rosa et al. 2012). 
Accordingly, it was shown that early D. opalescens paralarvae are unable to with-
stand even short periods of food deprivation, being extremely sensitive to starvation 
(Vidal et al. 2006). This is consistent with the high mortality rates observed during 
the first 10 dah for both L. vulgaris and D. opalescens that delimits the critical 
transition period from yolk absorption to successful prey capture (Vecchione 1987; 
Villanueva 2000a; Vidal et al. 2002b).

Extra care should be taken to provide food of adequate type and size, high nutri-
tional quality and in sufficient quantities to the newly hatched paralarvae. Delaying 
first feeding will most certainly increase mortality due to energy deficit and starvation. 
It has been recognized that the first prey items a hatchling encounters are decisive 
for the immediate predatory success or failure and the subsequent neurophysiologic 
development and learning processes in the young predator (Chen et al. 1996; Preuss 
and Gilly 2000). The catchability of such prey may be defined in relation to its escape 
response, its defensive equipment (e.g. spiny integuments) acting after seizure, and 
ultimately its resistance to attempted ingestion (hard carapaces, etc.).
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Preferably, paralarvae are fed on a variety of live foods (Vidal et al. 2002a). 
The prey types used with success as food for rearing L. vulgaris and D. opales-
cens paralarvae are Artemia nauplii, metanauplii and adults, decapod crab zoeae, 
copepods, mysid shrimp, fish larvae and other zooplankton organisms (Fig. 16.7) 
(Tables 16.3 and 16.4). Hatchlings of both L. vulgaris and D. opalescens perform 
external predigestion and ingest only the flesh of their crustacean prey (Boletzky 
1974b; Franco-Santos and Vidal 2014). Their beaks are denticulated (Boletzky 
1971), colourless and show a conspicuous slit, features that seems to be an adapta-
tion to ease the ingestion of predigested flesh (Franco-Santos and Vidal 2014).

One of the most demanding chores in rearing squid paralarvae is to provide food 
in the necessary quantity, quality and reliability. Cultured feed organisms such as 
Artemia, copepods, mysids and decapod crab zoeae (especially those of hermit 
crabs that can be kept in culture for long-term production of larvae; Villanueva 
1994) have been demonstrated to represent a good standard food for many cepha-
lopod hatchlings, including loliginid squids, and are very important to warrant a 
steady supply of food as natural zooplankton  resources are unreliable.

Paralarvae can capture and ingest prey of a very wide size range including prey 
much larger than their own size (Fig. 16.7; Hanlon 1990; Yang et al. 1986). How-
ever, as size at hatching shows high individual variability, the ability of paralarvae 
to capture prey of different sizes and swimming capabilities also vary considerably 
(Vidal et al. 2002a).

D. opalescens hatchlings have limited swimming ability and prey capture skills 
(Chen et al. 1996; Preuss et al. 1997), and feed on relatively smaller prey, such as 
Artemia nauplii, zoeae and copepods. Although some paralarvae are also able to 
capture large prey, such as early juvenile mysids, it is critical to supply smaller and 
‘easy to catch’ prey during the first 2 weeks after hatching (Tables 16.3 and 16.4). 
Later, feeding a variety of prey of different sizes and types are important so as to 
match the different sizes and hunting abilities of same-aged but heterogeneously de-
veloping squid. When paralarvae reach 40–50 days of age (6–10 mm mantle length, 
ML) and start to swim in schools, they require large and more energetically reward-
ing prey types, such as adult mysids, large zoeae, shrimp mysis and fish larvae 
(Yang et al. 1983a; Vidal et al. 2002a).

It is perhaps significant that feeding interactions are often observed between 
same-aged but different sized paralarvae during the first month after hatching and 
before formation of schools. As large paralarvae are better fit to capture larger prey, 
which cannot be enclosed within the arms, other paralarvae (usually smaller) can 
eventually attack and feed on the same prey item (E.A.G. Vidal, personal observa-
tion) (Fig. 16.8). There seems to be a preference for attacking large prey already 
subdued by another paralarva instead of a free prey, even when prey are abundant. 
This behaviour was briefly reported by Hurley (1976) and allows smaller hatchlings 
to feed on prey that they could not subdue alone and that a large squid could not 
possibly ingest fully. Whether this is a natural behaviour or is induced under rearing 
conditions due to high stocking densities needs to be evaluated.

Indeed, the key mechanisms by which paralarvae select their prey persist as an 
area of much needed research. Prey type and swimming pattern play an important 
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role in prey capture success (Hanlon 1990). Successful prey capture increases with 
age and experience (Chen et al. 1996), and experience is enhanced under high prey 
density conditions. However, little has been reported on the ideal prey densities for 
rearing loginid squid paralarvae.

Fig. 16.7  Relative size of Doryteuthis opalescens hatchling and some prey types offered as food 
during rearing (Vidal et al. 2002a). From top right, decapod crab zoea (photo R Villanueva), 
 Artemia metanauplii, Acartia tonsa (center), Pontelid copepod (center left) and Americamysis 
almyra (bottom). Scale bar = 1 mm. (Original image)
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Villanueva (1994) exposed L. vulgaris paralarvae to prey densities from 100 to 
300 zoeae L−1 after addition of food and with two to six feedings per day. Yang et al. 
(1983a, 1986) provided information on the number of different prey organisms fed 
to D. opalescens paralarvae per litre per day and reported prey densities values of 
nearly 0–60 prey L−1. Vidal et al. (2002a) recommended as minimum prey density 
as 50 prey L−1 and exposed paralarvae to prey densities of 50–150 L−1 in four to five 
feedings per day during the first 2 months after hatching. Increasing prey density 
was proven to increase encounters between squid and prey, improving feeding and 
survival.

Even when prey density is already high, the addition of food stimulates the pred-
atory behaviour of paralarvae. Thus, several small feedings during the day at con-
sistent time intervals can improve feeding rate when compared to a single feeding, 
even if the same amount of food is offered. When prey organisms are added to the 
tanks, they are patchily distributed, representing visual, probably chemical and me-
chanical stimuli that instigate attack responses (Vidal et al. 2002a).

Care has to be taken not to overfeed, as the addition of excess food can reduce 
subsequent feedings and uneaten prey remaining in the tanks will have reduced nu-
tritional quality if no food is provided for them, thereby decreasing survival (Vidal 

Fig. 16.8  Doryteuthis opalescens paralarvae. Thirty-day-old paralarvae feeding on a juvenile 
mysid ( Americamysis almyra). The largest paralarva ( top right) captured the mysid and the other 
two smaller paralarvae attacked the same prey after its capture. Scale bar = 2 mm. (Original image)
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et al. 2002a). This is especially true for the enriched Artemia nauplii, which will 
contain significantly less nutritional value if not eaten within a few hours of be-
ing enriched. Accumulation of low-quality prey items in the rearing tanks can be 
avoided by slightly adjusting prey density at every feeding. In addition, prey density 
should increase gradually as paralarvae grow at high temperatures as well, when 
feeding intake needs to be higher to support the metabolic demand. Hurley (1976) 
has estimated a feeding rate of 35–80 % ww day−1 for D. opalescens paralarvae 
reared at 15–17°C.

While prey availability is essential, prey quality is just as important for paralarval 
growth. The vital importance of highly unsaturated fatty acids (HUFAs) in the nutri-
tion of marine fish larvae and cephalopod paralarvae is well established (Sargent 
1995; Navarro and Villanueva 2000, 2003). As in the case of fish larvae, squid 
paralarvae also require food rich in (n-3) HUFA (eicosapentaenoic acid—EPA and 
docosahexaenoic acid—DHA). The main lipid classes and the fatty acid composi-
tion of the newly hatched L. vulgaris were determined by Navarro and Villanueva 
(2000). These authors found that paralarvae are rich in (n-3) HUFA, but particularly 
low in (n-6) HUFA, having a very high n-3/n-6 HUFA ratio. They further concluded 
that hatchlings need food rich in (n-3) HUFA, phospholipids and cholesterol and 
with a reasonable content of neutral lipids.

Thus, the inclusion of prey with high level of (n-3) HUFA, mainly DHA and high 
ratios of DHA/EPA is very important in determining dietary value for paralarvae. 
Natural preys, such as mysids, decapod crustacean zoeae and marine copepods 
(Drillet et al. 2006), have a fatty acid profile very rich in (n-3) HUFA. Their DHA 
and EPA content are also very high with a ratio of 1:1 (Navarro and Villanueva 
2000). On the other hand, it is well known that Artemia is deficient in long chain 
(n-3) HUFA, suggesting that it can cause a nutritional imbalance in the fatty acid 
profile (i.e. DHA/EPA ratio) of paralarvae, affecting their survival and growth 
(Navarro et al. 1992, Navarro and Villanueva 2000). This implies that to provide 
better nourishment as live food for paralarvae, Artemia require HUFA enrichment. 
However, recent studies have shown that the supply of juvenile Artemia containing 
higher DHA levels was unsuccessful to promote higher survival and growth of 
Octopus vulgaris paralarvae during rearing (Seixas et al. 2010). These authors 
have found that the protein/lipid ratio, on the other hand, seemed to have a more 
important effect on the paralarval growth and survival. This seems meaningful if we 
consider that cephalopods metabolism is basically amino acid and protein driven 
(Lee 1994). Paralarvae need to synthesize protein at high rates to support their high 
growth rates (Vidal et al. 2006). In fact, high levels of the amino acids, lysine, leo-
nine and argentine have been found in L. vulgaris paralarvae, suggesting that they 
could be limiting essential amino acids in their diets (Villanueva et al. 2004).

Other studies on the elemental composition of hatchlings and wild juveniles of L. 
vulgaris, and on both their natural and artificial prey strongly suggest that they must 
demand a food rich in cooper. This is likely related with the haemocyanin require-
ments for oxygen transport. In addition, S, Na, K, P and Mg were the main elements 
found in hatchlings and juveniles (Villanueva and Bustamante 2006). These studies 
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underscore the importance of elucidating ontogenetic size-specific nutritional re-
quirements of paralarvae to improve feeding and should be ranked as a high-priority 
research area.

16.6.4  Survival

L. vulgaris hatched from egg masses in the laboratory were raised by Boletzky 
(1974a) to a maximum of 45 days and subsequently to 70 days of age (Boletzky 
1979) (Table 16.1). Turk et al. (1986) reared L. vulgaris, hatched from eggs shipped 
in from the Mediterranean, in Galveston, recording high mortality rates (90 %) in 
the first 10 dah, with the last surviving squid reaching 140 days of age (Table 16.1). 
To assess the effect of temperature on growth of paralarvae and their statoliths, 
Villanueva (2000a) reared this species up to 62 and 50 dah at a mean temperature of 
11 and 19 °C, respectively. Survival rates ranged from 0.2 to 1.4 % and were likely 
affected by the tetracycline staining procedure used.

Hurley (1976) and Hanlon et al. (1979) were the first to rear D. opalescens to 
a maximum age of 100 and 79 days, respectively, with survival rates of 1–12 % at 
70 dah (Table 16.2). Subsequently, best results were obtained by Yang et al. (1980, 
1983a, b, 1986) with survival rates of 25 % at 60 dah. To study the development of 
circular mantle muscles and the giant axon system control over both prey capture 
and escape behaviour of paralarvae, Preuss et al. (1997) and Preuss and Gilly (2000) 
raised D. opalescens paralarvae up to 60 dah, but no information is given on the 
survival rates.

By refining rearing methodology, Vidal et al. (2002a) were able to obtain sur-
vival rates of 70–78 % at day 10 and of 42–60 % during the first 60 dah (Table 16.2). 
This was a step forward when compared with the best previous results of only 25 % 
during the same period, thus offering new possibilities for squid culture. The main 
factors that contribute to the high survival rates obtained were attributed mainly 
to: (1) stabilising water quality parameters; (2) offering a combination of live prey 
types of different sizes and including enriched Artemia nauplii to overcome prob-
lems of prey availability; (3) keeping prey density above 50 prey L−1 at all times; (4) 
feeding small amounts of food at regular intervals; and (5) reducing turbulence and 
maintaining current speed inside the tanks between 1.0 and 1.4 cm s−1.

A common pattern emerges from the aforementioned experiments, showing that 
the highest mortality rates occur during the first 10–15 dah and are primarily a con-
sequence of the critical transition between full yolk absorption and successful prey 
capture (Hanlon 1987; Villanueva 2000a; Vidal et al. 2002a, b). Survival level after 
this period and thereafter remains relatively steady until day 45–70 (Hanlon 1987; 
Vidal et al. 2002a), when it again decreases. This second peak in mortality could be a 
consequence of inadequate diet due to the lack of appropriate sized food and a need for 
larger tanks. By this age, squid have a mean ML of about 6–11 mm and require higher 
daily food intake, larger prey types and more swimming space as they start swimming 
in schools.
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A reproducible high rate of survival and growth of paralarvae is necessary to 
achieve successful culture. Reliable methods to assess paralarvae quality should be 
developed for use soon after hatching and allow comparison of results. A good mea-
sure of paralarvae competence seems to be their ability to withstand short periods of 
starvation. It has been shown that starvation elicits a strong selection for inherently 
faster growing and stronger paralarvae (Vidal et al. 2006). Behaviour may also be 
an effective tool for the evaluation of paralarval quality. Weak or abnormal hatch-
lings will display irregular swimming and behavioural patterns.

16.6.5  Growth

It has been shown experimentally that there are two distinct growth phases during 
the early development of loliginid squid: (1) the no net growth phase and (2) the 
exponential growth phase. The no net growth phase comprises a negative and a 
positive growth sub-phases. In the first, a decrease in body weight of hatchlings is 
observed (from 20 to 30 %; Vidal et al. 2002b) because the yolk is being consumed 
at exponential rates and there is little, if any, conversion of yolky matter into so-
matic tissue due to the high metabolic cost of swimming and maintenance (Vidal 
et al. 2002b; Rosa et al. 2012). In the positive sub-phase, the weight loss is regained 
over the next few days by prey capture, resulting in a very short phase where no net 
growth takes place. As a consequence, at the end of this no net growth phase, the 
body weight of paralarvae is the same as at hatching. The duration of this phase is 
temperature dependent and indicates the time required to recover the weight loss 
due to yolk utilization. For example, for D. opalescens the no net growth phase 
lasted 7 days at 16 °C and 15 days at 12 °C. This early growth pattern has also been 
observed in L. vulgaris (Villanueva 2000a) and L. reynaudii (Vidal et al. 2005) 
reared in the laboratory.

Interestingly, this short phase where no net body growth occur has a reflection in 
the growth of the statoliths as demonstrated by Villanueva et al. (2007). Statoliths 
growth rates of newly hatched L. vulgaris showed a conspicuous decrease of more 
than half in comparison with those of pre-hatching embryos, clearly indicating the 
negative growth sub-phase as a result of the exponential rate of yolk utilization.

This no net growth phase set the limits of a critical period in the early life history 
of squid that correspond to the transition from endogenous to exogenous feeding 
and is mainly caused by the constraints imposed by the high metabolic demands 
of the active swimming mode of hatchlings (Rosa et al. 2012) and their short-last-
ing energy reserves to overcome metabolic suppression and starvation (Vidal et al. 
2002b, 2006). The high mortalities that occur during this critical period are due to 
the inability of hatchlings to withstand food deprivation and to capture prey in the 
required amounts for daily maintenance and growth. This reveals a short initial 
delay in growth of paralarvae, which are subjected to an intense and effective selec-
tion for successful feeders. The survivors shortly attain the exponential growth rates 
that are the fundamental hallmark of most cephalopod species (Forsythe and Van 
Heukelem 1987).
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Temperature exerts an instantaneous and extreme effect on growth rate of cepha-
lopods and this is particularly true during early life when the highest growth rates 
are registered (Tables 16.1 and 16.2). The influences of temperature on metabolic 
rates govern growth and food conversion efficiencies. Activity or stress may impact 
growth at different temperatures as a result of increased energy demand. Neverthe-
less, growth rates should increase up to an optimum with temperature, above which 
energy requirements will be too high to maintain feed conversion and other meta-
bolic processes and growth rates will be reduced.

While it is useful to determine optimum temperatures for growth, it is also very 
important to know the tolerance limits. This is because the range of temperature 
(and salinity) tolerances for growth is usually narrower than that for survival. Salin-
ity also influences thermal response: optimal temperature seems to be lower at lower 
salinities, and this naturally affects development and growth rates, as observed for 
the hatching rates of S. officinalis (see Table 1 in Palmegiano and D’Apote 1983) 
and L. vulgaris (Sen 2004, 2005a). It is important to emphasize that ideal tempera-
tures for growth vary with life stage and many biological (e.g. diet, crowding) and 
abiotic factors (e.g. salinity, light), as well as, their many interactions.

Fed ad libitum in the laboratory, hatchlings of D. opalescens showed exponential 
growth rates during the first 20 dah that were more than twofold higher at 16°C 
(7.4 % body ww day−1) than at 12 °C (3.3 % body ww day−1; Vidal 2002b). As a 
consequence, small squid hatching at high temperatures (2.5 mm ML) soon attain 
larger sizes than larger squid (3.0 mm ML) hatching at lower temperatures. Growth 
in size during the same period was 2.4 % ML day−1 (Tables 16.1 and 16.2).

By day 15, at the higher temperature, paralarvae were almost threefold heavier 
than the newly hatched squid and at day 60, squid were growing more rapidly in 
length and in mass, as paralarvae were transforming to the arrow-shaped adult form. 
Mean body dw reached 16.5 mg and mean ML 14 mm. Thus, during the first 60 
days of life, D. opalescens hatchlings double their mean dw five times and mean 
ML twice, every 12 and 31 days, respectively (Vidal et al. 2002b; E.A.G.Vidal un-
published data). Hurley (1976) obtained highly variable growth rates (0.5–4.5 mm 
ML day−1) rearing D. opalescens for the first 3 months after hatching on a diet 
composed of Artemia nauplii and adults, while Yang et al. (1983a, 1986) obtained 
exponential growth rates of 5.6 to 8.4 ww day−1 and 2.1 ML day−1 for D. opalescens 
during the first 2 months of life at 15 °C (Table 16.2).

Very similar results were obtained by Villanueva (2000a) for L. vulgaris reared at 
11 and 19 °C for 62–50 dah. Growth rates were 3.6 ww day−1 and 1.3 mm ML day−1 
at 11°C and 7.8 ww day−1 and 2.6 mm ML day−1 at 19 °C (Table 16.1). Paralarvae 
subjected to the higher temperature grew faster and showed final mean weight five 
times higher than those reared at the lower temperature. At the coldest temperature, 
L. vulgaris paralarvae doubled their ww at every 19 days; as a result, after a period 
of 50 days they attained 32.7 mg and 6.3 mm ML. However, at the warmest tem-
perature, they doubled their ww at every 9 days, attaining 157 mg and 11.7 mm ML 
at the same time period (Villanueva 2000a).

Recent studies on the effects of starvation and recovery on survival, growth 
and RNA/DNA ratio of D. opalescens paralarvae have demonstrated that food 
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 availability is an important regulator of growth and survival. Paralarvae showed 
substantial growth plasticity in response to food availability in a very short period 
of time (10 days). In addition, paralarvae subjected to 2–3 days of starvation were 
able to increase growth rates above that of the continuously fed squid, showing 
compensatory growth that mitigated the effects of starvation. Noticeably, starvation 
caused a strong selection for faster growing squid, suggesting that discontinuous 
feeding regimes would perhaps promote better growth to closer approximation of 
the natural environment (Vidal et al. 2006).

16.6.6  Social Behaviour

‘Squids are schooling, social creatures with large brains and complex behaviour’ 
(Hanlon 1990). During rearing of D. opalescens changes in social interactions be-
tween same-aged paralarvae can be often observed. Early paralarvae (0–15 days 
old) swim dispersed, holding a certain distance from each another and often display 
aggressive behaviour towards one another. About 30–40-day-old paralarvae usu-
ally swim at 45–65°- angles, less vertically oriented than the newly hatched squid 
and are able to swim against low current speeds (~ 1.4 cm s−1), frequently copying 
the position of other squid swimming nearby (Vidal 2000). Schooling can be first 
noticed in 35–45-day-old paralarvae (6–8 mm ML) and seems to be dependent on 
size of squid and flow intensity (Vidal 2000). In fact, Yang et al. (1983a, 1986) first 
noticed the ability of D. opalescens to hold position at 40–45 days (10 mm ML), and 
to form schools between 60–80 dah (15 mm ML). These authors have used larger 
rearing tanks and current speeds.

16.7  Ongrowing

So far, no reports are known to us about large-scale ongrowing culture in the two 
species under consideration. Given the rather expensive food required (Tables 16.3 
and 16.4), it is not surprising that no industrial squid culture using L. vulgaris and D. 
opalescens has ever been achieved. What potential market should be interested in 
these two species? The year-round production of squid that must be kept alive until 
consumption (e.g. as Sashimi) can be achieved much more easily with other spe-
cies, especially Sepioteuthis (see Chap. 17). Only for D. opalescens the complete 
life cycle was close under laboratory conditions (Yang et al. 1986). For any attempt 
to set up a large-scale culture of L. vulgaris or D. opalescens, the following condi-
tions would have to be fulfilled.
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16.7.1  Tank and Sea Cage Conditions

Since fin abrasion is one of the most important dangers in loliginid squid culture 
(Boletzky 1979; Hanlon et al. 1979), any tank or sea cage would have to be de-
signed to provide sufficient tank space to minimize contact of individuals with the 
tank or cage walls. Large circular tanks or long-oval raceway tanks have proven 
to be effective to reduce fin damage during the ongrowing of D. opalescens (Yang 
et al. 1983a, 1986), although they have high costs of maintenance. Probably sea 
cages would have to be equipped with light sources allowing the captive animals to 
stay clear of the surrounding mesh walls during darkness.

16.7.2  Density

Density as such (number of individuals per volume of tank water) is not a meaning-
ful criterion as soon as young individuals start schooling. The question then is more 
about how many organized groups of individuals can be maintained in one tank or 
sea cage. The constant risk of cannibalism draws attention to the likely necessity of 
a rather strict separation of size classes in different holding facilities.

16.7.3  Food

Live fish and shrimps (Tables 16.3 and 16.4) or dead food items offered (e.g. pieces 
of fish or entirely artificial preparations) are seized and eaten by hungry squids, and 
any combination of these feeding regimes may be used to maintain a high degree 
of appetence (for food other than conspecifics!). What can be considered a hungry 
squid may be assessed by the actual feeding behaviour.

Fields (1965, p. 22) already described feeding behaviour in the aquarium: ‘On 
one occasion, about 200 shrimp ( Spirontocaris sp.) were added to a tank (about 
12 by 4 by 2 feet deep) in which about 40 D. opalescens had been shuttling back 
and forth for 3 days. Some of the squid immediately showed excitement: clouds 
of colour raced over their translucent mantles, the respiratory rate increased, the 
animalʼs movements quickened and in each the sessile arms, hiding the tentacles, 
formed a sharp cone pointing directly at a swimming shrimp. A squid would make 
two or three short darts toward and from the prey, coming closer with each approach 
until, on the last, the tentacles shot out to seize the shrimp and the arms opened for 
its reception’.

Yang et al. (1986) offered a diet consisting of mysids, palaemonid shrimp and 
estuarine fishes to D. opalescens juveniles and adults (Table 16.4), obtaining mean 
daily group feeding rates of 14.9 and 18.0 % body ww.
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16.7.4  Cleaning Techniques

Any action likely to disturb the animals should be avoided or at least minimized. 
Thus, cleaning techniques should be ‘squid friendly’. Cleaning robots moving 
slowly over the walls and the bottom of tanks or sea cages may offer an optimal 
approach. For such robots, circular tanks are optimal.

16.7.5  Growth, Survival, Spawning and Sampling

The right food items offered at short intervals to achieve an ad libitum regime, op-
timal water quality and temperature should generate high growth rates. However, 
differences in individual growth rates are inevitable and may lead to increased risks 
of cannibalism (small individuals being attacked by large ones).

The whole life cycle of D. opalescens was covered by Yang et al. (1986) in less 
than 8 months, thus representing ‘culture’ in the strict sense of the term. Squid 
exhibited exponential growth for the first 2 months of life and thereafter showed 
slower logarithmic growth of 1.6 % ww day−1 and 0.63 % mm ML day−1 and mean 
growth of 16 mm per month at 240 dah (Table 16.2). At this period, they were dou-
bling their weight and length at every 42 days and 109 days, respectively. Mortality 
slowed after 60–70 dah, and again after 180 days due to spawning. Maximum lifes-
pan was 235 and 248 days in the two experiments conducted, with squid attaining 
a maximum size of 116 mm ML. Maturity was observed at 60 mm ML in females 
and 70 mm ML in males. Spawning took place between 196 and 239 dah produc-
ing viable eggs. Fin or skin damage and senescence after reproduction accounted 
for late mortality. Thus, considering the aforementioned culture conditions, time to 
marketable size cannot be reduced below a minimum of 4–8 months.

16.8  Trends in Research and Industrial Level

Both loliginid species considered in this chapter have been used extensively as ex-
perimental models in several research areas. Nevertheless, as indicated above, there 
is no hint of a market pressure for industrial levels of culture in L. vulgaris and D. 
opalescens. When considering these two species as candidates for large-scale cul-
tures in research, it would be interesting to assess their potential in relation to that 
of other loliginid species.
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16.9  Conclusions

Considering loliginid squid hatchlings as miniature cephalopods that already have 
adult-like sensory organs and effector systems (Budelmann 1996), including mus-
cular suckers allowing them to seize and hold live prey (Schmidtberg 1997), but 
also special structures such as tailored denticulated beaks (Boletzky 1971; Franco-
Santos and Vidal 2014), the complex requirements of their culture are not really 
surprising.

The production of high-quality and competent paralarvae is dependent on the 
developmental history and environmental influences during embryogenesis. Re-
search progress has been slow in identifying the factors that endorse the production 
of functional and competent paralarvae with large internal yolk reserves for rear-
ing. This is a precursory step to reduce mortality during the critical transition from 
endogenous (yolk) to exogenous feeding (prey capture) that takes place during the 
first 10 dah when the highest mortality rates are observed. In this context, many 
open questions remain about how the known physical and chemical parameters 
act via the physiological mechanisms to control biological performance (including 
predatory behaviour, digestion, growth) during the different phases of the life cycle.

So far, survival rates thus are the most reliable indicators for ‘good’ culture sys-
tems. A reproducible high rate of survival and growth of paralarvae is necessary to 
achieve successful culture. Tank circulation and turbulence have a direct impact 
on paralarval survival by increasing the incidence of skin and fin damage caused 
by the contact of the fragile paralarvae with tank walls. More attention should be 
given to the rearing systems as improvements on survival rates of paralarvae have 
been related to advances in water quality and the design of culture systems (Yang 
et al. 1983a; Vidal et al. 2002a). Nevertheless, large numbers of loliginid paralarvae 
can be reared in the laboratory with relatively good survival rates in recirculating 
systems if live food items are provided.

Paralarvae require a variety of live prey of different sizes and types so as to 
match the different sizes and hunting abilities of same-aged but heterogeneously 
developing squid. This is still one of the main bottlenecks in culturing, and a steady 
supply of live, fresh, cultured food organisms (copepods, crab zoeae, mysids) can 
greatly contribute to excellent survival rates on experimental level. Paralarvae feed-
ing behaviour is noticeably experience based (Chen et al. 1996).

While food availability is essential during rearing, food quality is more impor-
tant for development and growth. When squid reach 40–50 days of age (6–10 mm 
ML) they require higher daily food intake, large and more energetically rewarding 
prey types and more swimming space as they start swimming in schools. If these 
requirements are not met, a second peak in mortality is often observed. Elucidating 
ontogenetic size-specific nutritional requirements of squid is essential to improve 
feeding and should be ranked as a high-priority research area.

For highly active swimmers such as loliginid squids, which begin schooling at 
an early juvenile stage, sufficient tank space to allow expression of normal swim-
ming and feeding behaviour and to accommodate relatively large groups is a major 
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requirement. Thus, intrinsic practical and economical difficulties of culturing loligi-
nid squid lie mainly in avoiding skin and fin damage by offering large volume tanks 
or raceways and carrying their high cost of maintenance. In addition, production is 
constrained largely by the high protein demand of squid and the dilemma of feeding 
them on a commercial scale, all of which impact on profitability.

Finally, each new attempt to culture one or both of the loliginid squids described 
in this chapter should therefore focus on improving earlier methods rather than pro-
mote uncritical application of ostensibly reliable prescriptions.
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Abstract Sepioteuthis lessoniana is a demersal neritic species that inhabits coral 
and rock reefs, seaweed, sea grass beds, and estuaries. Due to its wide distribution 
range in the Indo-Pacific region, S� lessoniana is an economically important resource 
of many countries. S� lessoniana has been successfully cultured through multiple 
generations since the 1960s in both open and closed seawater systems in Thailand, 
Japan, and the USA. The objectives of aquaculture studies are the production of 
human food in tropical countries and experimental animals in temperate countries. 
S� lessoniana hatchlings are larger than other loliginid squids, which enables good 
adaptation to culture conditions and a very high growth rate through the entire life 
cycle. In tropical waters, individuals can grow to 500 g in less than 150 days. This 
rapid growth results from a high feeding rate and requires a massive supply of live 
feed organisms during the early phase of life. The grow-out phase begins after S� 
lessoniana can accept dead feed. Further studies of artificial feed or mass production 
of live feed is required in order to make aquaculture of S� lessoniana economically 
viable on a large scale. The method and studies of S� lessoniana culture in tropical 
and temperate waters are reviewed.

Keywords Sepioteuthis lessoniana · Tropical waters · Temperate waters · Open 
seawater system · Closed seawater system

17.1  Importance of this Species in the Market

The fins of Sepioteuthis lessoniana are very large and broad compared to those of 
other loliginid squids. This has led to its common names, the bigfin reef squid, the 
bigfin squid, and the oval squid. The fin length (FL) of this squid is 90–100 % of 
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the mantle length (ML), and the fin width is more than 75 % of the ML (Jereb et al. 
2010). The bigfin squid is a demersal neritic species and is found between the sur-
face and depths of about 100 m. Its habitats include coral and rock reefs, seaweed 
and sea grass beds, and estuaries. Its geographical distribution covers the Indo-
Pacific region, 20°E–120°W, 40°N–40°S (Dunning 1998; Jereb et al. 2010; Okutani 
2005). The maximum body weight (BW) of S� lessoniana is about 2 kg, while the 
maximum ML is 422 mm for males and 382 mm for females (Jereb et al. 2010). 
In the shallow waters of the Gulf of Thailand, the maximum ML of these squid is 
around 305 mm, and squid that are 70–260 mm in length are commonly caught 
(Chotiyaputta 1995). The first maturation size of female squid is 130–140 mm and 
their fecundity is approximately 1,000 (400–3,500) eggs (Chotiyaputta 1984, 1988, 
1995; Nabhitabhata 1996; Roongratri 1997; Segawa 1987; Segawa et al. 1993b).

S� lessoniana is of commercial and artisanal interest throughout the Indo-West 
Pacific region. It constitutes about 7 % of Indian east coast cephalopod landings and 
5 % of Thai landings (Jereb et al. 2010; Supongpan et al. 1988; Supongpan 1995). It 
is captured using a variety of fishing gear and comprises about 10 % of the catch by 
offshore trawlers and purse seine. In the Southeast Asian region where S� lessoniana 
is the most abundant, i.e. Thailand and Indonesia, squid traps are popular inshore 
gear for capturing this species. Squid trap fisheries in Thailand annually yield about 
7,000 t, and 90–95 % of the catch is comprised of S� lessoniana, the main target spe-
cies (> 6,000 t). The remaining 5–10 % is comprised of by-catch pharaoh cuttlefish, 
Sepia pharaonis (Supongpan et al. 1988; Chotiyaputta and Yamrungreung 1998).

The trap used to capture these squid is artisanal, can be made from local ma-
terials, and reflects a good understanding of squid behaviour by local fishermen. 
In Thailand, two types of traps are used: the semicylindrical type (Fig. 17.2; for 
details, see also Chap. 7, ‘Aquaculture to Restocking’) and the rectangular box 
type. Both types are 500–800 × 800–1,200 × 500–650 mm, and most of them are 
600 × 1,000 × 500 mm (Boongerd and Rachaniyom 1990; Chotiyaputta and Yam-
rungreung 1998). Trap frames are made of locally available wood and are covered 
by a polyethylene fishing net that has a 25-mm mesh size. In fishing operations, the 
trap is suspended in the water column 2–3 m above the bottom using rock sinkers 
with Styrofoam and bamboo floats. The fishing depth is approximately 6–40 m, 
depending on the local fishermen’s experience regarding the optimal trap depth. Co-
conut fronds are used to cover the trap, making it look like a shelter. S� lessoniana 
egg clusters are hung inside the trap to persuade squid to enter. When egg clusters 
are scarce, stripped plastic shopping bags are sometimes used as a substitute. Fe-
male S� lessoniana, escorted by mated males, enter the trap in search of appropriate 
substrates for spawning. After entering the trap, a female attaches her eggs to the 
net covering. Chotiyaputta (1984, 1988) and Roongratri (1997) reported that the sex 
ratio of squid captured in traps in Thai waters is close to 1:1.

The squid trap is an appropriate fishing gear in view of natural resource conser-
vation, as only full-grown stocks are exploited. Chotiyaputta (1988) reported that 
80 % of the squid captured in traps are larger than 140 mm and are therefore fully 
mature. The fishing period consists of 20 days per month for about 9 months each 
year. The remaining periods are reserved for natural stock recruitment.
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Aquaculture of S� lessoniana has been successfully performed in various places and 
times. Descriptions of aquaculture efforts include those by: Choe and Ohshima (1961, 
1963), Ohshima and Choe (1961), and Choe (1966a, b) of efforts in Korea–Japan; 
SEAFDEC (1975) of efforts in the Philippines; Nabhitabhata (1978, 1996), Nabhitabhata 
and Kbinrum (1981), and Nabhitabhata et al. (1984, 1992b, 1996) of efforts in Thailand; 
Saso (1979), Tsuchiya (1982), Segawa (1987, 1990, 1993), and Ikeda et al. (2003, 2009a) 
of efforts in Japan; Sivalingam et al. (1993) of efforts in India; Lee et al. (1994, 1998a, b) 
of efforts in the USA; and Ahmad and Usman (1997) of efforts in Indonesia. All of these 
studies agree that the very high growth rate and large final size of S� lessoniana make 
them a promising candidate for commercial aquaculture.

In Japan, S� lessoniana rearing experiments date from the early 1960s when 
Ohshima and Choe (1961) reared hatchlings for up to 45 days in an open seawa-
ter system. Similar rearing experiments were also carried out by regional fisheries 
experimental stations. In the 1980s, Tsuchiya (1982) succeeded in rearing S� les-
soniana in an open seawater system from hatchlings to maturity in 306 days. 
Later, Segawa (1987, 1993) reported the embryonic development and feeding 
characteristics of juvenile squid using observations made during rearing experi-
ments. Since then, S� lessoniana has been recognized as an advantageous squid for 
aquaculture because this species can survive for long periods in captivity, as can 
cuttlefishes. Lee et al. (1994) succeeded in culturing S� lessoniana for three genera-
tions in a closed water system and suggested this squid might be used as a model for 
neuroscientific and behavioural studies. Advanced trials were carried out by Walsh 
et al. (2002) who cultured S� lessoniana for seven generations. Ikeda et al. (2003) 
also established culture traits of S� lessoniana in a closed seawater system, with the 
goal of using this species to study brain science.

17.2  State of the Art

The life cycle of S� lessoniana can be completed under aquaculture conditions. 
Broodstock are either collected from the wild, as they will spawn in captivity, or 
cultured from egg capsules collected as a by-product of fishing. This is the ini-
tial phase of culture. Hatchlings are fed for up to 30 days on live feed (i.e. mysid 
shrimps or shrimp postlarvae), collected from the wild or produced by hatcheries. 
Similar facilities and management can be used in both closed and open systems 
for the nursing of eggs and the nursing of young squid after hatching. Training the 
young to feed on dead feed is the initial and critical period of the ongrowing phase. 
A very high growth rate is a hallmark of the aquaculture of this species. Feeding ef-
ficiency is high from hatching to maturity. Cultured squid can reach 200 mm length 
and 500 g weight in 120 days. Culture of this species in floating net cages and other 
in situ facilities can reduce the cost of production. Future studies should focus on 
live and artificial feed as well as taking advantage of size dimorphism, including 
monosex culture and induction of sex reversion from females into larger males and 
differences in the growth rate of different morphs.
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17.3  Culture Methodology

Culture methodology is expressed in the Sects. 17.3.1 ‘Open Seawater System in 
Tropical Countries’ and 17.3.2 ‘Open and Closed Seawater System in Temperate 
Countries’ because of two reasons. First, the methodology developed in different 
countries serves different main purposes: production of human food in tropical coun-
tries and production of experimental animals in temperate countries. Second, some 
aspects of biological information obtained from studies in different climate zones 
are contradictory, which are considered to be the results of different natural environ-
ment as well as different conditions and management in different culture systems.

17.3.1  Open Seawater System in Tropical Countries

17.3.1.1  Background

Countries in tropical zones are located near the equator, where temperatures are high-
er (20–30 °C), and fluctuate less, than those in temperate zones. The high temperature 
enables an impressively high S� lessoniana growth rate in culture. On the other hand, 
the high growth rate is accompanied by shorter life span and smaller final size. Stud-
ies of cephalopod culture in tropical countries are performed with the goal of provid-
ing food for human consumption. The information in this section comes mainly from 
Thailand and other Southeast Asian countries such as Indonesia, the Philippines, and 
India. Because these countries are developing countries, open seawater systems are 
suitable and typically used in studies of S� lessoniana culture. Open seawater systems 
require low investment, have low operational costs, and consume less energy than 
closed seawater systems. In order to reduce costs, researches in these countries are 
studying S� lessoniana aquaculture using in situ facilities, i.e. net cages or pens.

17.3.1.2  Broodstock Maintenance

S� lessoniana broodstock can be collected using hand jigs, squid traps, purse seine, 
or lift nets operating near the shore. Squid-trapping fishermen in Thailand maintain 
live squid in a ‘live chamber’ in their boats. The live chamber is a partition of the 
boat that water can flow through and is similar to that used for Sepia pharaonis (see 
Chap. 12). Jigs and lift nets are also proper gear for collection of broodstock. At 
landing, squid can be transferred to 500-L plastic tanks for transport to hatcheries. 
However, bigfin squid have a high metabolic rate and must be placed in oxygen-rich 
seawater immediately after landing. A change of water or a flow-through system is 
necessary after inking by the squid that is caused by handling stress. The high dis-
solved oxygen content of the water should also be maintained during transportation. 
In hatcheries, broodstock are maintained in 2 m3 concrete tanks at a male to female 
ratio of 1:1 (Nabhitabhata et al. 2005). Pieces of fishing net with sinkers are placed 
in the tanks as artificial substrates for the laying of eggs.

J. Nabhitabhata and Y. Ikeda
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S� lessoniana reproduce in tanks, but the acclimatization period depends on the 
condition of the animals. A healthy pair will mate within a few hours after release 
into a tank. Consequent spawning takes place soon after (Nabhitabhata et al. 2005). 
The female swims around touching substrates with her arms in order to examine 
the surface and shape of materials before attaching her egg capsules. Each female 
spawns one to three egg masses. Each egg mass contains 100–400 egg capsules 
that are attached to each other at the capsule stalks. Spawned egg capsules are 
sometimes removed from their substrates by other males, although the male mate 
will attempt to defend them. The spawning period may last for as long as 10 days 
(Nabhitabhata 1983, 1996). After the last spawning of the female mate, the healthy 
male turns to another female. If another female is already accompanied by her male 
mate, agonistic contests between two males will occur. The larger male (regardless 
of the prior mating status of the male) generally prevails, provided he is healthy 
(normal performance of routine and ritual behaviour is observed).

In vitro fertilization between mature oocytes from the female oviducts and sperm 
from the spermatophores in the male Needham’s sac has been studied. About 50 % 
of the oocytes were successfully fertilized (Nabhitabhata et al. 2001a). The oviducal 
and nidamental gland jellies are not applied to the eggs. The eggs develop for about 
4–10 h to the blastula stage before ceasing.

17.3.1.3  Nursing of Egg Capsules

Egg-Capsule Characteristics

Egg capsules are white, opaque, slender, and cylindrical in the first stage of de-
velopment. Between 2 and 11 eggs in separate chambers aggregate into a one-
string capsule. About five to six eggs per capsule are regularly observed in tropical 
waters with an average temperature of 28 °C. Larger females tend to lay longer 
capsules with larger numbers of eggs than smaller females (Nabhitabhata 1983). 
Egg capsules are attached in clusters of 100–400 capsules. Egg capsules gradually 
absorb water and increase in size along with the size of the embryos. The shape 
of each egg capsule changes to a tamarind- or finger-like shape, and the capsule 
wall becomes more transparent as development proceeds. Eggs can better toler-
ate transportation and handling during early embryonic developmental stages than 
during later stages.

Egg capsules collected from the wild vary in size (Fig. 17.1) and embryonic stag-
es. Therefore, the egg capsules must be graded. Newly spawned capsules are at least 
50 % smaller than those almost ready to hatch. Egg capsules are graded into four 
stages according to their size and shape. Newly spawned egg capsules are in the 
first stage and have a cylindrical shape. Egg capsules in the second stage are similar 
in shape to those in the first stage, but have comparatively larger egg chambers. In 
the third stage, the capsules have a finger-like shape, and each chamber of the egg 
capsule is globular in shape and has become more transparent. Each chamber of the 
egg capsule becomes cube shaped in the fourth stage.

17 Sepioteuthis lessoniana
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Water Quality and System Requirements

Egg capsules that contain many eggs require efficient aeration. There must be 
enough space between egg capsules to allow a sufficient water current to carry 
enough oxygen to the capsules. Also, with regard to sanitation, elimination of un-
fertilized eggs and empty egg capsules is conveniently carried out in plastic bas-
kets that float in concrete tanks until the eggs hatch (Nabhitabhata 1978, 1996; 
Nabhitabhata and Kbinrum 1981; Chindamaikul et al. 1994b). Before spreading in 
plastic baskets, the capsules must be separated from their clusters.

Nursing of egg capsules can continue under controlled conditions in the tanks pre-
viously used for acclimatization in hatcheries. In an open system, changes in physical 
and chemical parameters should be minimized. Egg capsules are visually checked ev-
ery day, and those that die, containing abnormally developed embryos, or are empty 
are discarded in order to prevent infection of others or decomposition and reduction 
of water quality. Mechanical stimuli and brief changes in temperature or salinity can 
cause premature hatching. A water flow-through method is used to exchange tank wa-
ter and to minimize temperature fluctuation in open systems, and flow is maintained 
at a rate of 1 L min−1. Fresh seawater is pumped through a carbon filter and stored in 
a concrete tank before it is gravity-fed to the hatchery. Using this system, the water in 
nursing tanks can be maintained at an average temperature of 28 °C, salinity of 30–33 
psu, and pH of 6.0–8.0 (Nabhitabhata et al. 2005). The salinity required to achieve a 
hatching rate of at least 50 % is 22–37 psu (Nabhitabhata et al. 1991b, 2001c).

Other important physical conditions include turbidity, or suspended solids, and 
light. Turbidity should be kept as low as possible (Nabhitabhata 1993) through 
filtration and/or prior sedimentation, particularly in open systems. High levels of 
suspended solids or high turbidity are critical detrimental parameters. The use of 
lighting and unnatural daily light–dark periods should be avoided. The growth of 
algae and fungi on the surface of the egg capsules due to excess light reduces the 
hatching rate by blocking oxygen supply to the embryos. The attachment of algae 
can also initiate fungal growth on the capsule membrane and lead to infection of 
the embryo. The most convenient way to reduce incident light is by curtaining the 

Fig. 17.1  Sepioteuthis lesso-
niana egg capsules in sequen-
tial stages of development 
( left to right). (Photograph of 
J. Nabhitabhata)
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hatchery with a camouflage net that reduces light efficiency by 80 % (Nabhitabhata 
et al. 2005).

Hatching Event

The hatching rate depends on the biotic and abiotic history during incubation, and 
embryonic development. The average embryonic period is 20 days (a range of 17–23 
days) at about 28 °C (Nabhitabhata 1978, 1996; Nabhitabhata and Kbinrum 1981) and 
is longer at lower temperatures. The hatching period, from the hatching of the first 
egg to the hatching of the last eggs in the same cluster of the same spawning, is 3–7 
days. More than 50 % of the hatching occurs at night after 2400 h on the second and 
third day from the first hatching. The hatching rate is generally more than 90 % but 
may vary depending on the embryonic stage at the time of collection from the wild. 
Hatching rates of eggs spawned in captivity are low due to a larger percentage of 
unfertilized eggs and abnormally developed embryos than are found in eggs collected 
from the wild. The hatchlings pass through the basket mesh into the nursing tank. 
When the optimum density of hatchlings in the tank is achieved, the egg baskets are 
transferred to another tank containing (previously prepared) water of similar quality.

Egg baskets are transferred between tanks to control the hatchling density in tanks 
and to grade the size of hatchlings. Egg-capsule-nursing tanks are then used to nurse 
the young. Hatchlings may be handled if extreme caution is used to avoid skin dam-
age that could subsequently cause mortality. Transfer of hatchlings is better avoided, 
and it is much more appropriate to transfer egg capsules sometime before hatching.

17.3.1.4  Nursing of Young

Characters and Habits of Young

S� lessoniana hatchlings are planktonic (Fig. 17.2) and, compared to other loliginids, 
are much larger with mantles that are 3.5–6.4 mm, or approximately 5.4 mm, in 

Fig. 17.2  Planktonic 
hatchling of Sepioteuthis 
lessoniana. (Photograph of J. 
Nabhitabhata)
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length (Lee et al. 1994; Nabhitabhata 1978, 1996), and with BWs of approximately 
0.04 g. Hatchlings in good health swim with their heads down and hover at a 45–60° 
angle at approximately 75 % of the total water depth above the bottom of the tank. 
They begin to feed immediately after hatching. Hatchlings are photopositive and 
prefer low-intensity light (Nabhitabhata 1978; Nabhitabhata and Kbinrum 1981). 
Hatchlings are dark brown in the light and are pale or transparent in dim light or 
dark areas. The arms are still comparatively short, but they are strong enough to 
catch prey that are equal to, or sometimes larger than, their own ML. When feeding 
on small crustaceans, hatchlings seize prey using their arms and the prey are bitten 
at the posterior part of the carapace. The tail parts of the prey are eaten first, and then 
the flesh is gradually consumed. The hard structures of the prey are left uneaten.

Water Quality and System Requirements

The planktonic habit of hatchlings requires a directed current that allows them to 
hover in the water column. Aeration has to be managed to generate a directional 
flow in the tanks. Adjusting the current velocity to an optimum velocity can reduce 
stress and the energy consumption required for countercurrent swimming. The op-
timum current velocity can be observed from the angle of hovering. The hovering 
angle should be 45–60° to the tank bottom at all times. A simple air-lift system is 
used to generate the appropriate horizontal flow in the cylindrical tank. In a circular 
tank that is 2–3 m in diameter with a water depth of 0.6 m, such a system can be 
constructed from a PVC pipe that is 50 mm in diameter and 800 mm in length and 
that has been cut longitudinally in half (for details of a similar system on a smaller 
scale, see Chap. 15 ‘Euprymna hyllebergi’; Fig. 15.3). Each half is drilled at one 
end where an air pipe and air stone are inserted into the interior face. Both prepared 
half-pipes are placed facing the same direction at a 45° angle with the air stone at 
the bottom of the tank. The number of these flow-generating pipe sets used in one 
tank depends on the size and shape of the tank. At least two sets are required in 
each circular tank and at least four sets are needed in each rectangular tank, one set 
at each corner. The current velocity can be adjusted by adjusting the aeration rate.

The maintenance of water quality and tank management in the nursing phase 
may need to be adjusted from those of the egg-nursing phase. Hatchlings can toler-
ate a range of salinity from 20 to 40 psu for at least 24 h. The salinity required for 
more than 50 % survival is 23–36 psu and the pH required for more than 50 % sur-
vival is 6.3–8.4 (Nabhitabhata et al. 1991a, 1992a, 2001c; Nabhitabhata and Kbin-
rum 1984). S� lessoniana hatchlings can tolerate ammonia concentrations (NH4-N) 
up to 0.06 mg·L−1, nitrite (NO2-N) up to 0.08 mg·L−1, and phosphate (PO4-P) up to 
6.0 mg·L−1 (Chindamaikul et al. 2001; Chainak et al. 2003). The routine manage-
ment of nursing tanks follows directly from the egg-nursing phase.

In larger tanks, the water level in the nursery tanks is adjusted to accommo-
date the number and size of live feed organisms. An appropriate level of the feed 
and cephalopod biomass in the tank reduces excess food-hunting activity. The 
initial water depth is 500 mm at hatching and the density of hatchlings is 5–10 
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individuals·L−1. As the squid grow, the water depth is increased by 50 mm every day 
or every second day. Squid are graded by size every 10 days, and squid of similar 
size are grouped together for subsequent nursing. The density of squid is decreased 
by about 20–25 % in each group after grading.

Feeding

S� lessoniana hatchlings begin to feed immediately after hatching and must be pro-
vided with live feed of appropriate size, which is 50–200 % of their ML. Wild-
caught live mysids ( Mesopodopsis orientalis) that are about 6–7 mm in total length 
are key to the successful nursing of hatchlings (Nabhitabhata 1978). The live feed 
is stocked and fed to the squid ad libitum. Pygmy goby fry ( Stigmatogobius romeri) 
are also a good feed organism (Chankaew et al. 2003a). Other wild zooplankton and 
fish larvae are suitable food, but as the supply of these organisms is not consistent, 
they are not reliable enough for the mass production of squid.

Feed organisms that are commercially produced can ensure more reliable and 
consistent success of squid hatchery operations. Postlarvae of the penaeid shrimp 
( Penaeus merguiensis) that are 5–10 mm in total length and sea bass fry ( Lates 
calcarifer) that are 5 mm in length can be used as the primary foodstock. About 7 
(1–22) postlarvae or fish are consumed daily by each squid hatchling (Chankaew 
et al. 2003b; Nabhitabhata et al. 1996). Other crustaceans that have been tried did 
not result in good squid production. The crab mysis Portunus pelagicus can initiate 
seizures in squid hatchlings if fed in the first 2–3 days after hatching. Young squid 
fed freshwater prawn mysis ( Macrobrachium rosenbergii) each consumed about 
140 individuals per day, but only 8 % of the hatchlings survived longer than 10 days 
(Nabhitabhata et al. 1992b). One reason for this low rate of hatchling survival was 
that the prawn mysis could not survive in 30 psu seawater long enough to provide 
the required quantity of feed for the squid hatchlings.

The survival rate of young squid fed shrimp postlarvae ( P� merguiensis) is ap-
proximately 80 % (22–100 %) from hatching to 10 days of age (Chindamaikul et al. 
1994a; Nabhitabhata 1978; Nabhitabhata and Kbinrum 1981; Nabhitabhata et al. 
1996). The survival rate during this period decreases if the supply of feed organisms 
is insufficient (Nabhitabhata 1978, 1996; Nabhitabhata and Kbinrum 1981).

The daily feeding rate of squid hatchlings is about 28 % of their BW and the aver-
age conversion rate is more than 50 % (28–95 %; Nabhitabhata et al. 1992b, 1996). 
The unit cost of production in Thailand has been estimated to be about US$ 10 for 
100 hatchlings with a feed cost of about US$ 9 in 1996 (Nabhitabhata et al. 1996), 
when US$ 1 is approximately equal to Thai Baht 25 (US$ 1 equals Thai Baht 30 
in 2013). At 30 days after hatching, survival is about 60 % (10–74 %; Nabhitabhata 
1978; Nabhitabhata and Kbinrum 1981; Nabhitabhata et al. 1996; Table 17.1).

Young squid can alternatively be nursed in a floating net cage. Ahmad and 
Usman (1997) nursed their S� lessoniana from hatchlings in a net cage that was 
1.5 × 1.5 × 1.5 m and provided Mesopodopsis mysids as feed organisms. The growth 
was rapid with an increase of 2.9–4 g after 30 days, as compared to about 2 g in 
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concrete tanks. The cost of production using this method may be lower than that in 
tanks because the cost of the aeration and water quality maintenance required for 
both open (water flow-through) and closed systems is eliminated.

Growth

Beginning 10 days after hatching, the habit of the young S� lessoniana obviously 
changes from planktonic to pelagic or nektonic. The young lower their level of 
hovered swimming from near the surface level to a depth of about 50 % of the total 
water depth. They begin to gather in schools of similar body size and respond to 
stimuli in a synchronized manner. The ritual colour pattern on the dorsum changes 
from dark brown to green and golden brown with white spots. The FL increases 
from approximately 33 % of the ML at hatching to 74 % of the ML at 30 days of age 
(Nabhitabhata 1978, 1983, 1996; Nabhitabhata and Kbinrum 1981).

The rate of growth is highest over the first 10-day period. In open systems, S� 
lessoniana grow to 11 mm and 0.55 g by the tenth day after hatching, with a daily 
growth rate of 6.7 % for ML and 17.3 % for weight (Fig. 17.3). During the first 
month (0–30 days), the daily growth rate for ML is 2.8–6.7 % and the daily growth 
rate for weight is 6.4–17.3 %. The relationship between ML (mm) and weight (W; 
g; Fig. 17.4) in the first (nursing) phase from hatching to 30 days of age at 28 °C in 
open seawater systems (Nabhitabhata 2002) is given by:

 (17.1)

Growth in terms of the ML–age (T; d) relationship (Fig. 17.5) in the first (nursing) 
phase at 28 °C is given by:

 
(17.2)

17.3.1.5  Ongrowing

Water Quality and System Requirements

The ongrowing tanks and water management systems for open systems are similar 
to those for nursing of the young. Open systems operate at 24–30 °C, a higher tem-
perature range than closed systems (20–24 °C). This results in a shorter life span 
and smaller final size.

Feeding

Training S� lessoniana to feed on dead feed is a critical process which affects the 
subsequent success of the ongrowing phase. At 20 days after hatching, young 

3 1.508W 1.250 10 ML−= ×

0.0496TML 0.590 e=
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Fig. 17.3  Growth in terms of the relationships between mantle length (mm, above), weight (g, 
below), age (d, solid line), and daily growth rate (%, broken lines) in length and weight in an open 
seawater system. Arrows indicate mating ( m) and spawning ( s). (From Nabhitabhata 2002)
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Fig. 17.5  Growth in terms of the relationship between mantle length (mm) and age (d) in an open 
seawater system. Arrows indicate mating ( m) and spawning ( s). (From Nabhitabhata 2002)

 

Fig. 17.4  Growth in terms of the relationship between mantle length (mm) and weight (g) in an 
open seawater system. Arrows indicate mating ( m) and spawning ( s). (From Nabhitabhata 2002)
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S� lessoniana are trained to feed on dead meat. Squid are fed on sliced fish meat 
to satiation twice daily at 0800 and 1600 h. There has been no sign of specific 
preferences for the species of fish consumed. The sizes of the fish chips cor-
respond to the size of the squid, and are one to two times the ML. Squid seize 
their food in the water column and eat it while hovering. When squid feed on 
live prey, the prey is seized with the tentacles and retained using the arms. When 
the squid are fed dead feed, they change their feeding behaviour; they use only 
their arms to seize the food and do not perform a positioning step. This change 
indicates the success of the training period and that the squid are now accus-
tomed to the dead feed and culture conditions (human appearance with feed and 
the environment of the culture tank). One reason for the change in behaviour 
is the lower motion of the dead feed compared to active live feed. This kind 
of behavioural change is similar to that observed for cultured cuttlefish, Sepia 
pharaonis and Sepiella inermis (see Chaps. 12 and 13). Aggressive behaviour 
and cannibalism become prominent at this age whenever food is in short supply 
and/or there are squid with a wide range of sizes in the same tank. Larger starved 
squid that have not learnt to consume dead feed may attack and feed on smaller 
squid in the same tank. Human trainers must ensure sufficient feeding and that 
every squid is fed.

Growth

Growth is very rapid although the rate of increase in size and weight decreases as 
maturity approaches. In open seawater systems, the mantle growth rate decreases to 
less than 3 % daily after 40 days of age and the rate of weight gain decreases to less 
than 5 % after 50 days of age. For S� lessoniana reared at 28 °C, the overall average 
daily growth rate from hatching to 130 days of age is 2.8 % for length and 6 % for 
weight (Nabhitabhata 1996). As in the first 30 days after hatching, the relationship 
between ML and W (Fig. 17.4) is exponential in the second phase (30–60 days after 
hatching) and the third phase (60–176 days after hatching; Nabhitabhata 2002). 
The ‘b’ values from aquaculture batches, 2.738 and 2.502, are higher than those 
from wild stocks, 2.218–2.477 (Rattana-anant 1978, 1979, 1980; Roogratri 1997; 
Sivashanthini et al. 2009), revealing higher growth rates under culture conditions 
than those that occur in the wild. Growth models for cultured batches at 28 °C in 
open seawater systems (Nabhitabhata 2002) are:
 

(17.3)

 (17.4)

Growth, in terms of the ML–age relationship (Fig. 17.5), in the second phase and 
the third phase can be modelled as:

 (17.5)

W 2 96 1 ML5 2 738= × −. .0

5 2.502W 7.35 10 ML−= ×

ML 3 269 1 T2 1 26= × −. .0 0
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 (17.6)

Models that fit plots of the weight–age relationship (Fig. 17.6) from hatching to 
60 days of age (early phase) and from 60 to 176 days of age (ongrowing phase) are:

 
(17.7)

 (17.8)

In open seawater systems at 28 °C, mating occurs at about 90 days of age and spawning 
is 1–3 weeks later, at about 110 days of age. The average life span of cultured batches 
is about 130–140 days, or within 1 month after spawning. The final size of cultured 
squid is about 250 mm in length and 600 g in weight (Nabhitabhata 1978, 1983, 1996; 
Nabhitabhata and Kbinrum 1981; SEAFDEC 1975; Tables 17.1 and 17.2).

Alternative Culture Facilities

Ongrowing in net cages that float in natural waters is another option for S� lessoniana 
culture. Nabhitabhata et al. (1984) suggested that the most appropriate structure 
was a box-type cage, hanging from a floating buoy or a bamboo raft with sinkers 

ML 14.083 ln T 51.969= −

W 168 8 9T= 0 0 0 0. .e

W 323.269 ln T 1,323.085= −

Fig. 17.6  Growth in terms of the relationship between weight (g) and age (d) in an open seawater 
system. Arrows indicate mating ( m) and spawning ( s). (From Nabhitabhata 2002)
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at the corners. The cages are made from a monofilament nylon net with a 13-mm 
mesh size, corresponding to the initial size of squid. Underwater hard frames for 
cages are avoided in order to prevent collisions or rubbing of squid that cause skin 
damage and consequent infectious disease. In order to fit into the existing net-cage 
facilities, the cage dimensions are 2 × 2.5 × 2 m and are submerged to a depth of 
1.5 m. Cages therefore contain 7.5 m3 seawater and have a 5-m2 surface area. The 
optimum squid density is reported to be about 5–10 individuals·m−2 (3–7 ind·m−3) 
through a 60-day period for squid with an initial ML of about 50 mm length and 
weight of 16 g (40 days; Nabhitabhata 1978, 1996; Nabhitabhata and Kbinrum 
1981; Nabhitabhata et al. 1996). Because the nets are made from monofilament, 
cages should be left at the ongrowing sites until fouling organisms are observed 
growing on the net. The fouled net has enhanced visibility to the squid and reduces 
their collisions with the net.

17.3.2  Open and Closed Seawater System  
in Temperate Countries

Methods of aquaculture for S� lessoniana in tropical countries and temperate coun-
tries can share many things. In this section, the methodology specifically applied 
to closed water systems and open water systems in temperate countries will be 
described for comparison.

17.3.2.1  Broodstock Maintenance

In Japan, jigging and set net are the main fishery tools for collecting subadult and 
adult S� lessoniana. Munekiyo and Kawagishi (1993) and Ueta (2000a) found that 
S� lessoniana caught by set net follow a lunar cycle; the catch amount increases at 
the full moon and decreases at the new moon. The sex ratio of S� lessoniana caught 

Table 17.2  Expected growth, survival, and managed density of Sepioteuthis lessoniana under 
culture conditions (24–28 °C). Estimation from Choe (1966a, b); Choe and Ohshima (1961); Lee 
et al. (1994); Nabhitabhata (1978, 1997); Nabhitabhata and Kbinrum (1981); Ohshima and Choe 
(1961); SEAFDEC (1975); Segawa (1987); Sivalingam et al. (1993), and Tsuchiya (1982)
Culture 
period (days)

ML 
(mm)

DGRL (%) W (g) DGRW 
(%)

Density 
(ind.m−3)

Water depth 
(mm)

Survival 
(%)

0 5.5 – 0.04 – 500 50 –
30 25 4.5 2 9.5 150 60 60
60 50 2.5 15 6.0 90 100 50
90 95 2.0 80 5.0 40 100 40
120 150 1.5 200 2.5 20 100 30
130 160 – 220 – – – –
ML mantle length, DGRL daily growth rate in mantle length, DGRW daily growth rate in body 
weight, W weight
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by set net is estimated to be 1:1 (Ueta and Jo 1989). Precise statistical data for 
the total landing of S� lessoniana from all Japanese waters are not available. Ueta 
(1992) estimated the annual S� lessoniana catch per year in the coastal waters of 
Tokushima Prefecture, where S� lessoniana is abundant, to be 37–57 t by set net and 
8–24 t by jigging (resource from 1985 to 1988). Based on 13 years of survey data 
(resource from 1984 to 1996), Ueta (2000a) estimated the annual catch per year for 
this squid in Tokushima Prefecture to be 79.1 ± 44.1 t.

Because squid caught by set nets can be kept alive and in good condition in net 
cages, set nets are suitable for supplying live specimens, at a relatively high price, to 
traditional Japanese restaurants and sushi bars. Squid caught by set net are also suit-
able for broodstock maintenance and aquaculture. Ikeda et al. (2004) transported 
young and subadult S� lessoniana from set nets and reared them as the origin for cul-
ture trials. The approximately 740-km transfer took 22–23 h, and both water quality 
and temperature had decreased by arrival (pH < 7.0, NH4-N 5.0 mg·L−1, temperature 
> 4 °C). Squid survival is high when the BW to seawater volume ratio is below 30 
at shipping. Survival is also relatively high in large containers, such as Styrofoam 
boxes with large (> 1,620 cm2) bottom areas. An acclimation period of suitable du-
ration is necessary when transported squid are moved to new aquaria. Squid with a 
short acclimation (< 1 h) period die soon after being transferred to the aquaria, but 
those with a longer acclimation (> 2 h) can survive (e.g. shipping container water 
differs from aquarium water by 5 °C and 1.2 pH units).

Set nets also act as a spawning bed for S� lessoniana. Therefore, it is easy to get 
freshly laid egg capsules for use in aquaculture. Three types of artificial S� lessoni-
ana spawning beds were examined in the spawning grounds in the coastal waters 
of Tokushima in Japan (Ueta et al. 1995; Ueta and Kitakado 1996). These were 
fibreglass-reinforced plastic (FRP) type, mid-water cage type, and steel type. The 
FRP type consisted of 9- or 12-mm-diameter FRP that were spaced 5, 10, 15, or 
20 cm apart in 1 × 1 × 0.5 m concrete blocks. The mid-water cage type consisted of 
0.5-, 1-, or 2-m-high cylindrical cages with a 9-mm rope that was stretched between 
the walls, which were linked to three other cages, a float, and a concrete block. The 
steel type consisted of 49 vertical and 0–6 horizontal 19-mm steel poles fixed to a 
1 × 1 × 0.5 m concrete block (Ueta et al. 1995; Ueta and Kitakado 1996). Egg cap-
sules were laid by S� lessoniana on these artificial spawning beds with the number 
of egg capsules laid on FRP type > mid-water cage type > steel type. However, 
the differences between the numbers of eggs laid on each spawning bed type were 
small. When using the FRP-type spawning bed, female squid spawn many more 
egg capsules on poles set close together than on poles that are widely spaced. Fur-
thermore, female squid prefer spawning on these artificial spawning beds to natural 
spawning beds composed of Sargassum and Zostera.

Late-stage egg capsules can be collected in order to decrease the necessary 
incubation time and to avoid cessation of embryonic development at earlier stages 
in captivity. However, special care must be taken when late-stage egg capsules are 
collected because accidental pre-hatching often occurs due to physical shock during 
transportation.

The availability of artificially fertilized eggs would be convenient for both 
culture programs and experimental studies. Techniques for artificial insemination 
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have not yet been established for loliginid squid. These squid have relatively large 
ova that are wrapped in a thick gelatinous layer (i.e. egg capsule) during embryonic 
development. Artificial insemination of the ommastrephid squid Todarodes pacifi-
cus is successfully performed by the addition of oviducal gland jelly at, and after, 
insemination of ova from the oviduct with spermatozoa from the seminal receptacle 
(Ikeda et al. 1993). The gelatinous substance of oviducal gland origin is necessary 
for formation of the perivitelline space that allows embryonic development to pro-
ceed normally. Oviducal gland jelly would act similarly in S� lessoniana.

17.3.2.2  Nursing of Egg Capsules

Egg-Capsule Characteristics

Structural abnormality of spawned egg capsules occurs in later generations of cul-
tured S� lessoniana (Ikeda et al. 2009a). The outer gelatinous coat appears to be 
normal but the arrangement of eggs in the capsules is abnormal. The ova connect 
at one end of the egg capsule (Fig. 17.7). Most of the abnormally arranged eggs 
do not develop, which results in a low rate of hatching. Walsh et al. (2002) also 
reported a decrease in egg viability in their cultured squid. Abnormalities, such 
as the abnormal arrangement of eggs in egg capsules, may be a consequence of 
inbreeding.

Fig. 17.7  Egg capsules spawned by cultured Sepioteuthis lessoniana, with arrows indicating ova. 
Note that one end of the egg capsule is widened due to the abnormal distribution of ova. (From 
Ikeda et al. 2009a)
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The number of ova contained in a single S� lessoniana egg capsule varies in 
temperate waters. For example, egg capsules are reported to contain the follow-
ing number of ova: 2–8 (average 3.0 and 5.8) at Iriomote Island of the Ryukyu 
Archipelago (Tsuchiya 1981), 2 and 4–8 (mode 6) at Ishigaki Island of the Ryukyu 
Archipelago (Segawa et al. 1993b), 0–9 (mean 3.5–6.4) at Kominato of Chiba 
Prefecture (Segawa 1987), and 0–9 (mean 5.5) at Kii Channel in Tokushima Pre-
fecture (Ueta et al. 1992). Ueta et al. (1992) provided the following equation for 
a natural population of S� lessoniana that describes the relationship between the 
average number of ova in a single egg capsule ( X) and the number of ova per egg 
mass ( Y):

 
(17.9)

Water Quality and System Requirements

If large-capacity tanks that have enough space for floating several baskets cannot be 
provided, egg capsules can be separated and suspended from Styrofoam pillars that 
are 2 cm in diameter. Each egg capsule then freely floats on the surface layer of a 
smaller circular tank (30 cm in diameter, 27 cm in depth, 20 L; Ikeda et al. 2005) or 
a large circular tank (70 cm in diameter, 34 cm in depth, 120 L; Ikeda and Sugimoto 
2013; Fig. 17.8). With this method, every surface of the egg capsules is completely 
exposed to water. This allows for sufficient oxygen exchange with the eggs, and 
gentle flow continuously cleans the capsule surface.

Lee et al. (1994); Forsythe et al. (2001), and Walsh et al. (2002; all at the Natu-
ral Resource Center for Cephalopods, Marine Biomedical Institute, University of 
Texas Medical Branch, USA) used 1.8-m-diameter cylindrical tanks for egg nursing 
in a closed water system. The tanks were supplied by fresh natural seawater drawn 
through an under-gravel filter and pumped back to the tanks after passing through a 
particle filter, an activated carbon filter, and two 30-W ultraviolet (UV) sterilizers. 
The concentration of NH4-N, NO2-N, and NO3-N was maintained under 0.10, 0.10, 
and 50 mg·L−1, respectively (Walsh et al. 2002). Ikeda et al. (2003, 2009a) circu-
lated the water from 20- and 50-L tanks through coral gravel filters and UV steriliz-
ers. Another option involves pumping water into eight cubic tanks used for growing 
macro-algae before gravity-feeding the water back to the main tank.

Hatching Event

Variation in the size of hatchlings occurs due to different hatching times. Those that 
hatch early tend to be smaller than those that hatch later (Ikeda et al. 1999). Smaller, 
early hatchlings are less able to move in order to feed or escape than their later-
hatching counterparts. Special care must be taken for these early-hatched small 
juveniles.

214.1 621.9 ( 0.631, 0.01)Y X r p= − = <
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Fig. 17.8  Tank systems 
for Sepioteuthis lessoniana 
culture. a 50-L cylindrical 
tank (Multi-hydense® AQUA 
INC; from Ikeda et al. 2005). 
b 10,000-L cylindrical tank 
connected to an algae tank. 
(From Ikeda et al. 2003)
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17.3.2.3  Nursing of Young

Characters and Habit of Young

Compared to other loliginids, S� lessoniana hatchlings are much larger, with a 3.5–
6.4-mm ML (Lee et al. 1994). Hatching usually occurs at midnight and seldom oc-
curs during daylight hours. After hatching, hatchlings (of ML 5–7 mm) swim gently 
to maintain their position in the middle to upper water layer, keeping their mantle 
upward and head obliquely downward (Segawa 1987). Hatchlings also assume an 
upward or downward V-shaped position, while body colour is kept either all dark or 
transparent. In the upward V-shaped position, the arms are divided into two rows, 
like the letter ‘V’, while in the downward V-shaped position, all arms droop down-
ward (Ikeda, unpublished observation). Hatchlings show positive phototaxis to a 
beam of light at night (Segawa 1987). Because a similar behaviour is also observed 
for hatchlings of Heterololigo bleekeri, another loliginid squid (Ikeda et al. 2005), 
this may be a shared characteristic of loliginids at hatching. This characteristic like-
ly contributes to keeping hatchlings at the surface layer where they are most likely 
to encounter prey organisms and/or avoid predators.

The young begin to form schools in which individuals are positioned parallel to 
their neighbours, and schools are completely formed within 2 months of hatching 
(Sugimoto and Ikeda 2012).

Water Quality and System Requirements

In closed water systems, nursing of the young proceeds in the 20- or 50-L cylindri-
cal egg-nursing tanks at a temperature of about 23–24 °C (Ikeda et al. 2003, 2009a; 
Lee et al. 1994, 1998a, b). Such small tanks are advantageous in that prey organisms 
aggregate in them and they are convenient for aquaculturists to manage. In addi-
tion, less seawater is required for closed systems than for open systems and they are 
therefore economical. A 120-L circular tank can also be used to rear juveniles and 
the young in a closed system; this relatively large tank enables the observation of 
squid behaviours that require space (e.g. schooling and social interaction).

Feeding

Various species of mysids can be successfully provided as prey, e.g. the brackish 
water crustaceans Neomysis japonica (Choe and Ohshima 1961; Ohshima and Choe 
1961; Choe (1966a, b), Siriella longipes (Segawa 1990), and Mysidopsis almyra 
(Lee et al. 1994). Other potential live feed organisms include small-sized or fresh-
water fish fry, e.g. guppy, Poecilia reticulata, or medaka, Oryzias latipes (Lee et al. 
1994; Ikeda et al. 2003, 2009a).

Juvenile squid older than 1 month of age can adapt to feeding on dead organisms 
that are thrown by humans into the water column. At first, squid neglect the dead 
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diet when caretakers throw it into the tank, but after repeated exposure, they begin 
to pay attention to it and catch it immediately. Juvenile squid will also seize dead 
diet that is provided by caretakers with forceps. This method ensures that all squid 
are fed, even when individuals do not hunt food that is thrown in the water column. 
Providing the diet ad libitum can avoid starvation and cannibalism and is important 
for culturing squid successfully.

Growth

A large decrease in survivorship occurs in cultures within 30 days after hatching 
(Lee et al. 1994; Ikeda et al. 2003, 2009a). The most likely reason for the high death 
rate of S� lessoniana, as for other squids, during the early phase of life is starvation 
as a result of insufficient feeding. Hatchlings of S� lessoniana consume both inner 
yolk and live dietary specimens for up to 1 week (Shimazoe 2010). Hatchlings may 
learn by trial and error how to catch food during this phase, as do other loliginid 
squid (Chen et al. 1996).

17.3.2.4  Ongrowing

Feeding

Because a live diet of marine organisms (e.g. zooplankton and fish larvae) is only 
obtainable by laboratories situated near oceans, dead diets provide a suitable and 
economical alternative for inland squid cultures. Young S� lessoniana are fed on a 
mixture of live and dead frozen prey items, including Japanese sardine Sardinops 
sp. and Japanese anchovy Engraulis sp. (Ikeda et al. 2003, 2009a). Subadult and 
adult squid can be fed on a variety of prey items, either alive or dead. Lee et al. 
(1994) estimated the feeding rate of captive S� lessoniana (60–300 days of age) in a 
closed water system to be 20–35 % BW·day−1.

Growth and Survival

Fins of S� lessoniana hatchlings are subterminal, small, and round. However, they 
elongate with growth. Segawa (1987) used the following equation to describe the 
relationship between FL and ML for squid with ML 2.6–206 mm:

 (17.10)

Kanamaru and Itoh (1996) reported that the ratio of FL to the length of the mantle 
margin reaches an adult-like value when S� lessoniana grow to 50–60 mm in ML.

Segawa (1987) used the following equation to describe the relationship between 
BW and ML for S� lessoniana with ML 5.7–128.2 mm cultured in open water 
systems (> 20 °C):

FL 0.975 ML 4.34 ( 0.9993)r= − =
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 (17.11)

 (17.12)

Lee et al. (1994) estimated the instantaneous growth rate of cultured S� lessoniana 
(temperature of 23.2 ± 0.6 °C) to be 3.9–5.3 BW·day−1 for the entire life span and 
8.2–12.0 BW·day−1 for the first 100 days after hatching in closed water systems. 
Forsythe et al. (2001) examined the effect of temperature on the growth of cultured 
S� lessoniana in a closed water system. They estimated that squid grown at ap-
proximately 27 °C attained a size of 10 g in as little as 45 days at a sustained growth 
rate of 12.2 % BW·day−1, while squid cultured at 20 °C required almost 100 days to 
attain the same size at a rate of 5.7 % BW·day−1. Kanamaru and Itoh (1996) did not 
find any difference in the growth of females and males with ML 45–160 mm. On the 
other hand, Ueta (2000a) used the following equation to describe the relationship 
between BW and ML for a natural population of S� lessoniana with ML 7–470 mm 
in Japanese waters:

 
(17.13)

 (17.14)

Survival of squid older than 30 days does not often change drastically, but intermit-
tent death from unknown causes sometimes occurs in closed water systems. Be-
tween 70 and 140 days after hatching, only 1–2 of 25 squid die daily, and those 
that die are always the smallest in the rearing population (Fig. 17.9; Sugimoto and 
Ikeda 2013). In addition to the size variation that occurs at hatching, much greater 
size variation occurs in culture tanks 2 months after hatching (Sugimoto and Ikeda 

Squid 25 mm ML BW 398 ML 97342 481< = =, . ( . ).0 000 0r

2.680Squid 25 mm ML, BW 0.000287 ML ( 0.9914)r> = =

Female BW 183 ML 9962 581, . ( . ).= =0 0r

2.562Male, BW 0.186 ML ( 0.997)r= =

Fig. 17.9  Survivorship of 
Sepioteuthis lessoniana in 
culture conditions. Triangles 
indicate survival rate; 
diamonds indicate dead 
individuals; circles and 
bars indicate the average 
and standard deviation of 
dorsal mantle length ( ML). 
(Sugimoto and Ikeda 2013)
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2013; Fig. 17.10). At 60 days post hatching, the largest squid may be more than 
three times the size of the smallest squid. Whether this difference is genetic or envi-
ronmental is unknown, and size differences may become much larger in later phases 
of life under both cultured and wild conditions (Fig. 17.10; Ikeda et al. 2009a). 
Because smaller squid often become the target of cannibalism (Segawa 1993), se-
lective ongrowing of squid with similar-sized squid in the same tank may contribute 
to successful culture.

Kanamaru and Itoh (1996) found that it is possible to completely determine the 
sex of S. lessoniana based on characteristic colour patterns on the dorsal mantle (for 
squid with ML > 165 mm) and the hectocotylized fourth left arm of males (for squid 
with ML > 85 mm). These criteria can be used to regulate the number of female and 
male squid in a single tank. Because male squid often become aggressive and engage 
in agonistic contests after they reach maturity, maintaining a suitable balance of 
males and females (e.g. male < female) leads to successful reproduction in the tank.

S� lessoniana are estimated to live for about 1 year in Japanese waters (Ueta 
and Jo 1989; Ueta 2000b). In general, cephalopods reach maturity earlier in cap-
tive conditions than in the wild (Mangold 1987). This is also true for S� lessoniana. 
Tsuchiya (1982), who first cultured S� lessoniana in an open water system (tempera-
ture of 20.81–29.89 °C), observed spawning at 136 days post hatching. Ikeda et al. 
(2003, 2009a) also observed precocious maturation of cultured squid (temperature 
of 21.1–23.8 °C; Fig. 17.11). They observed that males reached maturity at 140 days 
of age, 3–8 months earlier than wild-caught squid of the same generation, and initi-
ated copulation repeatedly. This is also similar for females. Cultured squid begin 
to mature at least 2 months earlier than wild-caught squid. The constant, relatively 
high temperature in captivity may accelerate maturation. Female squid spawn 160–
196 days post hatching. Sometimes, a single female will spawn more than twice 
within 40–48 days. Intermittent spawning by a single female was also observed 
by Wada and Kobayashi (1995) and Ueta (2000b) in an open water system. Both 
males and females die restively after repeated copulation and spawning. The life 
span of cultured S� lessoniana in closed water systems is reported to be 4–6 months 

Fig. 17.10  Size variation of 
Sepioteuthis lessoniana dur-
ing the post-hatching phase 
in culture conditions. Circles 
and bars indicate the average 
and standard deviation of 
dorsal mantle length ( ML), 
respectively. (Sugimoto and 
Ikeda 2013)
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(Lee et al. 1994), 220–300 days (Forsythe et al. 2001), 169–262 days (Walsh et al. 
2002), and 161–315 days (Ikeda et al. 2009a). Because cephalopod life spans may 
be controlled by programmed death (Wodinsky 1977), and cephalopods are termi-
nal spawners, the early maturation of cultured squid must also induce early death 
(i.e. short life span).

Fig. 17.11  Temperature 
regime for Sepioteuthis lesso-
niana measured in captivity 
( solid line) and estimated 
in nature ( dotted line), the 
progress of dorsal mantle 
length ( ML), female gonad 
somatic index ( GSI), and 
male testis index ( TI) of cul-
tured and wild-caught squid 
by date ( X, cultured squid 
of unknown sex; +, cultured 
squid; W, wild-caught squid). 
Data for wild-caught squid 
are expressed as means with 
maximum and minimum 
values. Lines in the ML graph 
show hypothesized growth 
lines. (From Ikeda et al. 
2009a)
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Mating pairs touch their newly laid egg capsules and stay near them to guard 
them from other pairs (Fig. 17.12). On average, mating pairs touch their eggs for 
approximately 6 s and guard them for 45 s. Similar behaviour is observed in both 
cultured (Lee et al. 1994) and wild squid (Segawa 1987).

Cultured female squid have larger genital organs than wild-caught squid (Ikeda 
et al. 2009a). This is because captive females store a larger number of ripe ova in 
their oviducts, presumably due to inhibition of spawning. Spawning may be inhib-
ited by particular environmental factors, such as strong lighting (Fig. 17.11). Wild 
females store 55–303 ripe ova, whereas cultured females store 4–2,096 ripe ova 
(Ikeda et al. 2009a). Mature females may be motivated to spawn, even without mat-
ing and without stored spermatangia and spermatozoa (Ikeda et al. 2009b).

Water Quality and System Requirements

Closed systems used for the ongrowing phase have filtration systems similar to those 
used for nursing the young, but use tanks of larger size. Lee et al. (1994, 1998a, b) 

Fig. 17.12  Egg-touching 
behaviour by cultured Sepio-
teuthis lessoniana. a Male 
partner touches egg capsules. 
b Male partner stays near 
egg capsules to guard against 
other squid. (Ikeda, original 
observation)
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and Walsh et al. (2002) used a 15,000-L raceway (2.4 × 6.1 × 0.9 m) and a 50,000-
L circular tank (6.5 m circular line, 1.75 m depth) filled with artificial seawater. 
Juvenile squid of 30–40 mm ML were transferred from their nursing tanks to these 
ongrowing tanks. The ongrowing density of this system was 5.6 individuals·m−3. An 
average water temperature of 23 °C is a major factor that can extend the life span 
and the final size of cultured squid. After about 300 days, squid are 214–260 mm in 
length and 682–1,073 g in weight. Six generations have been cultured using this sys-
tem. Ikeda et al. (2003, 2009a) used a large circular tank with a 10,000-L capacity 
(4 m diameter, 1 m water depth) connected to an algae tank (Fig. 17.8) and smaller 
20-, 50-, and 1,700-L-capacity tanks. The squid grew to 268 mm in length 243 days 
after hatching (20–23 °C). Three consecutive generations were cultured using this 
system. Lee et al. (1998b) suggested that, in a closed system, removal of ink (ejected 
by frightened squid) was an important consideration peculiar to filtration systems.

Closed water systems maintained at 21–26 °C have been used to successfully 
culture three to seven consecutive generations of S� lessoniana (Lee et al. 1994; 
Walsh et al. 2002; Ikeda et al. 2009a; Fig. 17.11). Ueta (2000b) reported that the 
mortality rate in a long-term rearing experiment of S� lessoniana using an open 
water system increased when the temperature fell below 20 °C. In the wild, lower 
temperatures (15 °C) affect the movement and distribution of S� lessoniana (Ueta 
and Jo 1990). Therefore, temperatures should be maintained between 20 and 30 °C 
for S� lessoniana culture.

Both natural light and artificial light are used for the culture of S� lessoniana 
in open and closed water systems (Tsuchiya 1982; Lee et al. 1994; Walsh et al. 
2002; Ikeda et al. 2003, 2009a). In closed water systems, fluorescent and metal 
halide bulbs are used for illumination. Young S� lessoniana generally avoid both the 
brightest part (85 Lx) and darkest part (5 Lx) of the tank (Lee et al. 1994), whereas 
adult squid avoid the brightest areas of tanks (Ikeda, unpublished observation).

The required physical and chemical parameters of the seawater used for 
squid culture are, on average, pH 7.9–8.2, NH4-N 0.009–0.044 mg·L−1, 
NO2-N 0.023–0.069 mg·L−1, and NO3-N 9.6–36.0 mg·L−1 (Walsh et al. 
2002) or pH 7.8 ± 0.2, ammonia 4.7 ± 11.7 mg·L−1, nitrite 0.3 mg·L−1, nitrate 
114 ± 73 mg·L−1, and salinity 35.8 ± 1.2 psu (Ikeda et al. 2009a). As with other 
loliginids, ammonia concentrations that are too high cause sudden death of 
S� lessoniana. In addition, drastic changes in water quality and temperature 
can also cause immediate squid death.

17.4  Trends in Research and Industrial Level

One of the main focuses of future research should include the development of feed 
for large-scale culture, with live and artificial feed that are similar to that used 
for the cuttlefish, Sepia pharaonis and Sepiella inermis (see also Chaps. 12 and 
13). Problems such as the cost and supply of live feed and the availability of an 

17 Sepioteuthis lessoniana



342

acceptable form of artificial feed are still encountered (Nabhitabhata et al. 2001b; 
Sangpradab et al. 1984).

Nursing and ongrowing in net cages and pens in situ should be studied as a 
means of reducing the cost of S� lessoniana culture. At selected sites, such facilities 
could substitute for land-based hatcheries. In tropical countries, such facilities must 
be protected from strong sunlight, as excess lighting causes stress to cultured squid, 
fouling of egg capsules, and fouling of cage cover nets.

Monosex culture may be a method for postponing reproduction and prolonging 
squid growth. To accomplish this, squid must be separated by sex before proceeding 
to, or as early as possible in, the ongrowing phase. The sex of S� lessoniana can be 
determined from their colour patterns 60 days after hatching (Nabhitabhata 1978, 
1983).

Manipulation of the sex ratio or artificial sex induction for S� lessoniana can in-
crease production. The degree of sexual size dimorphism is high. S� lessoniana males 
are much larger than females. Batch cultures with many large males will produce a 
higher yield than cultures with few large males. Manipulation of the development of 
the male external characters through the application of sex hormones, e.g. testoster-
one, is feasible. The methodology for this type of manipulation can be adapted from 
that which is already used in the finfish culture industry for tilapia ( Oreochromis 
niloticus) and groupers ( Epinephelus spp.). For example, developing S� lessoniana 
egg capsules can be immersed in water that contains a particular hormone and/or the 
young can be fed hormone-added feed. These methods need further study.

S� lessoniana is a complex species (Dunning 1998) comprised of at least three 
morphs with different final sizes. Segawa et al. (1993a, b) reported morphologi-
cal, behavioural, and ecological differences among three morphs of S� lessoniana 
with the local names shiro-ika (white squid), aaka-ika (red squid), and kuwa-ika 
(small squid) from Ishigaki Island of the Ryukyu Archipelago, Japan. The three 
morphs have different final sizes, chromatophore arrangements, egg-capsule char-
acteristics, spawning sites, and seasons (Izuka et al. 1996b; Segawa et al. 1993a, b). 
Molecular evidence indicates genetic differences between the three morphs (Izuka 
et al. 1994, 1996a; Yokokawa and Ueta 2000; Triantafillos and Adams 2005; Aoki 
et al. 2008). Further investigation and taxonomic description are required to deter-
mine whether these differences are at the specific or subspecific level. Differences 
in the growth rate of different morphs should be a very interesting research topic for 
the maximization of aquaculture production.

Although S� lessoniana is widely distributed in the Indo-Pacific region, collec-
tion sites for materials (i.e. eggs) used for previous culture or long-term rearing are 
predominantly located in Asian waters. For example, all of the S� lessoniana eggs 
used by Lee et al. (1994); Forsythe et al. (2001), and Walsh et al. (2002) were col-
lected from Asian waters, i.e. Thailand, Mainland Japan, and Okinawajima Island 
of Japan. These Asian countries have major fisheries for this species (Ueta et al. 
1992, 2000a; Chotiyaputta et al. 2002; Lu 2002). These countries are ideal locations 
for studying the culture of S� lessoniana. Aquaculture facilities for cephalopods and 
other marine organisms are already established in Asian countries. Squid cultured in 
such facilities can be used as scientific experimental models, species for restocking, 
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and as human food. The network of S� lessoniana culture to be established in Asian 
countries is expected to form the future cephalopod culture centre of the world.

17.5  Conclusions

Sepioteuthis lessoniana is highly adaptable to captive conditions and can be 
cultured for multiple generations in either open or closed seawater systems. This 
success is mainly due to the relatively large hatchling size of S� lessoniana and 
behavioural characteristics that are advantageous for limited tank space. This is an 
advantage not only for industrial culturing per se but also for other purposes, such 
as providing this squid for restocking and as an experimental animal for ethol-
ogy, physiology, and neuroscience for which live material is usually necessary. On 
the other hand, similar to other cephalopods, the life history of S� lessoniana has 
not been entirely documented in either tropical or temperate waters. This includes 
the reproductive process, survival after hatching, and population genetics. Modern 
techniques, such as bio-logging and DNA markers, are expected to provide new 
information about these unresolved questions. In addition, because the fisheries’ 
demand for S� lessoniana is high, policies for the protection of this squid must be 
established.

The process of S. lessoniana culture includes broodstock collection, nursing of 
egg capsules, nursing of the young in the hatchery, and the grow-out phase. Water 
quality control procedures are different in closed and open seawater systems and are 
fully controlled in the former and partially controlled in the latter. The young are fed 
from hatching with live prey organisms, particularly mysids. The size of prey has 
to be similar to that of the squid. Sufficient supply of live feed ensures good sur-
vival. The young can be trained to accept dead feed, starting in the grow-out phase. 
The growth rate, final size, and longevity of these squid can vary, particularly with 
temperature and seawater system. Research and development of artificial feed is 
urgently required in order to resolve the live feed bottleneck and to reduce the cost 
of production.
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Abstract The marbled octopus, Amphioctopus aegina, is a moderately sized ben-
thic octopus, inhabiting muddy substrates in the coastal zone of the Indian and 
Western Pacific Ocean. Capture fishing of octopus in these regions includes this 
species. The aquaculture methodology comprises collection of broodstocks from 
the wild, nursing of the eggs and brooding females, nursing of the planktonic young 
and growout of the benthic young. All phases of the culture process prior to growout 
can be performed on a small scale with a 50-L tank. The general task for feeding 
is to feed planktonic food to the planktonic young for about 30 days, and to then 
provide benthic food after the settling stage. Culturing of Amphioctopus aegina as 
a model for scientific experiments and home aquaria is the future commercial task.

Keywords Amphioctopus aegina · Benthic octopus · Planktonic young · Nursing · 
Growout · Small scale

18.1  Importance of this Species in the Market

Amphioctopus aegina, the marbled octopus, is a moderately sized benthic octopus 
with a mantle length (ML) of 40–100 mm. This species is quoted in fishery statistics 
under the name Octopus dollfusi, its junior synonym (Nateewathana 1997; Norman 
and Hochberg 2005). Its distribution is wide in the coastal zone of the Indo-West 
Pacific region, from 30° to 140°E and from 40°N down to 20°S (Roper et al. 1984; 
Norman 1998). This species is common in this region and inhabits sand and muddy 
sand areas (Nateewathana 1997). The marbled octopus is solitary with crepuscular 
behaviour. They live in holes and defend their home territories (Promboon et al. 
2011). Amphioctopus aegina reproduces all year-round, at least in the Gulf of Thai-
land, the South China Sea, Pacific Ocean. The highest reproduction peak is during 
March to May, i.e. summer to the early rainy season (Phanichpong 1985).
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About 15,000 t (12 % of the total cephalopod catch) of octopus including Am-
phioctopus aegina are caught annually from Thai waters, the Gulf of Thailand and 
the southern Andaman Sea (Supongpan 1995; Department of Fisheries 2012). The 
major fishing methods involve several types of trawlers. Considering the homing 
behaviour of this octopus, the most recently emerging gear in the Southeast Asian 
region is the artisanal octopus trap derived from the Japanese octopus pots. Fisher-
men have substituted the original clay pots with local and lower cost materials, e.g. 
gastropod shell, Cymbiola nobilis, concrete blocks, soft-drink bottles. Srikum and 
Somchanakit (2011) reported that one fisherman owns 200–5,000 trap shells and 
obtains a monthly average yield of 10 g per trap shell from the Gulf of Thailand. 
The octopus fishing grounds vary in their locations but mostly, it is between 200 and 
8,000 m from the shoreline, at a water depth of 2–18 m. The octopus trap is an ap-
propriate gear for fishing in view of natural resource conservation for two reasons. 
The first one is that the fishing period is 7–20 days per month, so the remaining 
period of every month is reserved for natural stock recruitment. The second reason is 
that most of the Amphioctopus aegina captured by traps are mature, of a total length 
of 190–220 mm (Srikum and Somchanakit 2011), and therefore only the full-grown 
stock is exploited.

18.2  State of the Art

As mentioned in previous chapters, the culture of octopus species that involve 
planktonic hatchlings, like Amphioctopus aegina, is more difficult compared to 
those that have benthic hatchlings. The outstanding problem is that these hatchlings 
are plankton feeders and require live food organisms of a specific size range and 
characteristics (Hanlon 1987; Boyle and Rodhouse 2005; Villanueva and Norman 
2008). The subsequent transitional period before their complete settlement also in-
volves a change to a new characteristic type and size of food organisms.

The marbled octopus, Amphioctopus aegina, has a moderate size and as an adult 
presents a benthic habit. This is an advantage since it is possible to provide culture 
conditions on a small scale. Broodstock can be collected from the wild and consecu-
tive generations can spawn in captivity, which can ensure a continuous supply of 
hatchlings for aquaculture. Small-scale facilities can be used for culture of the spe-
cies through its entire life cycle. Amphioctopus aegina is the second benthic octopus 
species with planktonic hatchlings, after Octopus vulgaris (Iglesias et al. 2004), that 
can also be cultured throughout its entire life cycle. Such success in aquaculture re-
quires the problems associated with the rearing of the planktonic hatchlings and also 
to overcome the transitional phase prior to settlement. To resolve these difficulties, 
hatchlings are commonly fed for the first month with several types of wild-collected 
live zooplanktonic species. After complete settlement, they can be then trained to 
accept dead feed or inert diets. The daily growth rate is 1.9 % in length and 6.4 % in 
weight throughout the culture period of 140 days (Promboon et al. 2011). A growing 
demand for using this octopus as a neurophysiologic experimental model as well as 
an ornamental animal cannot be overlooked.



35118 Amphioctopus aegina

18.3  Broodstock Maintenance and Spawning

The broodstock for the marbled octopus, Amphioctopus aegina, are collected from 
otter board and beam trawlers or by using octopus traps, operating along the east-
ern part of the Gulf of Thailand, South China Sea and the Pacific Ocean. Onboard, 
the octopuses are maintained in 50-L-capacity cylindrical fibreglass tanks contain-
ing 30 L of fresh sea water with aeration and then, upon landing, are transported 
to the cephalopod hatchery. The octopuses are separated by sex and maintained 
for a 7-day acclimatization period in an open system of circular concrete tanks of 
1,800-mm diameter, with a capacity of 2 m3 and a 30-cm water depth. In order to 
minimize any change in water quality, particularly temperature, tanks are equipped 
with aeration devices and supplied with running filtered sea water that flows 
through a central drainage (the sea-water supply system in this chapter is also de-
scribed in Chap. 7: ‘Aquaculture to Restocking’). Cylindrical polyvinyl chloride 
(PVC) pieces (50 mm diameter, 150 mm length) are previously placed on the tank 
bottom as dens or shelters. Octopuses are fed twice daily at 0800 and 1700 h with 
chopped fish meat, Selaroides leptolepis. Tanks are cleaned daily by siphoning out 
the water containing debris and replacing about 50 % of their volume.

After 7 days, the octopuses are transferred to make a 1 : 1 pair in one tank (two 
individuals per tank) under similar conditions. Under these conditions, octopuses 
mate and spawn spontaneously in the tanks. The mating behavioural sequence can 
follow two different patterns: by a tactile contact and subsequent enveloping pat-
tern (Fig. 18.1a) or by a remote copulation pattern (Fig. 18.1b). The copulation in 
the first pattern takes the male 7–10 min to mount and spread his arm-web umbrella 
to envelop the female. In the second pattern, the male spends a shorter period of 
3–5 min, to extend its hectocotylus and insert it into the female mantle cavity with-
out any other contact between both sexes (Promboon et al. 2011).

Fig. 18.1  The mating behavioural pattern of Amphioctopus aegina, in the culture tanks; tactile 
contact or enveloping pattern (a, male on top) and a remote copulation pattern (b, male on left); 
scale bars 50 mm. (Adapted from Promboon et al. 2011)
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The interval between mating and spawning is approximately 32 days (range of 
20–40 days). After spawning, the male is excluded and removed from the tank. The 
female broods her eggs by regular cleaning and cradling them in her arm web be-
hind the mantle. The spawning female stops feeding until the hatching of her eggs 
and onward to her subsequent senescent death. The number of eggs laid by a single 
octopus female is on average 6,900 (5,500–8,500).

18.4  Nursing of Eggs and Brooding Females

Since the eggs are brooded by the female, there is no direct management for the 
incubation of the egg masses. The open system and facilities used for broodstocks 
can be also used in this phase. The management focuses on not disturbing the 
females and reducing stress from any external stimuli, i.e. sudden change of physi-
cal, particularly light, and chemical (water quality) parameters. Eggs during the 
early stages of a disturbed female are rejected, and those in the later development 
stages hatch prematurely. Near to hatching, around day 13 (at 28 °C), the brooding 
female with her shelter is carefully transferred to 50-L-capacity cylindrical PVC 
tanks containing 30 L of fresh sea water with aeration. Tanks are cleaned by siphon-
ing and the water is changed daily to about 40 % of their volume. Any temperature 
change is minimized by means of an outside running water bath around the tank 
base (Nabhitabhata et al. 2005; Promboon et al. 2011).

The eggs are small (as categorized by Boletzky 1977), approximately 4.4 % of 
the adult ML, and each egg produces a planktonic hatchling. Each egg has a size 
of about 3.2 × 1.25 mm (Ignatius and Srinivasan 2006; Nabhitabhata et al. 2010; 
Promboon et al. 2011). The egg is telolecithal, with a rice-grain shape and a fine 
peduncle attached to the festoon (Fig. 18.2). The newly laid egg is opaque white 
and gradually turns more transparent after 5 days at 30 °C. Organogenesis and the 
subsequent first inversion occur simultaneously at this time. Genesis of the chro-
matophores, the black retina and the ink sac happens from day 9 onwards. The 
second reversion is from day 13 after the laying of the egg. After this embryonic 
stage, the female is transferred to another tank. The first hatching occurs on day 16 
(Fig. 18.3) with an average embryonic period of 18.3 days (16–22) at 28 °C. Eggs 
hatching from the same cluster of a single female continue to do so for a period of 
3–8 days. The hatching rate is higher than 90 %.

18.5  Nursing of the Young

18.5.1  Feed and Tank Management

After hatching, the female is removed from the tank, and all hatchlings are retained 
for nursing. The tank previously used for maintenance of the brooding female is 
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Fig. 18.3  Dorsal view of 
marbled octopus paralarvae, 
Amphioctopus aegina, on day 
16 (28 °C, scale bar 1 mm). 
(Adapted from Promboon 
et al. 2011)

 

Fig. 18.2  Egg string ( left) and egg ( right) of Amphioctopus aegina, with embryo on day 11 (28 °C, 
scale bars 10 and 1 mm, respectively). (Adapted from Promboon et al. 2011)
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then used for the nursing of the young. The nursing tank has dark-blue walls and 
is filled with filtered sea water to a water depth of 150 mm. In order to generate 
and direct an artificial current, the tank is equipped with air stones attached to two 
pieces of longitudinal PVC pipes (25 mm diameter, 400 mm length). Tanks are 
cleaned by siphoning and about 80 % of the volume is replaced daily. The manage-
ment method is similar to that for the previous phase and is also used for Euprymna 
hyllebergi (see also Chap. 15, Fig. 15.3; Nabhitabhata et al. 2005; Promboon et al. 
2011). Temperature changes are avoided using a water bath outside the rearing tank. 
The average temperature should be maintained at approximately 30°C, a pH of 8 
and salinity of 30 psu. (Promboon et al. 2011)

Amphioctopus aegina has planktonic hatchlings, and the pelagic phase lasts for 
around 20–25 days at 30°C, before they subsequently complete their settling stage 
about 1 week later, at day 30. From day 15 after hatching, the early settlers tem-
porarily attach themselves to the tank wall and gradually increase their period of 
attachment and their proximity of attachment to the tank bottom, their final habitat. 
During the transitional settlement period, the depth of the attachment is gradually 
increased by approximately 50 mm day−1. During this period, the young still attack 
their prey in the water column but swim down to eat them at the tank bottom.

The general feeding schedule is to feed hatchlings planktonic food when they 
are pelagic and column feeders, and provide them with benthic food after the set-
tling stage, when they become benthic feeders. Hatchlings are fed twice daily with 
live prawn zoea, Macrobrachium sintangense (available from commercial hatcher-
ies) of 1–2 mm total length for 30 days after hatching. Live amphipods, Unciolella 
sp., wild palaemonid shrimps, Exopalaemon styliferus and dwarf gobies, Redigobius 
tambujon, collected from the wild, are used to feed the octopus young from their 
transitional stage to their early post-settlement, days 25–50 (Fig. 18.4). Feeding has 
to be ad libitum to generate a similar growth rate, hence there being less difference in 
size or individual production, and to avoid subsequent cannibalism. Cannibalism has 
occasionally been observed when size difference is more than 50 %, from hatching 
to about 70 days.

The initial stocking density for hatchlings is one individual per litre at 150 mm 
water depth. Such a depth is required to aggregate the food organisms and reduce ex-
cessive activity of the octopus. Water depth is gradually increased by about 50 mm 
every day to attain a final depth of 300 mm at 30 days. The increasing water volume 
corresponds to the increasing size of the octopus. Survival rate in this nursing phase 
is only about 10 % because the live food might be not enough due to interruptions 
to the daily supply. The requirement for live prawns at an exact life stage (zoea), 
although commercially produced, makes daily and consistent supply difficult.

18.5.2  Growth

Marbled octopus hatchlings grow from 2.7 mm average ML and 0.003 g mean wet 
weight (WW) at hatching to 6.3 mm ML and 0.068 g WW at the settling stage 
(30 days after hatching). The daily growth rate in terms of instantaneous relative 
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growth rate (IGR) during this period is about 4.1 % in length and 12.9 % in weight. 
After the settlement, the feeding rate peaks at about 240 % after 30–40 days 
(Fig. 18.5), and the growth rate increases to 5.1 % in ML (Fig. 18.6) and 17.5 % in 
weight (Fig. 18.7). Food conversion efficiency is about 6–11 % from the planktonic 
stage to settlement (Fig. 18.8), and this reveals a high energetic cost for the plank-
tonic mode of the young (Promboon et al. 2011).

In the early period, from the planktonic to settling stages, the relationships between 
ML (mm) and age (days; from 0 to 40 days) and between WW (g) and age (days; from 
0 to 30 days) can be described by exponential models (Figs. 18.9 and 18.10):

ML e A= 2 397 0 034. .
 (18.1)

3 0.103AW 2.559 10 e−= ×
 

(18.2)

18.6  Ongrowing

18.6.1  Feed, System Requirements and Management

The settling young (30–50 days) are transferred to 1,800 mm diameter circular 
concrete grey-walled tanks and maintained at a density of one individual per litre. 
Water depth is initially decreased to 150 mm and later on is gradually increased 

Fig. 18.4  Diagram of the feeding of Amphioctopus aegina on various live ( full line) and non-live 
( dashed line) food corresponding to the age (days) after hatching. (Adapted from Promboon et al. 
2011)
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(50 mm daily) to 400 mm depth. Coral pebbles are supplied as shelters from 
30 to 50 days and after 50 days, they are replaced by PVC pipe pieces (50 mm 
diameter, 150 mm length) for more effective tank cleaning. Other culture details 
are similar to those for the previous nursing phase (Nabhitabhata et al. 2005; 
Promboon et al. 2011).

After 50 days, the octopuses are able to feed on dead fish meat, S� leptolepis. 
Live bivalves, Donax spp., Tegillarca granosa and Perna viridis and prawns ( M� 
sintangense) are occasionally used as supplementary feed. The feeding schedule of 
dead food is twice daily, at 0800 and 1700 h.

18.6.2  Growth

The peak conversion efficiency, 32–35 %, is at 50–70 days, when animals are 
entering maturity and sustain an above average value until they mate at 125 days. 
The average efficiency from hatching to 140 days is approximately 16 % (6–35 %). 
The daily growth rate rapidly decreases to achieve relative stability, about 1 %, after 
80 days. The average daily growth from hatching to 140 days of age is about 1.9 % 
in ML and 6.4 % in weight (Promboon et al. 2011).

Fig. 18.5  Feeding rate (z(%W)) according to the age (days) after hatching. Arrows indicate settle-
ment ( st), mating ( m) and spawning ( sp). Individuals were reared at 28 °C. The horizontal dashed 
line with a figure indicates the average value. (Adapted from Promboon et al. 2011)
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The relationships between the ML (mm) and WW (g) from hatching to 210 days 
can be expressed as a power regression (Fig. 18.11):

−= 4 3.227W 1.75×10 ML (18.3)

The inflection point (Fig. 18.9) of the relationship between ML (mm) and age (days) 
is at about day 40, in the early benthic stage. In the second phase (40–160 days), the 
relationship can be described by a cubic regression model (Fig. 18.9):

3 2 5 31.342A 6.685 10 A 1.232 10 A 34.451ML − −− × + × −= (18.4)

The inflection points of the relationship between weight (g) and age (days) are at 
about 30 (at the settling stage) and 70 days, where growth can be separated into 
two phases. The phase after the settlement can be expressed by a power regression 

Fig. 18.6  Growth in terms of mantle length (mm), instantaneous relative growth rate ( IGRL(%)) 
and age (days) after hatching. Individuals were reared at 28 °C. The horizontal line indicates the 
average value for IGRL. Arrows indicate settlement ( st), mating ( m) and spawning ( sp). (Adapted 
from Promboon et al. 2011)
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model (30–70 days) and the following phase, from maturity onwards, by a quadratic 
regression model (70–160 days, Fig. 18.10):

W 4.325 10 A11 6.190= × −
 (18.5)

and

W 1.546A 3.249 10 A 80.7653 2= + × −−
 (18.6)

The conversion efficiency peaks for a period of about 2 months from 60 to 130 days, 
because of an energy storage process prior to reproduction, since mating is around 
day 125. Survival from hatching to mating is 1 %, and from settlement to mating 
is about 10 %. Spawning is at about 1 month after mating, at an age of around 
150 days. Spawning females cease food intake and die within about 17 days after 
paralarval hatching. The lifespan lasts for approximately 200 days or about 6–8 

Fig. 18.7  Growth in terms of weight (g), instantaneous relative growth rate ( IGRW(%)) and age 
(days) after hatching. Individuals were reared at 28 °C. The horizontal line indicates the average 
value for IGRW. Arrows indicate settlement ( st), mating ( m) and spawning ( sp). (Adapted from 
Promboon et al. 2011)
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months. The subsequent reproductive phase lasts for 34 % of the species lifespan 
(Promboon et al. 2011). Since females cease food intake and subsequently lose their 
weight at spawning, harvest for a maximum aquaculture yield is recommended to 
be prior to spawning.

18.7  Trends in Research and Industrial Level

The purpose of culturing Amphioctopus aegina for human consumption has de-
clined at present due to its high unit cost. Future research should focus on the reduc-
tion of unit costs through increasing the survival, hence increasing production. Such 
development encounters similar bottleneck obstacles to that of the other cephalo-
pods, the requirement and availability for live food during the planktonic stage, 
as well as the efficient supply of such food. In the short term, other species used 
as food organisms should be studied as options, particularly the species that are 
already commercially produced. In the long term, development of artificial feed is 
necessary in order to replace the live food and eliminate these obstacles.

Fig. 18.8  The gross food conversion efficiency ( Gross Food Conversion Efficiency(%)) during 
growth at age (days) after hatching. Individuals were reared at 28 °C. Arrows indicate settlement 
( st), mating ( m) and spawning ( sp). The horizontal dashed line with a figure indicates the average 
value. (Adapted from Promboon et al. 2011)
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The small-scale facilities are appropriate for culturing a small-sized cephalopod like 
Amphioctopus aegina� Such facilities require less space and maintenance cost com-
pared to the larger species. However, the differences in methodology between the 
culture of this species in an open system and in a closed system should be studied in 
order to maximise production and reduce costs.

The moderate size, benthic habit, good adaptability and tolerance to different 
culture conditions of this species are prominent characteristics that favour its aqua-
culture as an ornamental animal. Since Amphioctopus aegina is a ‘newcomer’ spe-
cies, this demand needs to be initiated through commercial channels as a new ‘pet’.

With those mentioned prominent characteristics, there is already a demand for 
other octopus species as experimental models for neurophysiology and ethology 
(i.e. O� vulgaris); this demand could include Amphioctopus aegina as an option and 
another model organism.

Fig. 18.9  Relationships between the mantle length (mm) and age (days) after hatching of Amphi-
octopus aegina. Individuals were reared at 28 °C. Arrows indicate settlement ( st), mating ( m) and 
spawning ( sp). The circle indicates the inflection point. (Adapted from Promboon et al. 2011)
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18.8  Conclusions

The marbled octopus, Amphioctopus aegina, can be cultured on a small scale be-
cause of its small size and benthic habit. The nursing of brooding females is similar 
to the nursing of the eggs since the hatching rate is high only because of brooding by 
the female. Feeding of planktonic young in the first month during the nursing phase 
with live prey is a bottleneck similar to that for other cephalopods. However, live 
feed for Amphioctopus aegina is collected from the wild (mysids) as well as those 
produced in hatcheries (palaemonid shrimp larvae) can be supplied. The planktonic 
phase includes a transitional settling stage for about 10 days before the settlement is 
completed. After the settlement, the young can learn to feed on dead prey (chopped 
fish meat). The octopus reaches maturity in about 120 days and their lifespan is about 
210 days. Survival is low and requires further improvements. Amphioctopus aegina 
is a new octopod species in aquaculture and the second benthic octopus species with 
planktonic hatchlings that can be cultured. The market demand for live octopus of 
moderate size should be initiated.

Fig. 18.10  Relationships between the weight (g) and age (days) after hatching of Amphioctopus 
aegina. Individuals were reared at 28 °C. Arrows indicate settlement ( st), mating ( m) and spawning 
( sp). The circles indicate the inflection points. (Adapted from Promboon et al. 2011)
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Abstract Advances in controlled cultivation of Patagonian red octopus Enterocto-
pus megalocyathus (Gould 1852) have fostered biological, physiological and nutri-
tional studies of the species. Research on cultivation of E� megalocyathus is focused 
on obtaining juveniles under controlled cultivation conditions because it would be 
the only way to obtain a sustainable octopus production.

Experimental evidence indicates that it is possible to produce E� megalocyathus 
juveniles to supply an ongrowing production because broodstock can be reproduc-
tively conditioned in tanks, the controlled fertilization allows to produce developing 
embryos, incubation of eggs throughout the embryonic period allows the produc-
tion of viable paralarvae and the rearing of paralarvae allows to successfully obtain 
completely settled benthic juveniles.

Currently, further investigations are needed on the physiology and growth of this 
species to determine the time and conditions required to obtain juvenile octopuses 
of 50 or 100 g to start the ongrowing, and to complete the total life cycle of the 
species.

Keywords Enteroctopus megalocyathus · Paralarval culture · Embryo development · 
Egg fertilization · Juvenile ongrowing

19.1  Introduction

19.1.1 State of the Art

In Chile, there are two species of octopus fit for the international market which are 
similar to the common octopus Octopus vulgaris: Changos octopus ( O� mimus) and 
Patagonian red octopus ( E� megalocyathus). Currently, fisheries of both species 
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sustain processing plants. Patagonian red octopus ( E� megalocyathus) inhabits the 
southern tip of South America, in the Pacific and Atlantic Oceans. In Chile, Patagonian 
red octopus has been fished for decades under the wrong denomination of ‘common 
octopus’, and for that reason it is indistinguishable from O� mimus in fishery statistics.

Rocha and Vega (2003) reported that the octopus fished down south of the VIII 
region of Chile (36°00 lat S) is the species E� megalocyathus. Under this frame-
work, the recalculation of the offloading during the decade 2002–2011 (Fig. 19.1a) 
showed that Patagonian red octopus had relevant values of landings, reaching 
1,700 t landed in 2008 (SERNAP 2011). In 2007, Patagonian red octopus accounted 
for 70 % of the octopuses landed in Chile (Fig. 19.1b). Consequently, a ban was 
established on the commercial fishing of this species between 2009 and 2011, with 
a Scientific Permit for Research being required to capture this native species. In 
this context, developing the cultivation of E� megalocyathus is important to support 
the octopus production and to reduce the pressure that fisheries might put on this 
resource in the future. For this reason, numerous studies have been carried out in the 
decade 2002–2011 on the ongrowing and controlled cultivation of juveniles.

Studies on Patagonian red octopus reported difficulties to obtain viable fertiliza-
tions, viable egg incubation and viable paralarvae cultivation (Ortiz et al. 2006; 
Farías et al. 2011; Uriarte et al. 2011a). For these reasons, multidisciplinary stud-

Fig. 19.1  Enteroctopus 
megalocyathus. a Landings 
(t) in Chile between the years 
2002 to 2011. b Landings as 
percentage of total octopus 
landings ( TOL) in Chile 
during 2002–2011. (Graphic 
made by the authors with 
data of Servicio Nacional de 
Pesca (2011) and taking in 
account the distribution of 
this species cited by Rocha 
and Vega (2003))
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ies are focused on rearing the species from broodstock conditioning to production 
of juveniles under controlled cultivation. Once achieved, it would allow the sus-
tainable ongrowing of the octopus. On the other hand, there are projects linked to 
artisanal fishermen focused only on the ongrowing of Patagonian octopus in the X 
region of Chile (Medrano and Godoy 2011).

19.1.2  Geographic Distribution

E� megalocyathus is geographically distributed around the southern tip of the South 
American continent, in both the Atlantic and Pacific Oceans (Ibáñez and Chong 
2008). According to Ibáñez et al. (2009), Chilean cephalopods are distributed along 
the entire Pacific Coast of Chile in three biogeographic zones that are differentiated 
according to average temperature: north of 30°S, south of 42°S and one central zone 
between 30°S and 40°S. In Chile, E� megalocyathus is commonly found between 
42°S (X region) and 56°S (XII region), and it has even been reported in the VIII 
region between 1991 and 1994 (Rocha and Vega 2003). Along the Argentine coast, 
E� megalocyathus is distributed from the Golfo San Matías (41°S) to the Strait of 
Magellan and Beagle Channel, Malvinas Islands and Burdwood Bank (Ré 1998; 
Ibáñez and Chong 2008).

E� megalocyathus is found in the Pacific coast at a depth of 15 to 30 m (Chong 
et al. 2001), while on the Atlantic coast it is found at depths of less than 20 m when 
the water temperature oscillates between 12 and 13 °C. When the water temperature 
rises above 13 °C, the octopus can be found at 170 m depth (Ortiz et al. 2011).

19.1.3  Methods of Capture

In Chile, this species is commercially fished through diving to insert a hook be-
tween rock crevices, the main octopus habitat (Chong et al. 2001). The minimum 
catch size is 1 kg, but a wide range in body size is displayed by the species, which 
greatly affects yields. Therefore, producers, processors and exporters specialized in 
Chilean octopuses are interested in the ongrowing process, in order to obtain larger 
specimens (≥ 4 kg). The largest species are strongly demanded in Asia and Europe, 
and the Network of Artisan Fishermen for Sustainable Development (RECOPADES 
2009) even applied for a grant to ongrow octopuses of up to 4 kg from octopuses of 
1 kg approximately.

The extraction of E� megalocyathus in the Argentine coast is carried out through 
the artisan fishing method of using hooks in the intertidal zone, while scuba diving 
using hooks and harpoons are utilized in the subtidal zones up to 25 m. In the Nuevo 
Gulf and the San Jose Gulf, the extraction is carried out from March to Novem-
ber–December. In these areas, the fishery operates in the tidal and intertidal strips, 
whereas in the Northern Patagonian gulfs, the fishery primarily operates in subtidal 
zones (Ré and Ortiz 2007).
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The best method for catching octopuses is the Galician-style trap because it does 
not damage the females laying eggs, and also allows to sort out size and gender after 
capture (Table 19.1). Furthermore, this method avoids damaging the females that are 
in the dens incubating eggs. Unfortunately, this method is not used commercially.

19.1.4  Morphological Characteristics

Gari and Ré (2002) gave a very detailed description of the morphological character-
istics of E� megalocyathus based on the following structures: mandible morphology, 
with regard to the number and distribution of the teeth in the radula; and the diges-
tive system regarding the location and morphometrics of the jaw, oesophagus, stom-
ach, caecum, intestines, glands and rectum. In summary, the main differentiating 
characteristics of Patagonian red octopus are: oval head; head shorter than mantle; 
unequal, moderately long arms; biseriate suckers which are notably greater in the 
first proximal third of the arms; noticeable hectocotylus in males; and medium-
developed interbranchial membrane, with ink sac and large ligula. Each external 
hemibranch has 11–13 lamellae.

19.1.5  Reproductive Cycle

The reproductive cycle of E� megalocyathus in Chilean Patagonian waters starts in 
winter reaching the maximum maturity in spring, and it continues during the summer 

Table 19.1  Enteroctopus megalocyathus. Main advantages and disadvantages of the differ-
ent techniques of extraction of Patagonian red octopus, including traps, that were used in the 
project ‘Network of Artisanal Fishermen for Sustainable Development’. (With permission of 
RECOPADES 2009)
Method of capture Advantages Disadvantages
Hooks and harpoons 

in the subtidal 
zones

There is great experience of 
artisanal divers. Gets a 
considerable number of 
Patagonian red octopus in a 
few hours

Very aggressive method for Patagonian 
red octopus. It is not recommended to 
obtain live octopuses or to select sizes 
or avoid females with egg layings. High 
percentage of loss or poor quality of 
raw material

Galician-style trap Avoids sacrificing octopuses 
under the minimum catch 
size or under the commer-
cial weight. Avoids females 
incubating eggs into dens. 
Captures at greater depths 
than the diving method

High investment and less catch than diving 
method. Low certainty in the success 
of the catches and difficult stability of 
supply of raw material. Risk of theft or 
loss of the fishing gear

Manual extraction Live octopuses can be 
obtained. Selective. It 
prevents the capture of 
females with egg layings

Lower capture. Used as sport fishing

Í. Uriarte and A. Farías
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with reproductive peaks in December and January (Ibáñez and Chong 2008), while 
in the Patagonian waters of Argentina there is evidence of two annual laying periods, 
one in winter and another starting in November–December (Ré 1980). Chong et al. 
(2001) estimated the size of sexual maturity of females and males at 71.7 and 69.9 cm 
total length (LT50 %), respectively, and 14.9 cm of mantle length (ML50 %) for both sex-
es. In the Patagonian coastal zone of Argentina, mature males are found during long 
periods of time (April–November). Males show an average of seven spermatophores 
in the Needham’s sac. As early as July, spermatangia are found in females. The sex 
ratio remains 1:1 in breeding grounds, and in July the number of males increases due 
to the displacement of fertilized females to deeper waters. A study on the reproductive 
biology of E� megalocyathus in the Nuevo Gulf (42°49′58″S, 64°50′10″W) reported 
the presence of a pseudohermaphroditic individual that could be classified externally 
as male, but internally had female and male sexual structures (Ortiz and Ré 2006).

19.1.6  Natural Feeding

Most of the food items hunted by E� megalocyathus are brachiura and anomura 
crustaceans, followed by fish and other octopuses (Ibáñez and Chong 2008). The 
variability in the diet depends mainly on the size of Patagonian red octopus; there-
fore, small-sized octopuses feed on small crustaceans whereas larger specimens 
prefer large crabs and octopuses of the same species, either juveniles or eggs. The 
variation in the items available for hunting depends mainly on the habitat of the 
octopus. Considering that they can reach a large size, and the abundance and type 
of prey that is being hunted, it has been suggested that E� megalocyathus has a sig-
nificant impact on the structure of the subtidal communities around the southern tip 
of South America (Ibáñez and Chong 2008).

19.2  Broodstock Conditioning

Iglesias et al. (2000) concluded that reproduction is not a limiting factor on the 
feasibility of cultivating the species O� vulgaris, and the diet during reproductive 
conditioning should include crustaceans to ensure good quality of eggs. Similar 
recommendations are given by Rosas et al. (2006) for the conditioning of the holo-
benthic species O� maya.

After courtship, in both species the mating occurs at ‘distance’ when the male 
inseminates the female without embracing but introducing his hectocotylus into 
the mantle of the female to pass one or more spermatophores (Rosas et al. 2006). 
However, E� megalocyathus is a merobenthic species with a complex reproduc-
tive behaviour, with courtship preceding mating where the male mounts the female 
(Gutiérrez et al. 2012). In this sense, Patagonian red octopus exhibits a reproduc-
tive behaviour similar to E� dofleini� Furthermore, the courtship and mating periods 
depend on the size relation between the males and females (Gutiérrez et al. 2012).
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Studies carried out during the broodstock conditioning period of E� megalocy-
athus demonstrate that fecundity in these animals can be reduced while maintaining 
the biochemical composition of the eggs, when food is scarce or when changes in 
diet occur (Farías et al. 2011). These studies also show that Patagonian red octopus 
can be conditioned without a crustacean diet and still maintain fecundity.

After laying the eggs, the females stop feeding and it has been suggested that this 
behaviour generates population differences between genders since feeding habits 
affect the age when they reach senescence and death (Ibáñez and Chong 2008).

The reproduction area at the Hatchery of Marine Invertebrate of Universidad Aus-
tral de Chile (HIM-UACh) consists of an isolated room of 5 × 6 m, with controlled 
temperature and light. For the reproductive broodstock, 700 L (1.75 × 1.1 × 0.35 m) 
tanks with sea water filtered at 1 µm and ultraviolet (UV) sterilized were used. Sea 
water had the following characteristics: 29–31 psu, 11 ± 1 °C, 6–8 mg L−1 of dis-
solved O2 and lower than 1 mg L−1 total ammonia. Light brightness was maintained 
at levels below 50 Lx cm−2, while the temperature was controlled with a chiller 
equipment.

The sea water was recirculated through deep-bed filters with anthracite as filter 
material. Anthracite also has the property of retaining the dissolved ammonium. 
Also, the water was subjected to a sterilization by UV lamps in order to reduce the 
bacterial load.

The individuals came from the natural environment of Hueihue (Ancud, Chiloé, 
X region, Chile). They were captured using a traditional method where divers trap 
and place them in a floating fibreglass pond of 500 L which is tied to the boat. Then 
they are landed and individually placed in mesh bags into 500-L tanks to prevent 
their escape and damage between them, while being transported to the laboratory 
at 12 °C and with oxygen injection throughout the entire journey of 2.5 h from the 
capture area to the laboratory.

In the laboratory quarantine room, females are placed in acclimation ponds where 
they are maintained for 48 h until recovery. Before placing the octopuses in breeding 
tanks, they are sexed, measured and weighed. The animals are prepared for weigh-
ing by preparing a bath of ice-cold water at 2 °C for 3–5 min, which works as an an-
aesthetic that allows to measure and weigh the animals without harming them. Then, 
they are placed on a scale to record their weight and, finally, total length is recorded.

19.3  Spawning Process

Egg layings collected from the wild (Ortiz et al. 2006, 2011), as well as layings ob-
tained by broodstock conditioning (Fig. 19.2) in the laboratory (Farías et al. 2011; 
Uriarte et al. 2011a, 2013; Gutiérrez 2012), confirm that this species presents abso-
lute fecundity between 1,000 and 5,000 eggs per female (Table 19.2). On the other 
hand, relative fecundity under controlled conditions is 1,101 ± 159 eggs kg−1 female 
(Gutiérrez 2012). Leporati et al. (2008) showed that other factors besides the size of 
the female, such as seasonal changes in temperature, substrate availability for laying, 

Í. Uriarte and A. Farías
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den quality and the reabsorption rate of the eggs in the ovary, can lead to varying 
fecundity in females. In accordance with Chong et al. (2001) and based on the 
ovocytes contained in the ovary, the expected fecundity of E� megalocyathus could 

Fig. 19.2  Enteroctopus 
megalocyathus. Female 
octopus with clutches 
obtained at Hatchery of 
Marine Invertebrates of the 
Universidad Austral de Chile 
(HIM-UACh). The measuring 
slide indicates 10 cm. (Photo 
of the authors)

 

Table 19.2  Enteroctopus megalocyathus. Absolute values of fecundity and other reproductive 
characteristics
Fecundity per 
female

Method to estimate fecundity of 
females

Egg total length 
(mm)

Author

1,000–20,000 Number of oocytes hydrated from 
subsamples of the gonad

Chong et al. 
(2001)

1,469 Samplings on natural egg layings 10.7 Ortiz et al. (2006)
2,500–3,600 Not indicated 14.5 Ré (2007)
2,129 ± 1,182 Samplings of egg layings obtained 

from the broodstock condition-
ing of octopus in laboratory

7–11 Farías et al. (2011)

2,052 ± 368 Samplings of egg layings obtained 
from the broodstock condition-
ing of octopus in laboratory

8.5 ± 0.1 (5.8 % 
FML)a

Gutiérrez (2012)

2,321 ± 536 Samplings of egg layings obtained 
from the broodstock condition-
ing of octopus in laboratory

9.3 ± 0.1 (6.4 % 
FML)a

Uriarte et al. 
(2013)

FML female mantle length
a Calculated from the results of Gutiérrez (2012) and Uriarte et al. (2013)



372

reach up to 20,000 eggs per female, while Ortiz et al. (2011) reported an expected 
fecundity of 3,729 ± 1,443 oocytes; these authors found significant correlations be-
tween expected fecundity of males and females and body weight. Under laboratory 
conditions, the observed fecundity ranged from 63 to 5,307 eggs (Fig. 19.3), being 
affected by quantity or quality of the feed (Uriarte et al. 2008; Farías et al. 2011; 
Gutiérrez 2012) but without significant effect of the female weight (Farías et al. 
2011; Uriarte et al. 2013). Therefore, it is possible that environmental conditions 
moderate the reabsorption rate of eggs in order to maintain the females during the 
period previous to laying and during incubation.

If the quantity of egg layings of Patagonian red octopus is reduced due to poor 
nutrition, the quality of the eggs in terms of their proximal contents and fatty acids 
is maintained, which is essential for the conservation and long-term success of in-
cubation and hatching (Farías et al. 2011).

The broodstock conditioning period for E� megalocyathus is 4 months at 12 °C 
(Uriarte et al. 2011a; Farías et al. 2011). During broodstock conditioning, the weight 
of the females increases exponentially, regardless of the original size. It is suggested 
that during broodstock conditioning, the female E� megalocyathus invests a large 
part of its food energy in the production of eggs, leading to an increase of weight 
that is registered as growth rate. On the other hand, the specific growth rate (SGR) 
of males is reduced as the size of each octopus increases (Uriarte et al. 2013). When 
the males increase in size, the courting period is shortened (Gutiérrez et al. 2012), 
which could be an advantage for mating many times during the reproductive period.

Fig. 19.3  Enteroctopus megalocyathus. Variation of fecundity under controlled culture condi-
tions in relation to the female weights. Taken from different studies carried out in the Hatchery of 
Marine Invertebrates of the Universidad Austral de Chile (HIM-UACh). (Data of the authors and 
their thesis students)

 

Í. Uriarte and A. Farías
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At HIM-UACh, male and female octopuses are placed in the conditioning tanks 
where 101.6-mm polyvinyl chloride (PVC) elbows with perforated lids on one end 
are offered as dens. For the females, this lair serves as nest for egg laying. During 
the maturation period, the females are fed crabs only at a rate of 5–15 % of their 
wet body weight (Table 19.3). The crabs are offered alive without chelae, to prevent 
damage when defending from the octopus. The ration of crab every other day is 
maintained until spawning, after they are fed at demand since females require low 
amounts of food at this stage.

19.4  Egg Incubation

The length of octopus eggs is linked to lifestyle after hatching so that a species 
laying small eggs (under 10 % of the adult ML) generates a planktonic paralarvae; 
therefore, it is a merobenthic species. However, species that lay larger eggs (more 
than 10 % of the adult ML) originate benthic juveniles that hatch directly from the 
egg; therefore, it is a hobenthic species (Boletzky 2003; Ignatius and Srinivasan 
2006). These strategies are also linked to fecundity, so that species laying smaller 
eggs are more fertile and originate many planktonic paralarvae that ensure their 
survival when they are dispersed and colonize new habitats. In the case of E� mega-
locyathus, a merobenthic species whose eggs measure between 5.8 and 6.4 % of the 
ML (Table 19.3), an intermediate strategy with medium-sized eggs and hatchlings 
that are planktonic during more than 60 days is observed (Uriarte et al. 2011b).

Currently, the length of the embryonic period of E� megalocyathus is reported 
for temperatures between 10 and 12 °C with normal embryo development (Uriarte 
et al. 2011a, 2013).

The embryos of Patagonian red octopus observed at HIM-UACh grow exponen-
tially in total length, arm length and ML, and also in eye diameter. This occurs in 
other embryonic octopods such as Robsonella fontaniana but only for total length 
and arm length (Uriarte et al. 2009). The exponential growth rate observed in Pata-
gonian red octopus embryos at HIM-UACh is 2 % day−1, a value below the expo-
nential growth rate observed in R� fontaniana which is 3 % day−1, and paralarvae 
take 70 days to hatch at 12 °C (Uriarte et al. 2009). In contrast, O� maya embryos 
reach 182 % day−1 and take 30 days at 25 °C hatching directly to a benthic juvenile 
(Rosas et al. 2006). These different strategies could be due to the interaction be-
tween egg size, temperature at which embryos are developed and quantity of yolk 
available after hatching.

Eggs incubated under controlled conditions show a complete embryonic de-
velopment when the fertilization of the females is assured (Uriarte et al. 2011a, 
2013). For E� megalocyathus, embryonic development under laboratory conditions 
at 12 °C takes between 150 and 180 days (Table 19.3), being similar to E� dofleini 
as described by Villanueva and Norman (2008). During this long period, the eggs 
are exposed to bacterial contamination and detachment from the walls of the tanks, 
usually caused by the same female reproducers (Uriarte et al. 2011a). Therefore, 
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new strategies and incubation systems are required to ensure the paralarval hatch-
ing. The first would be to separate the eggs from females as soon as they have been 
released, because eggs could be incubated without parental control at HIM-UACh.

At HIM-UACh, after the eggs are laid they are separated from females and their 
clusters are suspended in incubation tanks with recirculating system, UV steriliza-
tion, temperature control, tank water exchange of 70 % day−1 and concentration of 
O2 over 85 % saturation.

The eggs are incubated until hatching, a period of 4–5 months for this species. 
The percentage of egg fertilization reaches 75 % success, and is detected by the ap-
pearance of the eye pigmentation which occurs at stage IX described by Naef (1928).

19.5  Paralarval Growth

At the moment, the production of a merobenthic octopus species is a challenge. 
So far, juveniles from five octopus species are reported to have been obtained 
under controlled conditions: E� dofleini (Okubo 1980), O� vulgaris (Villanueva 
et al. 1994, 1996; Villanueva 1995; Iglesias et al. 2004; Carrasco et al. 2006),  
O� joubini (Forsythe 1984), R� fontaniana (Uriarte et al. 2010) and Amphioctopus 
aegina (Promboon et al. 2011).

The growth of paralarvae would allow juvenile cultivation under controlled con-
ditions in adequate and stable quantities to sustain industrial ongrowing. This could 
mitigate the overfishing impact on this valuable resource. However, until now the 
technology to cultivate paralarvae either is incomplete or results in low survival 
rates (Villanueva and Norman 2008; Iglesias et al. 2007; Berger 2010; Uriarte et al. 
2011a), limiting commercial culture development.

Ortiz et al. (2006) observed paralarvae of E� megalocyathus of up to 5 days of 
post-hatch age with suprabenthic behaviour, so these paralarvae share both paralar-
vae and benthic juvenile characteristics. Uriarte et al. (2011a) described that the 
length of the paralarval period was too extended, reporting it to be more than 60 
days, ending with a den-searching behaviour. Currently, at HIM-UACh at 12 °C the 
paralarval period lasts between 90 and 114 days, similar to E� dofleini paralarvae as 
described by Villanueva and Norman (2008). At 114 days post hatching, paralarvae 
settle definitely and exhibit a juvenile morphological character and behaviour using 
dens permanently (Fig. 19.4).

In general, the feeding habit of octopus paralarvae is one of the most complex 
and limiting aspects for its cultivation. The scarce nutritional knowledge and the 
lack of an appropriate prey to satisfy their food requirements (Iglesias et al. 2007; 
Berger 2010; Uriarte et al. 2011a) are the most critical aspects for rearing paralarvae 
during more than 90 days, as in the case of Patagonian red octopus.

Another critical issue with paralarval cultivation is cannibalism in E� megalocy-
athus. Uriarte et al. (2013) observed that the cannibalism in well-fed paralarvae ac-
counts for 4 % of total mortality, while poorly fed paralarvae cannibalism accounts 
for up to 13 % mortality. This means that another of the greatest challenges in the 
cultivation of these paralarvae is the reduction of cannibalistic behaviour.
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Fig. 19.4   Enteroctopus megalocyathus� Juveniles obtained after the broodstock conditioning, 
embryo incubation and paralarval rearing under laboratory conditions of Hatchery of Marine 
Invertebrates of the Universidad Austral de Chile (HIM-UACh). a Juvenile of 1.7 g. b Juvenile of 
4.5 g. The measuring slide indicates 1 cm. (Original photos of the authors for the first juveniles 
produced under laboratory conditions)
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At HIM-UACh, the egg incubation period ends when the paralarvae start to 
hatch at regular intervals during 5–10 days. Artemia nauplii is supplied for feeding 
in the incubation tanks, so they can feed after hatching. Early paralarvae are trans-
ferred to rectangular ponds of 28 L, at a density of 10 paralarvae L−1 (Table 19.3). 
The density of Artemia nauplii is maintained at 2 nauplii paralarvae−1 day−1. 
Paralarvae cultivation is carried out with a recirculated sea-water system, sterilized 
with UV, with temperature control, water replacement of 70 % of the tank day−1 
and O2 concentration above 85 % saturation. The unconsumed and dead Artemia 
nauplii waste is removed daily throughout the culture in order to maintain water 
quality at appropriate levels of oxygen and ammonia. The paralarval development 
period takes 4–5 months before reaching settlement. Presettlement reflexes of E� 
megalocyathus paralarvae start when ML reaches 37 % or less of the total length 
(Fig. 19.5). This relationship is lower than values of O� vulgaris (~ 50 %) and E� 
dofleini (45–55 %) reported by Villanueva and Norman (2008). It is interesting to 
note that the total length of E� megalocyathus paralarvae at hatching (13 mm) is 
similar to that of E� dofleini paralarvae at hatching (10 mm) and, under our labora-
tory conditions, paralarval Patagonian red octopus settle at total lengths between 
2.5 and 3.5 cm (Fig 19.5), very similar to the 30 mm cited for E� dofleini.

At the HIM-UACh, the newly settled juveniles of 0.4 g are fed adult Artemia, in 
tanks of 28 L with PVC dens of 20 mm diameter. The diet consists of small adult Ar-
temia and small crabs of the genus Petrolistes or Acanthocyclus. The water of recir-

Fig. 19.5  Enteroctopus megalocyathus. Relationship observed between relative decrease in man-
tle length (ML) as percentage of total length (TL) and hatchling age. Arrow shows the initial 
settlement period. R2 is the coefficient of determination and P indicates the significance of the 
coefficient of regression. (Original data of the authors for the first juveniles produced under labo-
ratory conditions)
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culated system is maintained with UV sterilization, temperature control, replacement 
of sea water of 70 % tank day−1 and O2 concentration above 85 % saturation. After 
reaching a weight of 1–2 g (Fig. 19.4a), juvenile octopuses are transferred to indi-
vidual tanks of 27 L (Fig. 19.4b) and fed a fresh crab-based diet until they reach 20 g.

19.6  Ongrowing, Tank and Sea Cage Conditions

So far, the results in ongrowing of E� megalocyathus have not been published, but 
there are studies of juveniles captured in the wild and brought to the laboratory for 
ongrowing. González et al. (2008) reported for E� megalocyathus under individual 
cultivation, from 300 to 1,500 g, a high dispersion in the growth rates related to the 
type of feed used for ongrowing. The authors found that Patagonian red octopus did 
not grow with a diet of bivalve molluscs, but did show significant growth when fed 
crustaceans such as crabs, and also fish.

According to Farías et al. (2010), individuals that are cultivated from 300 to 
1,500 g with formulated diets (pellet) do not show a good intake (0.3–0.7 % body 
weight day−1), even though the digestibility was acceptable (47.1–61.8 %). The low 
intake or rejection of the artificial diets explains the absence of growth, and it prob-
ably indicates that better attractants are needed. However, the best formulated diet 
showed similar results to those tested with live crab, and for that reason it is as-
sumed that it is possible to use a formulated diet, although it remains a challenge.

A comparative study on the energy physiology of O� maya and E� megalocyathus 
carried out by Farías et al. (2009) showed that Patagonian red octopus has a high 
growth rate that is similar to O� maya, despite the large difference in temperatures 
of their habitats: 10 and 25 °C, respectively. This similarity in growth is due to a bet-
ter energy efficiency of E� megalocyathus, despite being a cold-water species. This 
better energy efficiency involves a higher food intake, a lower metabolic investment 
(lower respiratory rate) and a more efficient use of protein towards energy. Accord-
ing to the authors, once the octopus is acclimated to its environmental conditions, it 
can optimize its growth rate.

According to the results of Uriarte et al. (2011a), the exponential growth rates 
of E� megalocyathus at 18 °C with a recirculation system varied between 0.33 and 
1.25 % day-1 for specimens between 10 and 500 g. Gutiérrez et al. (2013) show 
that the exponential growth rate for juveniles fed natural diets is between 0.77 and 
1.01 % day−1 in octopuses weighing 297 g at temperatures of 12.9 °C with flow-
through systems.

The field results of ongrowing in a deep farming system have been reported by 
Medrano and Godoy (2011). Their results showed SGR of 0.52 and 0.77 % day−1 for 
females and males at a density of 5 kg m−3 and a reduction to 0.40 and 0.24 % day−1, 
respectively, when density increases to 10 kg m−3 (Table 19.3).
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19.7  Trends in Research and Culture at Industrial Level

There is an important, unsatisfied demand for octopus, mainly in European coun-
tries such as Spain, as well as in Japan and other Asian countries (González et al. 
2008). This demand, added to the need to recover the fisheries, generates a unique 
opportunity for the development of farming systems for this species.

The octopus is an organism that represents many challenges because of its highly 
developed nervous system and behavioural factors that can be complex; therefore, 
the prevalence of cannibalism must be reduced in order to achieve an effective cul-
tivation of paralarvae and juveniles. For an efficient ongrowing, it is necessary to 
lower the competition for space, food and reproduction. Furthermore, behavioural 
factors make it difficult for the octopus to accept artificial or formulated food; how-
ever, the same capacity of learning should allow not only the medium-term develop-
ment of balanced formulated feeds but also the use of automatic feeders that would 
allow the octopus to feed on demand.

The defence generated by the innate immune system of cephalopods against 
diseases and infections is relevant for the development of commercial production 
systems, especially when a high density of specimens is necessary for a profit-
able cultivation. The characterization of the innate immune system of E� megalo-
cyathus demonstrates that the lysozyme activity and the activation of respiratory 
burst (ROS) are independent of the size of the octopus, but it could be dependent 
on diet (Silva et al. 2013). It has also been demonstrated that in the innate immune 
system of E� megalocyathus, the haemocyanin is a humoral component with special 
characteristics and high antibacterial activity (Uriarte et al. 2012).

Future tendencies are determined by the market, but presently the experimental 
results on Patagonian red octopus indicate that juvenile production is possible and 
it could involve:

• A larviculture process including broodstock conditioning, egg laying, embryo 
incubation and paralarval rearing until early juveniles that could last for about 12 
months.

• An ongrowning process of juveniles of 100 g aiming to reach a commercial size 
of 2.7 kg that could last for about 9 months.

It is necessary to determine the growth rate from an early juvenile of 0.4 g to a 
juvenile octopus of 100 g to establish the total time needed under cultivation until 
reaching commercial size. Once these aspects are covered, the production cycle of 
Patagonian red octopus would be closed.

19.8  Conclusions

The main conclusions of the chapter are related to the potential success to obtain 
early juvenile or ‘seed’ for the ongrowing process. However, more information is 
required about the results of ongrowing in sea cages because there are relevant 
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questions in need of an answer, for example: How long does it take to obtain oc-
topus of 4 kg when having subadults of 500 g? How to delay the mating processes 
when environmental or feeding conditions affect the males or females by triggering 
them? How is the feed efficiency behaving throughout the ongrowing?
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Abstract Octopus maya culture is being developed at the Universidad Nacional 
Autónoma de México at pilot scale. A closed culture system of O� maya is operating 
at out of Yucatán facilities, in Sisal. Adult O� maya were obtained after 7 months 
of culture. O� maya broodstock is renewed every year with adults from the wild 
population. Spawns are artificially incubated at 25 °C during 45–50 days. Hatch-
lings pass through a post-embryonic phase that lasts approximately 10 days until 
they reach the juvenile stage. During the first 15 days after hatch, territorialism and 
cannibalism are absent and animals practically do not grow. After that age, incre-
ments on ingested food are observed together with an exponential growth rate. The 
culture system has been organized in two steps: (1) ongrowing of hatchlings and (2) 
ongrowing of juveniles. In the first step, hatchlings are cultured in indoor 7.5 m2 
tanks at a density of 50–60 individuals m− 2 for 60 days. During this time, every 
20 days animals are weighed and separated according to size to avoid cannibalism. 
At this phase, survival varies between 75 and 80 %. The juvenile ongrowing phase 
occurs in outdoor 6 m diameter tanks where juveniles are maintained at a density of 
10–25 individuals m− 2, depending on whether a semi-intensive or intensive culture 
is applied. Juveniles are cropped when they reach between 80 and 150 g in wet 
weight (WW), and are sold to the gourmet market. Detailed seawater characteristics 
and other useful data are included in the present chapter in an attempt to offer an 
overview of O� maya culture.
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20.1  Introduction

20.1.1  Importance of this Species in the Market

The Mexican four-eyed octopus, Octopus maya (Voss and Solís-Ramírez 1966), is 
endemic to the Yucatán Peninsula. The species occurs in the states of Campeche, 
Yucatán and Quintana Roo (ranging from the waters off Ciudad del Carmen to those 
beyond Isla Mujeres). The O� maya fishery generates 15,000 jobs and is worth more 
than 27 million dollars annually (Jurado-Molina 2010), making it one the most so-
cioeconomically important cephalopod species in America. Presently, the yearly 
fisheries production varies between 10,000 and 20,000 t, only in the Yucatán Penin-
sula, México. Eighty percent of the catch is exported to Europe and Asia, generat-
ing a major economy for the Yucatán region. Voss and Solis (1966) found that O� 
maya, after O� hummelincki, is the second described ocellated species of the tropical 
western Atlantic with large eggs, with embryos that hatch as holobenthic juveniles.

The O� maya fishery was established in 1949 and has since expanded across the 
distributional range of the species. On a regional scale, O� maya is the main compo-
nent of octopus catches, representing 63 % of the landings in 2004 (Pérez et al. 2006). 
The increasing economic importance of this fishery has resulted in a steady increase 
of people joining the fishery each year, with spillover effects to coastal communities 
of the peninsula. Increasing demand for this resource has also resulted in social con-
flict among fishing communities throughout the peninsula. Some advocate local-scale 
fishing (i.e. fishing in areas close to their communities), while others defend “chas-
ing” the resource wherever it is found (personal communications from fishermen). In 
the apparent absence of any physical or biological barriers, the species is currently 
regarded as a single population and is managed as a single stock (Begg et al. 1999).

20.1.2  O. maya Culture at the Hawaii Institute of Marine Biology 
and Marine Biomedical Institute of University of Texas

Since the 1960s, O� maya has been the focus of research attention from research-
ers in Mexico and the USA. Following Voss and Solis’ (1966) work on the taxo-
nomic description of the species, Walker et al. (1970) reported the first study on O� 
maya on the improvement of culture conditions, maintaining and training octopus 
in laboratory conditions. In this study, Walker et al. (1970) found that O� maya does 
not escape from an uncovered tank after being in the laboratory for a few hours, 
except when it is hungry or when it is being studied in an aversive experimental 
situation (involving oxygen deprivation or shock) or when the seawater is foul. They 
also found that a mean number of four crabs (mean weight: 4.1 g per crab) were 
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required to satiate 400-g octopuses deprived of food for 1–4 days. Afterwards, Van 
Heukelem (1976, 1977) transported several egg strings from Campeche Bay to the 
Hawaii Institute of Marine Biology, where the eggs were artificially incubated. In 
that laboratory, five generations of O� maya were maintained to study if O� maya 
could be used as a model for neurobiology, behaviour, immunology, endocrinology 
and ageing studies. During his studies, Van Heukelem defined some maintenance 
conditions that were the base for the later studies on O� maya culture and pointed 
several knowledge gaps in the biological aspects of rearing octopuses in captivity. 
Van Heukelem found that O� maya eggs can be artificially incubated with a 100 % 
success rate for fertilized eggs developing into hatchlings with incubation periods 
of about 45 days at 25 °C. To incubate the eggs, Van Heukelem (1977) used a glass 
funnel with filtered seawater supplied to the stems. In that funnel, seawater flow was 
adjusted “so that the eggs strings tumbled slowly and rubbed against one another, 
keeping the surface of the eggs clean, free of fungus, and well aerated”. Van Heuke-
lem also reported that air bubbles in the incubation system were harmful to embryos 
interfering with yolk epithelium development. Cannibalism was recognized as the 
major source of death of juveniles when animals where underfed or fed with dried 
foods. Frozen crab and shrimp produced good growth. A detailed study using 27 iso-
lated O� maya juveniles showed that, from hatching (at a weight of 0.1 g) to 90 days 
old, animals grew exponentially, doubling their weight every 11–12 days at 25 °C, 
reaching 3,231 g after 8.5 months of culture. During that study, this author reported 
that one of the bottlenecks of the O� maya culture was the lack of a dried and/or stor-
able food for massive maintenance of octopus in laboratory conditions.

Other studies reported during the 1980s were mainly dedicated to laboratory 
rearing conditions, pathology, mineral deficiencies and nutrition of several cepha-
lopods species, including O� maya (Hanlon 1987; Hanlon et al. 1989; Hanlon and 
Forsythe 1985; Hanlon and Forsythe 1990; Hanlon et al. 1984; Lee 1994; Lee et al. 
1991). From those studies, infection by Vibrio carcharie was identified to affect O� 
maya, and treatment with intramuscular injections of chloramphenicol was recom-
mended. However, nitrofurazone and furazolidone bath applications were used as a 
first protocol at the Marine Biomedical Institute of University of Texas at Galves-
ton when Vibrio spp. infections were presented (Forsythe et al. 1990). A review of 
cephalopod mariculture was published by Hanlon (1987), showing that at that time 
there were 20 species cultured, only six being from the Octopodidae family. Among 
those, O� maya and O� bimaculoides were considered to be the best candidates for 
aquaculture (Hanlon 1987).

20.1.3  O. maya Culture at Universidad Nacional Autónoma  
de México

The first assays to cultivate O� maya at the facilities of Universidad Nacional 
Autónoma de México (UNAM) started in 2004 when some wild juveniles were 
placed in 5-m-diameter ponds to determine the growth rate and survival of animals 
fed heads of fish and frozen crabs. Three trials were conducted between 23 and 
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32 days. Octopuses were held in three outdoor tanks with 19.6 m2 of bottom area 
and 0.5 m water depth, with aerated seawater and water flow allowing 10 % of wa-
ter exchange per day. Initial density was between 2.9 and 3.8 kg m− 3 with different 
initial mean weight of 542.3 ± 18.8, 493 ± 11.9 and 321 ± 7.8 g, for trials 1, 2 and 3, 
respectively. Specific growth rate varied between 1.8 and 2.7 % body weight (BW) 
day− 1 with no apparent relationship with the culture temperature. Results showed 
that the tanks used and water quality at the UNAM facilities were adequate for 
the growing of O� maya juveniles, with commercial size being attained in a few 
weeks after the wild juveniles were captured (Domingues et al. 2012). This led to a 
formal research programme being developed to culture O� maya at the UNAM. In 
this programme, the spouses of the fishermen were included. Integrating the fish-
ing community into the aquaculture operation was considered to be a key element 
of technological transference to the social sector of Yucatán, México. Considering 
that nowadays in Yucatán the octopus fisheries is around 10,000 t year− 1 of ani-
mals larger than 450 g, we designed the culture technology to obtain animals with 
smaller weights than those obtained from the fisheries. To date, the UNAM facility 
is producing animals lower than 250 g in living weight (LW), in an attempt to cover 
the gourmet octopus market that cannot be supplied by the fisheries. The present 
chapter presents a review of the actual status and bottlenecks of O� maya culture.

20.2  Conditions for Maturation, Spawn and Embryo 
Development

Only functionally mature females are selected to spawn under controlled condi-
tions. Functional maturation is recognized when the oocytes are located in the re-
productive coelom of the female and can be seen as small eggs. This is the phase 
of vitellogenesis before spawning (Arkhipkin 1992). The gonadosomatic index of 
vitellogenic females is > 2 % (Rosas et al. 2012). One week before being transferred 
to the functional maturation area, wild or cultured females are placed with males in 
outdoor tanks just to be sure that they will have enough spermatic material to ensure 
maximum fecundity of oocytes. The functional maturation facility was designed to 
maintain a 10:14 h red light–dark photoperiod. A light intensity of 30 Lx cm−  2 is 
maintained at the surface of the tank to reduce female stress. Tanks are connected 
to a recirculation seawater system, in which seawater is filtered through an anthra-
cite earth filter, UV and protein skimmer. Seawater temperature was maintained at 
24–26 °C, since we observed higher temperatures can inhibit vitellogenesis.

O� maya females > 500 g wet weight (WW) are individually placed in a 320-L 
dark tank, where a fibreglass box is offered as a refuge and posterior spawning 
nest (Rosas et al. 2008a; Fig. 20.1). Other refuges or nests can also be used to 
obtain spawns of O� maya, such as polyvinyl chloride (PVC) tubes (100 mm di-
ameter), and different types of pots and cages. Different food types were used to 
feed females during functional maturity. At the beginning of the programme when 
only wild females where used for hatchling production, animals were fed frozen 
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crabs ( Callinectes spp.; 70 %) and mussels ( Mytilus spp.; 30 %) at 15 % WW ration. 
Presently, a mixed diet composed of fish, squid and shrimp is used as a broodstock 
diet for O� maya-cultivated females. Wild and cultivated females normally spawn 
37 ± 23 days after entrance into the maturation facilities. Spawning takes at least 
5 days to complete, during which the females can eat. Hence, it is important to feed 
females with half of the daily ration during this period. There is no relationship 
between hatchlings per female production and LW of O� maya females suggesting 
that egg production depends on each female characteristic, independently of the age 
and/or LW (Fig. 20.2).

O� maya is a semelparous species; females reproduce once and then die (Van 
Heukelem 1976). Considering this biological characteristic, a massive hatchling 
production system for O� maya was designed, permitting large-scale management 
of spawns, ensuring viability of embryos and reducing the space required for man-
agement. The incubation process starts when females deposit eggs in the cap of the 
nest (Fig. 20.1). Such a cover is then placed in the incubation system with seawater 
recirculation under controlled conditions to provide an adequate environment for 
embryonic development.

Fig. 20.1  Nest and incubator for Octopus maya� Top left to right: Nest with an Octopus maya 
female and incubator device to maintain the eggs during embryonic development. Lower left and 
right: details of O� maya eggs in the incubator. (Rosas et al. 2014)
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Laboratory trials have demonstrated that this system is as effective as when 
females care for the eggs, with the advantage that the artificial incubation system 
involves less space, less water and allows removing the females and selling them as 
a product of the cultivation system. At 26 °C, the total embryonic development lasts 
between 40 and 50 days, depending on the temperature stability. At that stage, eggs 
reach a mean value of 0.25 ± 0.05 g total WW (Fig. 20.2).

20.3  Hatchlings Growing out

Newly hatched octopuses weigh approximately 0.146 ± 0.02 g ( N = 1,565) and re-
semble an adult. However, recent studies have demonstrated that hatchlings pass 
through several changes before they reach the real juvenile stage (Moguel et al. 
2010; Martínez et al. 2011). In those studies, changes in the histology, physiology 
and enzymatic activity of the digestive gland of O� maya during rearing—as well as 
changes in morphology and feeding behaviour—were examined to define the phases 
characterizing post-hatching development. Morphometric changes showed that new-
ly born O� maya exhibited a non-growth phase during the first 15 days post hatch-
ing (DPH). A histological analysis revealed that the digestive gland morphology 
changed with age, from a simple tubular gland in octopuses 2 DPH to a tubulo-acinar 
and vacuolar structure with digestive cells characterized by vacuoles in octopuses 45 
DPH. Digestive enzyme activities were erratic until 14 DPH, stabilizing afterwards. 
O� maya at 2 and 3 DPH rarely presented attack responses to either visual or both 
visual and chemical stimuli from prey. In contrast, at 4 DPH, octopuses responded 
to visual stimuli from crabs and palaemonids, but did not display preference in at-
tacking either prey type. Based on our results, we have defined for the first time two 
phases in the early life history of O� maya: post-hatching (1–14 DPH) and juvenile 
(14 DPH) (Moguel et al. 2010). These findings explain why in all experiments with 
O� maya juvenile culture showed that hatchlings during the first 30 days of culture do 
not have cannibalistic behaviour and can be maintained in relatively high densities 
(Van Heukelem 1977; Moguel et al. 2010). O� maya hatchlings have an internal yolk 
sack that is used to fuel the animals during the post-hatching stage. For that reason, 

Fig. 20.2  Eggs’ and embryos’ total weight changes with age and hatchlings obtained per female of wild 
Octopus maya between 375 and 1,750 g living weight (LW) at 25 ± 1 °C. N = 213. (Rosas et al. 2014)
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the animals do not ingest food during the first 5–7 days (Martínez et al. 2011). When 
the internal yolk is consumed and the digestive gland is ready to digest external food, 
the raptorial behaviour of hatchlings initiates. Despite that, under culture conditions 
hatchlings are fed from day 1, because hatchlings coming from one spawn will be 
between 1 and 5 days old, since embryos did not hatch at the same day.

Van Heukelem (1977) recommended feeding hatchlings with live food, mainly 
palaemonids, amphipods or small crabs. Feeding O� maya hatchlings in massive 
cultures with live feed is frequently impractical, although we also found that marine 
gammarids certainly improve the growth rate and survival between day 1 and 15 
DPH (6.9 ± 0.2 % day− 1; 92 % survival) when compared with animals fed Artemia 
spp. adults (4.8 ± 0.2 % day− 1, 71 % survival) or freshwater gammarids (5.0 ± 0.3 % 
day− 1, 41 % survival) (Baeza-Rojano et al. 2012). In an attempt to replace live prey, 
several sources of protein were tested. A semi-humid squid paste-bound gelatin has 
recently been developed and can be used as a main food of O� maya hatchlings and 
juveniles (Rosas et al. 2008b; Rosas et al. 2012).

When an elaborated diet is used, a ration should be established. At the experi-
mental level with individualized animals, an adequate ration of 30 % of WW day− 1 
was reported for this species (Quintana et al. 2011). However, in massive culture, 
this type of ration is not precise, since it is not possible to assure that every animal 
obtains the same amount of food. At present, hatchlings and juveniles are fed twice 
a day (around 50 % WW each time) to avoid competition between them.

The type of tank and culture density for O� maya hatchlings were defined recently. 
At our facility, hatchling culture is done in 7.5 m2 dark tanks (5.0 × 1.5 × 0.4 m) at 
a density of 50 individuals m− 2. Tanks are connected to a recirculatory seawater 
(25 ± 1 °C) and aerated system that maintains oxygen, ammonia and nitrate levels at 
5.5 ± 0.5, 0.2 ± 0.05 and 0.1 ± 0.01 mg L− 1, respectively. In such conditions, octopus-
es are fed twice a day and maintained for 60 days until they reach around 2 g WW. 
In these tanks, survival can be variable and strongly dependent of the feeding rate. 
Less than 2 rations day− 1 per animal will produce high cannibalism and in conse-
quence low survival. We have registered survivals lower than 10 % when not enough 
food was offered to hatchlings. Refuges are also important to avoid cannibalism and 
stress. Both for hatchlings and juvenile (until 10 g WW), Strombus pugilis conchs 
are used as refuges at a proportion of three conchs per octopus.

20.4  Juveniles Ongrowing

At 60 days old, juveniles are transferred to outdoor 6 m diameter tanks (Domingues 
et al. 2012). The octopuses are graded by size, reducing the high variability charac-
teristic of O� maya hatchlings (Briceño-Jacques et al. 2010). Outdoor ponds are con-
ditioned with greenhouse meshes that reduce the direct sunlight by 70 % (Fig. 20.3).

The tanks are connected to a recirculation seawater system coupled to protein 
skimmers and 50 µm bag filters (one per tank). Squid paste is also used as food 
during this octopus ongrowing stage, offering a mean of 3 rations per animal day− 1. 
The culture density in outdoor tanks is 25 juveniles m− 2 (700 juveniles per tank). 
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When octopuses reach 10 g WW, PVC pipes are offered as a refuge in a proportion 
of three per animal. Results of massive juvenile growth suggest that an exponential 
growth curve and survival around 60 % can be obtained. Weights of 100–150 g at 
day 100–120 at 29 ± 2 °C have been obtained (Fig. 20.4).

Monthly grading in the tanks is necessary to avoid cannibalism and can pro-
vide survival rates of 60–70 %. Preliminary trials of O� maya growth indicate that 
a broodstock bank could be obtained within 6–7 months of culture, with animals 
> 500 g WW. Although at present there is no clear indication of what triggers func-
tional maturity in Octopodidae species, temperature, changes in light intensity and 
photoperiod, as well as copulation could play an important role at the start of the 
vitellogenesis process in O� maya. Currently, broodstock of O� maya is obtained by 
separating young females (around 30 g WW) from males, just to avoid early spawns 
of animals lower than 60 g, since they produce few eggs.

20.5  Water Quality for O. maya Culture

20.5.1  Temperature

Water quality can be defined as a function of each phase of octopus culture. For 
females under functional maturation, levels of oxygen dissolved > 5 mg L− 1, 
ammonia < 1 mg L− 1, salinity > 32 psu and pH > 8 should be maintained to ensure 
spawning, with temperatures > 28 °C inhibiting female maturation. Embryos require 

Fig. 20.3  Outdoor 6 m diameter tanks used for Octopus maya juvenile ongrowing at the Univer-
sidad Nacional Autónoma de México (UNAM) facilities in Yucatán, México. (Rosas et al. 2014)
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similar conditions to females, but are restricted by variations in physical and chemi-
cal parameters. Embryos (with or without female) should be maintained in a very 
stable environment where the temperature is 25 ± 1 °C and oxygen dissolved levels 
> 5 mgL− 1. We observed that at 30 °C, the embryo metabolic rate is 25 and 50 % 
lower than at 26 and 22 °C, respectively. Relatively low pH can indirectly affect the 
embryo development via bacterial infection.

While hatchlings should be more tolerant that embryos, at present there is little 
information on the effect of environmental factors on early juvenile performance. 
From hatching (at a weight of 0.1 g WW) to 90 days old, animals grew exponen-
tially, doubling their weight every 11–12 days at 25 °C (Van Heukelem 1977). More 
recent studies also demonstrated that O� maya juvenile growth is depressed at 30 °C, 
being 35 % lower than registered at between 24 and 26 °C (Noyola et al. 2013a). In 
fact, animals acclimated at 30 °C during 40 days selected 26 °C when placed in a 
temperature gradient, suggesting that 30 °C is not adequate to O� maya early juve-
niles (Noyola et al. 2013b). In another study, Domingues et al. (2012) demonstrated 
that temperatures between 26 and 29 °C favour the growth rate of late juveniles and 
adults of O� maya via an increment on ingestion rate.

20.5.2  Dissolved Oxygen

For cephalopods, dissolved oxygen (DO) is essential because it is a modulator of 
metabolism and hence of the organism’s capability to process ingested food and 
convert it into biomass. Oxygen consumption ( R) has a power relationship with BW 
( W, g) (Farias et al. 2009; Briceño-Jacques et al. 2010):

 
(20.1)

With this equation, the oxygen consumption of animals between 0.13 and 3,000 g 
WW can be obtained and used to calculate the oxygen demands related to biomass 
in the culture tank. To maintain adequate DO in O� maya tanks, constant aeration 

0.690.93R W=

Fig. 20.4  Changes in living 
weight (LW, g) with age 
of Octopus maya juveniles 
maintained in outdoor tanks 
at a density of 50 animals 
m− 2 and 28 ± 2 °C. N = 4 trials. 
(Rosas et al. 2014)
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should be considered. An aeration system based on airlift pump supply was de-
signed to maintain oxygen dissolved levels higher than 5 mg L− 1 (Fig. 20.5). With 
this system, it is possible to avoid damage produced by bubbles, which can even-
tually be trapped by octopuses’ mantle if aeration was provided directly with a 
conventional stone.

20.5.3  Total Ammonia

Total ammonia (NH3) results from protein catabolism produced by protein metabo-
lism and bacterial activity. It is decomposed into nitrite and nitrate, depending on 
the nitrifying bacteria and pH. Although at present there are no formal studies that 
indicate the tolerance levels of total ammonia (NH3 ↔ NH4

+) or nitrite (NO2
−) for 

O� maya juveniles in culture, in our culture system we maintain total ammonia 
levels below 1.4 mg L− 1. Considering that octopus have a protein metabolism, am-
monia could be a problem if it is not eliminated from the system. Organic material, 
coming from food remains and faeces, in octopus outdoor ponds is controlled using 
a protein skimmer that is connected to a recirculation seawater system (Fig. 20.6).

20.5.4  Diseases

Minimal information is available on diseases for O� maya in captivity. How-
ever, Hanlon and Forsythe (1990) performed a review of diseases produced by 

Fig. 20.5  Aeration system for Octopus maya ongrowing ponds based on airlift pumps. (Rosas 
et al. 2014)
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microorganisms in cephalopods. In this review, they reported several bacteria that 
affected O� maya, including some from Vibrio spp. In culture conditions, high mor-
tality could be observed when low-quality food was offered. Therefore, food sup-
plied to O� maya juveniles must be clean and fresh. Other environmental factors 
can provoke stress and in consequence make octopus more vulnerable to bacterial 
infection. In outdoor ponds, temperatures around 15 °C provoked stress in 1 g WW 
juveniles and at the same time V� alginoliticus infection. To avoid that, we used an 
immersion heater to increase the temperature of the pond to 18 °C. Occasionally, 
infections with Vibrio spp. are observed, mainly when the marine food is contami-
nated. In such situations, oxytetracycline was used; a bath of 2 mg L− 1 for 30 min 
during 7 days was effective against this type of infections.

Fig. 20.6  Protein skimmer that eliminates organic material of recirculatory seawater system in 
Octopus maya culture. (Rosas et al. 2014)
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20.6  Conclusions

Presently, O� maya culture is closed; broodstock animals are grown from hatchlings cul-
tured in outdoor ponds. However, studies on other cephalopod species have demonstrat-
ed that cephalopod culture in captivity reduces animal sizes after several generations. 
Therefore, the broodstock and the O� maya genetic bank in culture conditions needs to 
be refreshed every year, when the fisheries season is opened (August–December). So, 
every year broodstock is complemented with animals obtained in culture conditions.

A system that includes broodstock area, incubation system, pre-fattening ponds 
and fattening outdoor ponds works as a demonstrative unit just to show the techno-
logical process of O� maya culture. At this moment, the system has been transferred 
to the social sector through the “Moluscos del Mayab” cooperative that is perform-
ing the octopus culture at the UNAM facilities. This culture is conducted by women 
(fishermen spouses) of the Sisal village at Yucatán. They elaborate octopus food, 
feed animals and maintain the pilot-scale culture system (Fig. 20.7).

Fig. 20.7  Women from Sisal 
village elaborating food, 
feeding animals and cleaning 
outdoor ponds of Octopus 
maya culture system at Uni-
versidad Nacional Autónoma 
de México (UNAM) facilities 
located in Sisal, Yucatán, 
México. (Rosas et al. 2014)
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Although at present the bio-economic studies on O� maya production have only 
been done on a semi-pilot scale at the UNAM facilities at Sisal, results of this study 
indicate that, if the octopus price is maintained as a commodity (mean value of 
US$ 5 per animal of 80–200 g WW) of the gourmet market, aquaculture production 
can be profitable, independently of the massive fisheries production that is obtained 
in the Yucatán Peninsula, and in the rest of the world.
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Abstract Octopus mimus (Gould 1852) is a member of the Octopodidae family. Its 
distribution includes intertidal and subtidal rocky shore habitats along the Southeast 
Pacific from northern Perú to Central Chile. The commercial supply of octopus has 
been diminished due to overfishing in many key fisheries. This chapter presents 
the results of the research on the reproduction of O� mimus in natural and captive 
conditions and the application of this knowledge for the potential of aquaculture at 
a commercial level. This species is particularly suitable for aquaculture; however, 
commercial cultures cannot be conducted until sound knowledge about cultivation 
technology and the physiology of the feeding processes in paralarvae are available. 
On the other hand, our studies have demonstrated that adequate growth rates of 
O� mimus reared in captivity can be obtained by feeding animals using a diet based 
on a mix of fish, mollusc and crustacean blended in sausages.

Keywords Octopus mimus · Aquaculture · Reproduction · Paralarval rearing · 
Ongrowing in captivity

21.1  Importance of this Species in the Market

Octopus mimus Gould 1839, ‘pulpo común’ (common octopus) or ‘de los chan-
gos’ from South America is distributed from northern Perú (Tumbes) to Central 
Chile (Bahía de San Vicente) inhabiting the littoral zone down to 30 m depth, 
although there are no precise limits regarding its latitudinal and bathymetric distri-
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bution (Osorio et al. 1979; Guerra et al. 1999). This species is a representative of 
the Peruvian faunistic province and its distribution is restricted to temperate waters 
of the north. Due to its thermal sensitivity and endemic character, this species is 
very sensible to commercial exploitation (Ibáñez et al. 2009). This risk is enhanced 
as this octopus is one of the principal benthic resources of the artisanal fishery in 
northern Chile (Rocha and Vega 2003) and the fishery has been increasing over time 
due to a strong demand for cephalopods in international markets (Hunsicker and 
Essington 2010). Also, this species is easily captured using very basic gear such as 
hooks (in the intertidal) and semi-autonomous diving (in the subtidal zone), which 
makes this octopus very vulnerable to increments in fishing effort (Defeo and Cas-
tilla 1998).

Over decades, Octopus mimus was identified as O� vulgaris Cuvier 1797, being 
redescribed as O� mimus based on anatomic, morphometric and meristic character-
ization using adult individuals. This distinction between species was also verified in 
pelagic larval stages (Castro et al. 2002) and by ontogenetic studies (Warnke 1999). 
Molecular analysis showed a 12.7 % of nucleotide divergence of the mitochondrial 
cytochrome oxidase III gen (Warnke et al. 2000; Söller et al. 2000). Randomly 
amplified polymorphic DNA (RAPD) showed different electrophoretic patterns in 
total DNA (Warnke et al. 2004). The genetic study by Pérez-Losada et al. (2002) 
suggests that O� mimus and O� maya belong to a different co-family distinct to that 
of O� vulgaris, as a result of allopatric speciation associated to the geomorphologic 
lifting of Central America. Apparently, the formation of the Panama Isthmus during 
the late Miocene and early Pliocene interrupted the genetic flow between Pacific 
and Atlantic populations (Porta 2003). Recently, Galleguillos et al. (2011) showed a 
high polymorphism in nine different loci of O� mimus using microsatellite markers. 
These results can help to address population genetic studies and ecological, conser-
vation and fishery management issues.

Due to the high fishery and demand for this species, its aquaculture has been 
considered as a technological opportunity to satisfy market demands and to reduce 
fishing pressure. According to the Chilean National Fishery Service (SERNAPES-
CA), between 2001 and 2010 an average of 2,078t of octopus were caught mainly 
in the Antofagasta region. The average value of exports of this species reached ca. 
$ 10 million USD in the past 5-year period.

21.2  State of the Culture

O� mimus culture is in an early experimental stage and this research is carried out 
by Chilean and Peruvian research centres and universities (Uriarte et al. 2011). So 
far, octopus rearing in captivity (in tanks or floating cages) is the most promising 
advance on culture. Animals are fed with live and/or frozen food based on paste 
preparations using mollusc, crustaceans and fish (Olivares et al. 1996; Cortez et al. 
1999; Baltazar et al. 2000; Carrasco and Guisado 2010; Zúñiga et al. 2011). How-
ever, one problem of these techniques is the mortality produced during fights among 
animals for territory or refuge and the high incidence of cannibalism. This is com-
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mon even in animals kept at low densities (5 kg m-3) with an ad libitum food supply. 
Also, a well-equilibrated diet needs to be formulated that ensures that all nutritional 
requirements are covered and that such a diet enhances the conversion index so far 
observed. That means that the animals reared in captivity must be larger and heavier 
than those captured by the fishery. In terms of larval culture, the current results are 
not very promising due to the high mortality occurring just before settlement of 
paralarvae on the substratum, which is attributable to the lack of adequate food.

In our experiments, different stages of Artemia nauplii enriched with microalgae 
and nutritional mixes, zoeas of decapods, rotifers and mashed crustacean eggs have 
been used as food in paralarvae culture. The best paralarval survival rates have been 
recorded when using densities of 25–50 paralarvae L-1. Although tested, survival 
rates were not enhanced using water filtered at 1 μm, ultraviolet (UV) light, open 
flow, different light intensities and tank colours. Also, survivals rates were not en-
hanced when paralarvae were fed with food stained with vegetal dye which seems 
to facilitate the visualization and ingestion of food (unpublished data).

21.3  Broodstock and Spawning Process

21.3.1  Feeding

O� mimus is an opportunistic predator with a wide spectrum of prey. Studies using 
animals from the Tarapaca (Chile), Ilo and Callao (Perú) regions found that this spe-
cies can consume 25 different prey species. Predator preferences vary depending on 
sex, maturity stage and seasonality, although a main order of preference consisted of 
decapods crustacean, bivalves, echinoderms and teleost fishes (Cortez et al. 1995a, 
1999; Cardoso et al. 2004).

Based on prey information, different laboratory and field studies have been car-
ried out in order to assess the feasibility of O� mimus culture using fresh and frozen 
food (Baltazar et al. 2000; Carrasco and Guisado 2010; Zúñiga et al. 2011). For 
instance, Cortez et al. (1999) fed octopuses just with fresh molluscs obtaining on 
an average very low growth rates (5.33 %/day in 40 days). Carrasco and Guisado 
(2010) reported a specific growth rate (SGR) of 0.26 % body weight/day in subadult 
octopus fed with the razor clam ( Tagelus dombeii) in laboratory conditions. Lower 
rates were obtained when octopus were fed with the crabs Mursia gaudichaudi. 
Thus, these results showed that O� mimus growth may depend on specific food 
items since not all crustaceans and molluscs can satisfy the nutritional requirements. 
In order to optimize O� mimus culture, Zúniga et al. (2011) used a diet consisting of 
sausages made of fish and molluscs and obtained an absolute growth rate (AGR) of 
7 g day−1, SGR of 0.7 % body weight day−1 and survival close to 100 % on individu-
als kept in tanks with seawater flow of 60 L h-1.

It has been observed that maturity stages are influenced by the diet of O� mimus, 
suggesting that energy and nutritional requirements may depend on maturity and 
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even sex. The diet of O� mimus changes seasonally and this may be related to chang-
es in prey availability. Mature males ingest a higher amount of prey in spring and 
summer compared to the consumption in fall and winter (Cortez et al. 1995b). Thus, 
feeding and predation patterns seem to be related to physiological changes occur-
ring as the animal matures together with environmental variability. These constitute 
important aspects that must be considered during O� mimus aquaculture. O� mimus 
feeding seems to be affected by a combination of physiological and environmental 
factors, being considered as an opportunistic species like other octopods. This fea-
ture may be a consequence of adaptive mechanisms related to the wide environmen-
tal and ecological variability that the habitat of this species is exposed to, e.g. the 
frequent impacts of El Niño Southern Oscillation (ENSO) events.

21.3.2  Gonadal Development and Maturation on Males 
 and Females

O� mimus from northern Chile has high growth rates that depend on water tempera-
ture and develop rapidly during oceanographic warming events like ENSO. The 
reproduction of this species occurs year-round with two maximum peaks occurring 
in summer and another, but minor, during fall (Wolff and Pérez 1992; Olivares 
et al. 1994; Cortez et al. 1995b; Olivares et al. 1996). Most of the octopus repro-
duction activity occurs at the rocky coastal platform, in shallow warm waters less 
than 10 m in depth. During reproduction periods, the animals inhabit rocky burrows 
surrounded by sandy bottoms. Females spawn and take care of the eggs during the 
embryonic development (Olivares et al. 1996). This period can last between 45 and 
90 days depending on the season and sea temperature. Variations on temperature, 
light and food availability are the main factors that modulate the reproductive cycle 
in cephalopods (Mangold 1987).

Successful reproduction of O� mimus seems to occur in semi-darkness conditions 
while full illumination inhibits sexual maturation. It has been observed that low in-
tensity of light (30 Lx cm−1 approximately) stimulates spawning, while higher levels 
inhibit it (Zúñiga et al. 1995). The role of this environmental factor in sexual maturity 
of cephalopods is regulated by the optical gland through the secretion of the octopus 
gonadotrophin-releasing hormone (Oct-GnRH) that promotes the synthesis and the 
release of sexual steroids that leads to ovarian maturation and yolk synthesis car-
ried by follicular cells (Wodinsky 1977; Minakata et al. 2009). In O� vulgaris reared 
in dark conditions, the principal cells of the optical gland concentrate ARN associ-
ated with the synthesis and secretion of a protein with apparent gonadotropic effects 
(Wells and Wells 1977). The gland has the highest levels of synthesis when the expo-
sure to light decreases, demonstrating that the aqueous extracts stimulate glandular 
tritiated thymidine incorporation and subsequent proliferation of germ cells and fol-
licular cells under in vitro conditions (Koueta et al. 1995).

In the coast of northern Chile, the sex ratio of O� mimus fluctuates from 1:2 to 1:7 
males per female from spring to fall, depending on the variation of the number of 
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females present in refuges from the spawning to the end of the parental care of the 
embryos. Females weighing more than 890 g are found on different stages of sexual 
maturity, which is determinate by the accumulation of yolk, follicle development 
and ovulation (Olivares et al. 1996).

Thirteen stages have been identified during oogenesis, without an absolute syn-
chrony of the interfollicular development and nine stages of ovarian maturation 
which, used in complement to the different macroscopical levels of sexual matura-
tion, allows the prediction of the reproductive cycle of this species. At the end of 
morphological maturation, oocytes on metaphase I stage are liberated to the ovarian 
lumen and the remaining follicular structures develop the post-ovulatory follicle 
(Olivares et al. 2001). The oocyte maturity is asynchronous, so females can spawn 
during several days. The ovary forms oocytes just once due to the nonrenewal of the 
epithelium. The oogonia do not proliferate and degenerate during the ovarian stage 
of vitellogenesis (Fig. 21.1).

After ovulation, the ovarian’s trabecular tissue is completely disorganized and 
females unquestionably lose their reproductive function (Olivares et al. 2001). 
However, Ishiyama et al. (1999) determined eight development stages of the oo-
cytes, considering variations of the size of the gonads, cytomorphic changes of the 
oocytes and macroscopic characteristics of the oviducal glands during the reproduc-
tive cycle.

Sexual maturity in females of O� mimus is associated with body growth, so nor-
mally at the end of the maturity processes and prior to spawning, the animal’s body 
and the ovary reach their maximum size, with the ovary constituting on an average 
11 % of the body weight (Fig. 21.2).

Studies about maturity and gonadosomatics (Cortez et al. 1995b; Olivares et al. 
1996) conducted on different sizes of wild females of O� mimus determined that the 
ovogenesis is associated to the growth and follicular development. Neuroendocrine 
regulation modulates the endocrine and proliferative function of the ovary where 

Fig. 21.1  Stages of ovarian 
sexual maturity of Octopus 
mimus in relation to the 
variation in germs cells. I: 
Proliferation, II: Genesis 
follicle, III: Gland, IV: Initial 
yolk, V: Yolked, VI: End 
yolk, VII: Preovulatory, VIII: 
Ovulation, IX: Post-spawning
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steroidogenic function promotes anabolism and body growth. Consequently, fe-
males in pre-spawning have the highest body weight reaching the maximum growth 
of the ovary (Villegas and Tafur 2000).

O� mimus has a semelparous reproductive mode. Days before spawning females 
stop feeding and their metabolism is sustained by the stored energy in the body. 
Females die after hatching or sometimes just before hatching. A histological and 
biochemical study found changes in muscular tissue, digestive gland and ovary as-
sociated with the unique reproductive event of the female (Zamora and Olivares 
2004). After spawning, the ovary does not show germinal cells that would allow 
the development of a new reproductive cycle. The digestive gland and muscular 
tissue show cellular atrophy and a large increment of connective tissue, especially 
on collagen fibres.

Protein, lipids and carbohydrate concentrations from the muscular tissue and 
digestive gland decrease during the time interval between spawning and paralarval 
hatching. Drastic biochemical alterations and irreversible structural deterioration of 
the muscular tissue and digestive gland interacting with degenerative changes re-
duce the life expectancy of females after reproduction (Zamora and Olivares 2004).

In pre-ovulatory conditions, the absorption surface on the digestive gland cells 
in O� mimus females are well developed, as evidenced by the presence of abundant 
microvilli that, during cellular functioning, are relatively longer in digestive cells of 
animals with high digestive content compared to females in reproductive fast. Al-
though the appearance of cells’ microvilli has not been evaluated in association with 
digestive absorption function as described in Octopus spp� (Bidder 1957), it is as-

Fig. 21.2  Octopus mimus. 
Body growth and ovary 
development at the different 
sexual maturity stages. I: 
Proliferation. II: Genesis 
follicle. III: Gland. IV: Initial 
yolk. V: Yolked. VI: End 
yolk. VII: Preovulatory. VIII: 
Ovulation. IX: Post-spawning
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sumed that food intake in females induces hypertrophy and atrophy of the microvilli 
due to fasting conditions. No cilia have been seen in digestive cells of O� mimus as 
described on Pteroctopus tetracirrhus (Morales 1973; Zamora and Olivares 2004). 
The energetic costs for growth and development of the ovary imply the storage of 
282.5 kcal g−1 of mostly proteins (47.6 %), carbohydrates (45.1 %) and few lipids 
(4 %). Approximately 90 % of the energy is deposited in the eggs and derived to 
sustain the development of the embryos (Zamora and Olivares 2004).

O� mimus fecundity is estimated between 60,000 and 400,000 eggs (Warnke 
1999; Castro et al. 2002), similarly to other octopus species with planktonic larvae 
(Joll 1983; van Heukelem 1983), higher than species with larger eggs and direct 
development (Forsythe et al. 1983; Boletzky 1975; Solís-Ramírez 1967) and lower 
than squids with no parental care that destine more energy to produce a major quan-
tity of eggs for ensuring reproductive success (Hixon 1983; Ikeda et al. 1993).

Mature males of O� mimus are present all year long (Olivares et al. 1996). Studies 
regarding the reproductive condition suggest that males have no seasonal reproduc-
tive cycle and they have the ability to transfer spermatophores once recovered from 
the last ejaculation (Olivares et al. 1996; Olivares et al. 2003). Nevertheless, further 
studies are needed to quantify the amount of spermatophores that can be transferred 
to the female during copulation and post-copulation recovery time in order to estab-
lish reproductive management in culture conditions (Uriarte et al. 2011). Males start 

Fig. 21.3  Reproductive potential according to gametogenic and androgenic testicular function of 
Octopus mimus maturity

 



404

sexual maturation at 75 g and conclude it at 200 g. The histological evaluation of 
testis gametic function and the endocrine evaluation by means of progesterone and 
testosterone quantification allow us to identify three categories of mature males: 
early, advanced and senescent (Olivares et al. 2003; Fig. 21.3).

Larger animals are mature and senescent, but their higher number of spermato-
phores enhances their fertilizing potential compared to males in the other two 
categories. It remains unclear if they do not have the ability to copulate due to 
structural and/or functional changes of the erectile tissue of the ligula in nature 
(Thompson and Voight 2003) associated with age, or there might be a reduced ac-
ceptability by females as a result of the decreased production of testosterone or if 
they have reached a size too large to be accepted by females. Advanced mature 
males of O� mimus have the best morphological and physiological parameters and 
they are the most suitable for mating. This assumption is useful in terms of manage-
ment in captivity, especially in the event of establishing an integrated culture of the 
species (Olivares et al. 2003).

21.3.3  Reproduction in Captivity

O� mimus is easily acclimated to captivity conditions. Covering the tanks using a 
polyethylene mesh is useful in preventing the escape of octopus. In high density, 
the animals show strong aggression which can be reduced by keeping low densities 
close to 5 individuals m−3 (4.0–6.0 kg m−3). It is also helpful to have similar initial 
sizes during rearing to reduce aggressive behaviour. Fibreglass and cement tanks of 
different sizes as well as high-density polyethylene (HDPE) tanks have been used 
for O� mimus’s captivity with success. In addition, providing different types of ref-
uges on the bottom of the tank such as polyvinylchloride (PVC) tubes with different 
diameters and length (depending on individual sizes) results in excellent survival 
rates. Rearing conditions used open flow and filtered water (5 % volume exchange 
h−1) and constant aeration. Also, the daily removal of food debris using syphon suc-
tion prevents contamination caused by excessive ammonia.

Octopuses preferably consume live prey such as clams ( Protothaca thaca, Gari 
solida), mussels ( Choromytilus chorus, Aulacomya ater) and crabs such as Cancer 
setosus, Cancer porteri. Also, fresh or frozen fish can be provided. Live prey must 
be supplied ad libitum and frozen food should be 5 % of the body weight. Sex ratio 
in tanks can vary from 1:1 to 4:1 (female to male). All wild females with more than 
500 g body weight are inseminated thus eliminating the need to keep males and fe-
males together in order to obtain fertilized eggs. In the absence of males, females in 
captivity spawn and are able to complete the embryonic development (by maternal 
care) with a 95 % hatching success of paralarvae. It is sound to use mature females 
with more than 800 g of body weight just before laying eggs. To expedite the ma-
turity of the females, it is recommended to maintain the animals in semi-darkness 
conditions (Zúñiga et al. 1995).

Ó. Zúñiga et al.
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21.3.4  Embryonic Development

The embryonic development of O� mimus (Fig. 21.4) in captivity, from fertilized 
egg to paralarvae, is similar to that described for O� vulgaris and other Octopodidae 
species (Naef 1928; Castro et al. 2002). The duration of the embryonic development 
extends from the initial release of the capsules until the hatching of paralarvae and 
this is inversely correlated to water temperature. From fertilization until the end of 
embryonic development in O� mimus, the following stages can be identified: meiosis, 
cleavage, gastrulation and displacement of the blastoderm, first reversion, organo-
genesis, second reversion and hatching. The presence of these identifiable stages 
concurs with the early classification proposed by Naef (1928). There are variations 
in size and weight during these stages, some of them detailed in Table 21.1. Distinc-
tive patterns of paralarvae chromatophores in O� mimus are established during stage 
XIX (Castro et al. 2002). It is important to note that females of O� mimus show the 
same maternal behaviour described for other species (Mangold and Boletzky 1971; 
Overath and Boletzky 1974), although nursing behaviour was observed in females 
who had lost their spawns but were capable of taking care of those of other dead fe-
males. This is a conduct never observed before. Parental care of the spawn ensures 
survival of the embryos, without care, the eggs can be infected by microorganisms 
and/or consumed by predators.

Table 21.1  Dimensions, weight and water percentage of Octopus mimus eggs, with embryos at 
different stages (Castro et al. 2002), in correspondence with Naef’s stages (in brackets). Values are 
average ± standard deviation

Fecundation 
(I)

First reversion 
(VIII)

Organogenesis 
(XIII)

Second reversion 
(XIX)

Length (mm) 2.14 ± 0.03 2.15 ± 0.02 2.16 ± 0.05 2.18 ± 0.10
Wide (mm) 0.79 ± 0.01 0.81 ± 0.02 0.85 ± 0.02 1.06 ± 0.06
Total wet weight (mg) 1.13 ± 0.10 1.13 ± 0.10 1.23 ± 0.20 2.71 ± 0.20
Total dry weight (mg) 0.28 ± 0.10 0.38 ± 0.10 0.36 ± 0.20 0.54 ± 0.20
Humidity (%) 77.0 ± 5.00 77.0 ± 6.00 71.0 ± 6.00 80.0 ± 5.00

Fig. 21.4  View of some stages of the embryonic development of Octopus mimus in captivity, from 
egg to paralarvae (from left to rigth Naef’s stages I, IV, XIII and paralarvae)
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The effects of temperature on embryonic development of O� mimus were first 
addressed by Warnke (1999). In that study, the time of embryo development was 
inversely related to water temperature. At 17 ± 0.2 °C, embryonic development was 
between 61 and 66 days; at 18.5 ± 0.1 °C, it lasted between 55 and 57 days, while 
at 19.7 ± 0.1 °C the time interval ranged from 39 to 41 days. In a recent study, Uri-
arte et al. (2012) created a predictive model for temperature effects (12, 15, 18 
and 21 °C) on embryonic development of O� mimus. This study also evaluated the 
temperature effects on the embryo’s physiology and growth at the time that they 
reach XV stage, a moment when cardiac activity starts and eye development is 
defined. A third objective of the study was to determine if temperature affects the 
time interval for reaching XX stage. They used the physiological time expressed in 
degree-days (DD). As observed previously (Warnke 1999), increasing temperature 
reduces the time of embryonic development. The time interval for reaching XV 
stage at 21 °C was 24, 58 and 75 % shorter than observed on eggs kept at 18, 15 
and 12 °C, respectively. Logarithmic models that describe the relationships between 
development and time (in days; Naef Stage = b ln Age (d)−a marked the way tem-
perature modulated the embryos’ development speed (Uriarte et al. 2012), obtaining 
the following equations:

12 C Naef Stage 7 6 ln Age days 18 5° = ( ) −. .

It is interesting to note that embryos kept at 18 and 21 °C grow at a similar or faster 
rate than those kept at 12 and 15 °C. Also, an inverse relationship between tempera-
ture and the use of the yolk was observed. Calculations obtained from DD necessary 
to reach XX stage suggest that O� mimus embryos require accumulating between 
128 and 133 DD for a range of 15 and 21 °C. An apparent limit was detected for em-
bryos kept at 12 °C. In these conditions, the embryonic development stopped almost 
completely by the time it reached XV stage, suggesting that this temperature value 
could be out of the species biokinetic range. According to our estimations, at 12 °C, 
embryos require 160 days to reach XX stage, 90 more days than those at 15 °C. 
These results suggest that this temperature could be very low for O� mimus embryos 
since embryos could remain in a dormancy state in these conditions. In natural 
conditions, if embryos are exposed to a low temperature, then the time interval for 
embryonic development would be longer (i.e. 80–90 days) than the survival time of 
the post-hatching females, leaving the embryos vulnerable to predators.

15 C Naef Stage  12 9 ln Age days 35 9° = ( ) −. .

18 C Naef Stage  18 1 ln Age days 53 3° = ( ) −. .

21 C Naef Stage  23 3 ln Age days 69 9° = ( ) −. .
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Like in other invertebrates, oxygen consumption rates indicate that O� mimus 
embryos have a high sensitivity to temperature. The Arrhenius plot, showing the 
relationship between ln of oxygen consumption and temperature inverse in °K (1/
kt), is a good description of the connection between metabolism and temperature. 
This allows comparisons between species or development stages in the same spe-
cies or family (Clarke 2004). Uriarte et al. (2012) showed a−14.4 1/kt slope in the 
Arrhenius plot for O� mimus embryos reared at 12 and 21 °C. This slope is greater 
than that estimated in the analysis of the relationship between oxygen consumption 
and temperature in 13 octopus species (Farías et al. 2009; − 5.8 1/kt), suggesting 
that O� mimus embryos are more sensitive to temperature than adults of the family 
Octopodidae. Further studies must be conducted for establishing a general slope on 
the Arrhenius relationship for octopus’ embryos, like those proposed for fish larvae 
or adult octopuses (Clarke and Johnston 1999; Farías et al. 2009).

21.4  Paralarvae Culture

21.4.1  Characteristics of O. mimus Paralarvae

Similar to other experiences in octopus aquaculture, the lack of proper procedures 
for successfully rearing O� mimus paralarvae has limited the production of juve-
niles. At present, studies have reported some features on post-hatched paralarvae 
but no success-producing benthic juveniles. O� mimus paralarvae are planktonic 
(Villanueva and Norman 2008), swimming actively in the opposite direction of pro-
pulsion generated by the funnel. O� mimus hatchling paralarvae have eight arms 
with three suckers in each arm. The mean diameter of each sucker is 0.14 mm. The 
eye diameter is 0.5 mm and the funnel length is 0.7 mm. O� mimus paralarvae’s 
morphological features (Table 21.2) are similar to O� vulgaris, both species with 
planktonic early stage after hatching.

Paralarvae present a constant number of chromatophores evenly distributed in 
the mantle and arms with a brown-reddish pigmentation, which can expand and 

Table 21.2  A comparison of the morphological characteristics of the hatchling paralarvae of three 
Octopus’s species (MA: mantle length/arm length)

O� mimus (Castro et al. 
2002)

O� vulgaris (Boletzky 
1975)

O� maya (Moguel et al. 
2010)

Mantle length (mm) 2.21 ± 0.07 1.97 ± 0.06 6.58 ± 0.9
Arm length (mm) 0.64 ± 0.07 0.72 ± 0.02 6.93 ± 1.45
Index MA (Hochberg 

et al. 1992)
343 285 90

Sucker arm number 3 3 26
Koelliker organ Present Present Present
Hatchling habitat Planktonic Planktonic Benthic
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shrink in response to environmental stimuli such as light, sound, tank bottom co-
lour, turbulence and temperature. The number and distribution of chromatophores 
are morphological features important in octopus taxonomy (Villanueva and Norman 
2008). The pattern of chromatophores’ distribution in O� mimus was first described 
by Warnke (1999). Further, Castro et al. (2002) found different characteristics 
compared to those described for O� vulgaris. O� mimus paralarvae show a higher 
number of chromatophores at the ventral mantle surface compared to O� vulgaris 
(see Table 21.3) in addition to several other morphological characteristics.

21.4.2  Culture Conditions

The growth of O� mimus paralarvae was studied in conic tanks of 50 and 100 L fol-
lowing the adaptations and modifications proposed in Villanueva (1995), as well as 
for the maintenance of living food. Paralarvae feeding preference was evaluated us-
ing an open flow system with a supply of live food. Post-hatch paralarvae have an en-
ergy reserve in the endogenous yolk which is absorbed completely within 4 days after 
hatching (DAH) at 20 °C. Once the yolk is totally absorbed, paralarvae start feeding 
on food suspended in the water. This is a critical stage since high mortalities are 
observed between 4 and 6 DAH at 20 ± 2 °C. Artemia metanauplii, zoea of decapods 
( Leptograpsus variegatus, Cancer setosus) and rotifers have been used as live diet 
(Zúñiga et al. 1997). It was evident that paralarvae capture and feed on zoea of deca-
pods. In a density of 25 paralarvae L−1, animals gained weight from 0.6 to 2.6 mg in 
31 days at 20 ± 2 °C. The maximum time of survival also occurred at this time.

Paralarval culture has become one of the most important challenges in species 
with planktonic stage. A fundamental aspect is feeding paralarvae and considering 
all the adaptations for living in the marine environment. At present, it is known that 
paralarvae from diverse species have an internal yolk which allows them to com-

O� mimus  
(Castro et al. 2002)

O� vulgaris  
(Vidal et al. 2010)

Dorsal view
Mantle 3 –7 8–10
Mantle edge 3–4 2–3
Mantle total 6–11 10–13
Visceral 6–8 6–7
Head 2 + 4 + 4 2 + 2 + 2 + 2
Arm 3–4 3–4
Eyes – 1
Ventral view
Mantle 24–31 16–19
Funnel 4 + 2 2 + 2
Head 2 2–3
Arm 3–4 2–3
Eyes – 1

Table 21.3  Chromatophore 
pattern of Octopus mimus 
and O� vulgaris paralarvae of 
one day. O� mimus paralarvae 
from Southeastern Pacific 
(Antofagasta, Chile) and 
O� vulgaris paralarvae 
from Northeastern Atlantic 
(Galicia Spain) regions
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plete their development independently of external food (Villanueva and Norman 
2008). Zúñiga et al. (2012) studied the mechanisms explaining how yolk reserve 
modulates the adaptive capacity of O� mimus paralarvae, evaluating the thermo-
regulatory capacity, thermal selection and oxygen consumption in individuals ac-
climated at 20 °C. The study suggests that post-hatched paralarvae (1 DAH) are less 
tolerant to extreme temperature, compared to 2–3 DAH individuals at the moment 
when paralarvae are fully developed and the yolk is totally absorbed. In addition, 
the paralarval thermal preference does not change with age. The temperature select-
ed for paralarvae rearing was 22.8 ± 1.3 °C when they were exposed in a horizontal 
gradient of temperature. The paralarvae age and their nutritional condition affected 
the thermal tolerance range (TTR = Critical Maximum Temperature—Critical Min-
imum Temperature), with higher values for two and three DAH individuals (25 and 
26 °C) than for 1 DAH (23.1 °C) and 4 DAH (22.7 °C).

Besides the adaptive implications and potential effects of the relationship be-
tween a lack of food and an increment of temperature on O� mimus paralarval sur-
vival in its natural environment, the results of Zúñiga et al. (2012) allowed the 
definition of a critical period, starting once yolk reserve is absorbed at 20 °C and 
after 4 DAH.

21.5  Ongrowing

In Antofagasta (northern Chile), the authors of this chapter have carried out differ-
ent experiments focused on growth by feeding O� mimus using artificial food pre-
pared with triturated fish flesh (54 %), fish meal (10 %) and clams compacted with 
6 % non-flavour jelly all embedded in sausages (lamb tripe).

21.5.1  Tank Culture (Inland Facilites)

Octopuses with body weight less than 800 g were deployed at different densities 
(5, 10, 15 individuals m−3) in metallic cages inside of raceway-type tanks made of 
HDPE of 2 x 6 x 1.5 m with continuous water flow. Water was changed two to three 
times, salinity was kept at 36 psu, ammonia at < 10 mg L−1 and dissolved oxygen at 
upper 4 mg L−1 level. The latter was also enhanced using constant aeration. Lower 
mortalities and higher growth were obtained at densities lower than 10 individuals 
m−3. Octopuses preferred either fresh or frozen food, although they accepted the 
artificial diet previously described (sausage-type food) which facilitates the man-
agement of octopus growth. Mortality was high in this culture system. The survival 
average only reached 50 %. Growth was low and animals only attained a 70 % of the 
initial weight in 60 days of culture.
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21.5.2  Floating Cage Culture

Growth experiments were carried out by using six floating cages made of HDPE 
(1 m3) installed in a raft. The experimental conditions were similar to those of the 
inland experiments. In these cages, the growth of the octopuses was similar to that 
of inland, but the survival rate was more than 70 %, and the growth was duplicated 
in 60 days of culture.

Results from O� mimus culture experiences show that this species can be man-
aged in captivity at densities lower than 10 individuals m−3, although we need-
ed to improve the composition of the diet that enhances growth. Survival can be 
increased by separating the animals according to sex, which adds an extra cost to 
the operation. Growing female octopuses have the disadvantage of the high energy 
cost of the physiological and ethological reproductive processes for the reason that 
females lose weight during reproduction. However, the sexual maturity process can 
be inhibited using light which also favours growth.

It is necessary to address the problem of our inability for mass production of oc-
topus paralarval and juvenile (seeds) in hatchery. Otherwise, the culture will always 
depend on juveniles and subadults captured in the wild by divers, which elevates the 
cost and reduces the profitability of the culture.

21.6  Trends in Research and Industrial Level

Violating legal regulations of the octopus fishery may lead to a collapse in some 
O� mimus populations that are favoured during the ENSO events. Research on the 
effects of seawater temperature oscillations on O� mimus along with its distribution 
range should be carried out to know how ENSO and other environmental perturba-
tions modulate octopus distribution and fisheries.

Easy acclimation to captivity and acceptance of diverse types of diets make O� 
mimus a promising species for aquaculture. However, metabolic and physiological 
studies are needed in order to formulate an optimal diet for paralarvae and juve-
niles, which yields a higher growth rate than in the wild. In addition, the industrial 
farming of this species will not be possible until rearing technology and feeding 
physiology are known.

21.7  Conclusion

Nowadays, the culture of O� mimus is still at a research level. As other octo-
pus species, O� mimus has a great potential to be cultured, but paralarvae rear-
ing should be solved before it becomes a real and profitable species to diversify 
aquaculture in Chile and Perú. Moreover, considering its importance to the fishery 
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in the two countries and its apparent sensitivity to temperature changes (Uriarte 
et al. 2011; Zúñiga et al. 2012), O� mimus could be considered as an experimental 
model species to help understand the possible alterations of marine ecosystem to 
climate warmings.
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Abstract Octopus minor (Sasaki 1920) is widely distributed along the coastal 
waters of China, Korean Peninsula, as well as south of Sakhalien to Japan. As an 
important economic cephalopod, culture of O� minor has been attempted in recent 
years. After capture and broodstock acclimatization to captivity, spawning induc-
tion and mating, eggs are spawned at the artificial substratum. Females are respon-
sible for protecting the eggs. The embryonic development lasts for 72–89 days 
before hatching under the conditions of a seawater temperature of 21–25 °C and a 
salinity of 28–31 psu. The mantle length and total length of new hatchlings range 
from 8.5 to 11.5 mm and from 25 to 31 mm, respectively. Hatchlings are benthic, 
going directly to the tank bottom. Two different types of shelters are provided for 
this species: ceramic pots of 8–12 mm inner diameter or 10-mm-diameter polyvinyl 
chloride (PVC) tubes. Cladocerans, copepods and enriched Artemia nauplii are ade-
quate initial feeds for the hatchling rearing. Hemigrapsus sanguineus of less than 
4 mm body width are also used to feed 10-day-old hatchlings. Using these prey, the 
survival rate is 75 % after 1 month of culture. After that, a mixed fresh diet such 
as juvenile crab, shellfish and shrimp becomes the main feed. After 6–7 months of 
culture indoors, juveniles of about 100 g can be considered as commercial speci-
fication, and they are then transferred to outdoor ponds to continue the ongrow-
ing process, or to be released to the sea for stocking or enhancement programmes. 
Under indoor culture conditions, the average weights of males and females at 250 
days are 122.9 and 197.1 g, respectively.

Keywords Octopus minor · Embryonic development · Hatchling · Ongrowing · 
Culture
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22.1  Importance of this Species in the Market

Octopus minor (Sasaki 1920) is widely distributed along the coastal waters of Chi-
na, Korean Peninsula, as well as south of Sakhalien to the whole of Japan (Okutani 
et al. 1987; Fig. 22.1), with O� variabilis as a synonym used in Japan and China 
(Yamamoto 1942; Dong 1988; Lu et al. 2012).

It is a benthic, littoral species occurring down to a depth of 200 m (Roper et al. 
1984). O� minor is a popular seafood in East Asia, not only with high protein con-
tent and high n-3 HUFA (EPA and DHA) levels but also rich in minerals and vita-
mins (Qian et al. 2010). The overall catch per year is much more than 10,000 t in 
the north of China only. As a species of great economic importance, it is exported 
mainly to Korea and Japan. In recent years, the commercial catches have decreased 
rapidly (Kim et al. 2008).

As other species, such as O� ocellatus in Japan (Segawa and Nomoto 2002) and 
China (Wang et al. 2010; Dong et al. 2013) or O� maya in México (Domingues et al. 
2007), O� minor hatchlings undergo a direct development. The species belongs to 
the group of “long arm octopus”. The first arm is the longest and represents about 
80 % of the total length and six to seven times the mantle length. The ligula is large, 
spoon shaped and about 10–20 % of the length of the third hectocotylized right arm 
(Okutani 2000).

Fig. 22.1  Distribution of Octopus minor ( light grey zone). (Map modified from Roper et al. 1984)
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As a potential aquaculture species, some researches on its ecology, reproductive 
biology, physiology as well as genetics have been done (Taki 1944; Iwakoshi et al. 
2000; Seol et al. 2007; Zuo et al. 2011; Cheng et al. 2012; Kang et al. 2012; Qian 
et al. 2013), but very few documents have reported on its life history or culture in 
captivity. The culture of the species has been developed in China in the current de-
cade. Meanwhile, the artificial releasing of hatchery-produced octopus has become 
the main objective of resource protection and stock enhancement programmes es-
pecially in the coastal waters of Shandong Province.

22.2  Capture Methods

The main way to capture mature individuals of O� minor is by the bottom trawl in 
the northeast coastal waters of China during the period from May to June. In shallow 
areas, because of their burrowing behaviour, fishermen usually catch them directly 
from the mud holes (Fig. 22.2). Young octopuses are also caught by fishermen with 
a kind of spade or a small hand hook, digging the muddy bottom at low tide, mainly 
in spring and autumn. They are then transferred to the indoor ponds for culture.

Besides the artificial production of juveniles and their culture indoors, collection 
of wild eggs and juveniles of O� minor is also possible in China. The species lives 
in shallow calm waters with a muddy bottom, burrowing a deep tunnel to hide in. 
The collection process of wild eggs involves the placing of artificial egg collectors 
(Fig. 22.3) in the muddy bottoms of coastal waters in mid-May, which is the main 
reproduction season. The plastic collector has two holes (Fig. 22.3a, b), which are 
open and 30–40 mm above the bottom surface. These artificial egg collectors are 
picked up together at the end of July. After checking, artificial egg collectors with 
eggs and/or their parent octopuses are transported to the indoor pools to continue the 
breeding process.

Fig. 22.2  Octopus minor and its nest ( arrows show holes)
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22.3  Broodstock Acclimatization to Captivity

22.3.1  Physical and Chemical Parameters

After capture, wild individuals must be chosen carefully, and those with no wounds 
are selected as broodstock and transported indoors for adaptation to captivity. The 
broodstock are introduced into 8 × 4 × 1.2 m rectangular concrete pools, whereas 
nursery pools are much smaller measuring 3 × 1 × 0.6 m. The recommended light 
intensity ranges from 200 to 800 Lx under a seawater temperature of 20–24 °C, 
salinity 29–31 psu and dissolved oxygen >  4 mg L−1.

Two kinds of shelter nests are provided in advance after sterilizing: 20–30-cm-
long polyvinyl chloride (PVC) pipes or eel culture cages. The broodstock density is 
controlled to approximately 3–5 individuals m-2 and a sex ratio of 1:1.

Small crabs of various species are supplied daily as the main food, in a ratio of 
1–1.5 times the total number of broodstock individuals. Other live prey species, 
such as small-sized marine bivalves ( Ruditapes philippinarum, Potamocorbula 
sp.), or polychaetes ( Nereis), etc. are also used. The leftover food should be cleaned 
up and seawater also changed the next morning, due to the fact that this species 
preys overnight.

22.3.2  Mating

During the period of adaptation to captivity, mating is usually observed in the 
early morning or at night under indoor conditions. The male lies on the back of 
the female and introduces its hectocotylized arm directly into the female mantle. 
The spermatophores are transferred near the oviduct. The mating behaviour lasts 
for 10–30 min. After mating, most males die gradually, and females can store 
spermatophores up to at least 2 weeks before spawning. Reproductive females 
always hide alone in the PVC tubes or eel cages. If more than two individuals are 
found in the same shelter, one of them should be immediately transferred to an 
empty one.

a 

c 
d 

b Fig. 22.3  Artificial egg col-
lector. a Submarine hole. b 
Breathing hole. c Tunnel. d 
Spawning room
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22.3.3  Spawning and Egg Handing

Octopus shelters are usually checked daily and confirmed whether or not eggs ap-
pear in the internal walls. As happens in other species, food intake of broodstock 
decreases sharply once they start to spawn. Females show the behaviour of protect-
ing the egg masses. To avoid other individuals disturbing the spawning female, 
both ends of the shelter pipes are firmly sealed with a 0.85 mm-diameter fine mesh, 
so that a female would be able to stay safely with her eggs. Most of the eggs are 
attached one by one to the inner walls of the shelter. Each egg looks like a long 
eggplant in shape, with a long diameter of 13–20 mm, a short diameter of 4–6 mm 
and with a wet weight of 0.15–0.26 g. The number of spawned eggs per female 
ranges from 9 to 125, depending on the weight among individuals. In general, the 
spawning time lasts for 1 week per female. Once an individual starts to spawn, it 
is able to stimulate the others to do the same. The entire spawning period can be 
extended to at least 1 month, because more than 100 females can be used for the 
same broodstock.

It is well known that during the spawning period, females hardly eat food in the 
wild. But they can eat a small amount of food soon after being captured from the sea 
and taken into the indoor culture conditions. Consequently, some fresh food such as 
one to two half-shell clams, or crabs without claws, is still supplied to the shelters 
every 3–5 days. Any leftover food must be retrieved the next morning, to prevent 
the deterioration of the water quality. Meanwhile, seawater keeps flowing continu-
ously. Under these conditions, most females protect their eggs until hatching.

The embryonic development of O� minor lasts for 72–89 days before hatching 
under the conditions of a seawater temperature of 21–25 °C and a salinity of 28–
31 psu. At this temperature range, the process of embryonic development is divided 
into 20 stages (Fig. 22.4) differentiated by characteristic changes, such as cleavage, 
blastula formation, gastrula formation, organ rudiment formation as well as two em-
bryo reverses (Qian et al. 2013). The first embryonic reversal takes place at stages 
VI–VII on day 21 (Fig. 22.4), and embryos turn from the animal pole to the vegetal 
pole. The second embryonic inversion happens at stage XIX on day 65 (Fig. 22.4). 
Sporadically, more than two reverses were also observed. The mantle length and 
total length of hatchlings range from 8.5 to 11.5 mm and from 25 to 31 mm, respec-
tively. And after hatching, they already show benthic behaviour.

22.4  Hatchlings Rearing

New hatchlings are very sensitive to the environment and they can eject ink easily 
in response to any external stimuli, which may trigger a major injury. To function 
as a den, it is effective and feasible to place in advance some green macroalgae or 
seaweed (e.g. Ulva pertusa, Zostera marina) in the breeding pools. In the case of 



420 X. D. Zheng et al.

a stress situation and ink ejection, hatchlings will hide in the den surface to avoid 
being harmed.

As nurseries, concrete pools of around 400 mm depth are used, where the behav-
iour of hatchlings can be easily observed. In addition to the previously mentioned 
seaweeds, ceramic pots of 8–12 mm inner diameter (Fig. 22.5a) and grey-green 
PVC pipes of 10 mm diameter (Fig. 22.5b) should also be supplied in the pool bot-
tom as hatchling shelters. The number of these shelters must be 1.5–2 times the total 
number of hatchlings. The inner diameter should become a bit larger after 2 months 
of rearing. Light intensity is important in hatchling culture and should be controlled 
under the condition of 200–800 Lx in the pool surface.

Live enriched Artemia nauplii (density: 0.5–1 individuals mL−1), cladocerans 
and copepods (5–10 individuals cm-2) are an adequate initial feed for the new hatch-
lings (Fig. 22.5c). Instead of Artemia nauplii, Hemigrapsus sanguineus of less than 
4 mm body width are used to feed the 10-day-old hatchlings (Fig. 22.5d). The prey 
density should be three to four times the total number of hatchlings. At this age, 
the density of cladocerans and copepods will be decreased to 1–3 individuals cm−2.

During the period of hatchling culture, the water must be kept clean and half of 
the whole volume must be changed every day. Physical and chemical parameters 
must also be kept in the following ranges: water temperature of 10–25 °C, pH 7.6–
8.6, dissolved oxygen > 5 mg L−1 and ammonia nitrogen < 0.2 mg L−1.

Fig. 22.4  Embryonic development of O� minor. (Stages from Qian et al. 2013)
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Due to the mortality, hatchling density decreases progressively from 500 to 100 
individuals m-3 during the 1st month of culture. When food is offered in sufficient 
amount, very few hatchlings fight and compete with each other. The mean hatchling 
weight increases to 2.2 g, and survival rate reaches 75 % after 1 month of rearing.

22.5  Ongrowing

After a month of hatchling rearing, O� minor juveniles have reached the ongrow-
ing stage. At this period, seawater temperature should range from 15 to 20 °C and 
the other physical and chemical parameters should be similar to those used in the 
previous hatchling process. Octopus juveniles have many characteristics similar to 
adults, such as aggressiveness, territoriality and cannibalism. When they are fed in 
the evening, the phenomenon of fierce fighting is observed, especially between the 
bigger and smaller individuals. Therefore, they must be separated based on their 
size, but in any case the survival rate during this growing period decreases to 50 %.

Some live small bivalves (genus Potamocorbula) are used as diet due to their 
affordable price and easy availability from the fishery market. The seaweed U� per-
tusa is not only a kind of essential shelter to juveniles but also a suitable food 
to cultivate gammarids which are also a favourite prey of octopus juveniles. At 

2mm

1cm2cm

50μm

a b

c d

Fig. 22.5  Shelters and food of hatchlings. a Ceramic pot. b PVC pipe. c Copepod. d Hemigrapsus 
sanguineus
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the same time, fresh and frozen feeds become acceptable substitutes for live ones. 
Small pieces of fresh muscles of R� philippinarum are well accepted as an inert diet. 
Generally, the feeding period of juveniles is within 2 h after being fed at night. The 
leftover food must be cleaned the next morning in order to maintain good water 
quality. The juvenile density gradually decreases to 30–40 individuals m-3 after 2 
months of growth.

Based on the experiments of 2010–2012, the sex of 115-day-old octopus could 
be identified, when their mean fresh weight reached 15 g. The survival rate re-
mained stable from that time on. Later on, at 250 days, the average weights of males 
and females were 122.9 and 197.1 g, respectively. The growth curve for this period 
is shown in Fig. 22.6 which is based on data of four to ten individuals of different 
stages. During this period, mating behaviour was observed, followed by the death 
of males. The latest spawn took place at 346 days under indoor culture conditions 
and it was performed sequentially. The weight of the female decreased to 117.3 g 
after spawning.

22.6  Harvesting and Resource Enhancement

Most juveniles reach a weight of 100 g in 6–7 months under indoor culture condi-
tions, which corresponds to the commercial marketable size and therefore can be 
harvested for marketing.

Otherwise, these individuals can also be transferred to outdoor ponds to grow 
further or to be released into the wild for stock enhancement purposes. For exam-
ple, more than 100,000 juveniles have been released into the Moon Lake National 
Aquatic Resources Conservation Area of China, located in Rongcheng (Shandong 
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Fig. 22.6  Growth curve of 
Octopus minor
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Province), for the past 4 years. The detailed effect of resource restoration is being 
evaluated.

22.7  Trends in Research and Industrial Level

One of the main subjects studied in China at present is to obtain an indoor method to 
develop the rearing process of O� minor all year round. The researches on biological 
zero temperature and effective accumulated temperature for embryonic develop-
ment of O� minor have been carried out under artificial conditions (Liu 2013). The 
embryonic development could stop when the temperature decreased below the bio-
logical zero (3.79 °C) and the embryo could tolerate down to approximately 0 °C. 
Once above the biological zero temperature, the embryonic development could 
resume and also hatch as usual. These recent results indicate that the incubation 
of O� minor will be feasible indoors all year round in the north of China. Though 
artificial culture can greatly enhance the hatching and the survival rate, the number 
of spawned eggs per O� minor female is only 9–125, and besides this the embryonic 
development lasts for at least 70 days (Qian et al. 2013). It is obvious that these re-
sults restrict severely the industrial culture of O� minor due to such a low fecundity 
and long embryonic development period. Certainly, optimization of feed formula-
tion is also another key factor for its commercial culture which still requires further 
research.

The artificial nursery of O� minor in the Moon Lake National Aquatic Resources 
Conservation Area, China, has been working since 2009, and the releasing of hatch-
ery-produced octopus has become the main approach of resource protection and 
stock enhancement programmes.

22.8  Conclusions

As an important economic cephalopod, O� minor has been cultured in the northeast 
coastal waters of China in recent years. The whole culture process includes brood-
stock capture, acclimatization to captivity, spawning, hatchling culture, ongrowing 
and overwintering culture and harvesting. The main conclusions are the following:

1. Eggs are spawned at the artificial substratum, and females are responsible for 
protecting the eggs (Fig. 22.7a). The number of spawned eggs ranges from 9 to 
125 under the artificial conditions. The embryonic development lasts for 72–89 
days before hatching under the conditions of a seawater temperature of 21–25 °C 
and a salinity of 28–31 psu. The mantle length and total length of new hatchlings 
range from 8.5 to 11.5 mm and from 25 to 31 mm, respectively.

2. Hatchlings are benthic. The shelters provided are ceramic pots of 8–12 mm inner 
diameter or 10-mm-diameter PVC tubes. Cladocerans, copepods and enriched 
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Artemia nauplii are adequate initial feeds for the hatchling rearing. H� sanguin-
eus of less than 4 mm body width is also used to feed 10-day-old hatchlings. The 
survival rate is 75 % after 1 month of rearing (Fig. 22.7b).

3. A mixed fresh diet such as juvenile crab, shellfish and shrimp becomes the main 
feed for juveniles of O� minor. After 6–7 months under indoor culture conditions 
(Fig. 22.7c), O� minor bigger than 100 g can be harvested for marketing, or trans-
ferred to outdoor ponds to continue the ongrowing process, or released to the sea 
for stocking or enhancement programmes.

4. Under indoor culture conditions, the longest period of survival for males is 250 
days; the female lives 346 days, with a weight of 117.3 g after spawning.

Fig. 22.7  Culture process of 
Octopus minor. a Spawn-
ing and female protection. 
b 1-month-old hatchlings. c 
6–7-month-old octopus
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5. The low fecundity and the long embryonic development period of O� minor 
severely restrict industrial cultivation. The species, however, is considered a 
very good candidate for restocking and enhancement programmes of marine 
invertebrates.
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Abstract There have been many attempts worldwide to produce in captivity juve-
niles of Octopus vulgaris, one the most studied cephalopod species in the world 
because of its very strong market interest. This chapter reviews the different meth-
ods used to obtain and maintain broodstocks and the rearing technologies applied 
to the paralarvae. The main parameters and culture methods to rear the planktonic 
stage are discussed and a protocol for the rearing of the paralarvae is suggested. 
The main bottlenecks in the cultivation of this species are emphasized, and further 
research topics are suggested, including both technical and biological aspects.

In laboratory trials, the best growth and survival of the paralarval phase is cur-
rently achieved by feeding a mixed live diet composed of enriched Artemia and 
crustacean zoeae. However, this method is not transferable to a commercial scale 
as there is limited availability of live zoeae. In order to advance from a research to 
an industrial scale, it is essential to develop an inert diet with the appropriate nutri-
tional composition to be supplied from an age of 1 month onwards. Another option 
would be to develop an appropriate enrichment protocol for Artemia so that its 
composition simulates more closely that of crustacean larvae or wild zooplankton.

A protocol for the first month of O� vulgaris paralarvae culture, which allows the 
production of good-quality individuals (in terms of dry weight and survival) to start 
the settlement process, is proposed. Relatively high survival rates and paralarvae 
dry weights of 1.3–1.8 mg can be attained after 1 month on a sole diet of Artemia. 
These weights are increased to 2.5–3.5 mg when that diet is supplemented with 
zoeae.

Keywords Octopus vulgaris · Common octopus · Paralarvae rearing · Paralarvae 
feeding · Culture conditions
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23.1  Introduction

23.1.1  Importance of this Species in the Market  
and Capture Methods

The common octopus, Octopus vulgaris, is a species with a substantial global mar-
ket and consequent capture importance. It is widely distributed with a high market 
price due to its high demand as a food source. It is appreciated and used in food 
preparations in Asiatic, Mediterranean and Latin-American countries and can be 
found in the market as fresh, frozen, whole or sliced products. The edible part of 
octopus is very high (over 90 % of its body weight), resulting in a highly interesting 
product concerning yield.

It is a species that supports both industrial and artisanal fisheries. Local fisher-
men catch them using mainly hooks, lures and pots. In contrast, industrial fishermen 
catch large quantities in the oceanic sublittoral areas using trawls operated from 
large fishing boats. The declared annual world catches attributed to O� vulgaris de-
clined from more than 100,000 t in the late 1970s to around 40,000–50,000 t during 
the period 2000–2010 (FAO 2012).

The common octopus is a highly valued species of great commercial interest in 
Spain. The octopus fishery has been overexploited in the past decades, which has 
forced the administration to regulate the fishery and, through research, to evaluate 
aquaculture techniques as an alternative source of supply.

Many of the species’ biological features, such as direct embryological 
development, short life cycle, rapid growth and elevated food conversion index 
(Vaz-Pires et al. 2004), make it an excellent candidate for aquaculture. In addition, 
its high fecundity, rapid growth and high food conversion index, together with its 
high market value, make the common octopus a promising species for diversifying 
the aquaculture industry.

23.1.2  State of the Art

Research on rearing O� vulgaris paralarvae started in Japan when Itami et al. (1963) 
obtained the first benthic juveniles after 33 days at a mean temperature of 24.7 ºC 
using shrimp ( Palaemon serrifer) zoeae as prey. Later, Imamura (1990) and Hama-
saki et al. (1991) reported successful rearing in 20 m3 tanks to which Artemia and 
Nannochloropsis sp. were added, suggesting for the first time the possibility of 
mass-producing octopus paralarvae. Subsequent research in Japan focused on 
the production of juveniles for enhancement programmes (Okumura et al. 2005; 
Kurihara et al. 2006; Arai et al. 2008), using Artemia supplemented with frozen 
slices of Pacific sandeel ( Ammodytes personatus) as food for the paralarvae.

In Europe, the first successful rearing trials were carried out by Villanueva 
(1994, 1995). He obtained benthic juveniles after 47 days using decapod crab zoeae 
as prey and a rearing temperature of 21.2 ºC. Subsequently, Moxica et al. (2002) 
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increased survival and dry weight of the paralarvae at 1 month by using larger prey 
(adult Artemia of up to 2 mm and spider crab zoeae). Settlement, however, was not 
attained. The complete culture cycle at an experimental level was first achieved 
in 2001 (Iglesias et al. 2004), using both Artemia and spider crab zoeae as live 
prey. Later, Carrasco et al. (2005) achieved similar results using the same prey, but 
different cultivation systems with regard to water circulation, volume, colour and 
shape of tanks (see Table 23.1). Recently, research on O� vulgaris paralarval rear-
ing has spread to many regions of Spain including Andalusia, Asturias (Carrasco 
et al. 2006), Canary Islands (Hormiga et al. 2010; Feyjoo et al. 2011; Almansa et al. 
2012), Catalonia (Estévez et al. 2009), Galicia (Seixas 2009; Seixas et al. 2010; 
Fuentes et al. 2011) and Valencia (Viciano et al. 2011). An Italian group, Maricol-
tura Di Rosignano Solvay (Livorno), has also researched this field (Lenzi et al. 
2006; De Wolf et al. 2011). In 2007, they successfully reared paralarvae through 
to 160-day-old juveniles using enriched Artemia. More detailed information on 
growth and survival rates of trials cited above is given in Sects. 23.5.3 and 23.5.4.

In 2005, an international workshop on O� vulgaris reproduction and paralarvae 
rearing was held in Vigo (Spain) in order to discuss the different methods used, iden-
tify the causes of larval mortality and establish future research priorities (Iglesias 
et al. 2007). A review of the biology of the planktonic stages of benthic octopuses 
was later published (Villanueva and Norman 2008). An international workshop on 
Latin-American cephalopod culture was held during 2008 in Puerto Montt (Chile), 
the conclusions of which were published by Uriarte et al. (2011). Recently, another 
workshop on cephalopod culture, organised by CIAC 2012 (Cephalopod Interna-
tional Advisory Council), took place in Florianópolis, Brazil, with the aim of defin-
ing the current status and research priorities of four cultured cephalopod species 
( Sepia officinalis, Sepioteuthis lessoniana, Octopus maya and O� vulgaris; Vidal 
et al. manuscript in elaboration).

23.2  Broodstock Conditioning

High fecundity is one of the characteristics that encourages O� vulgaris to be 
considered as a serious candidate for diversification in aquaculture. According to 
Mangold (1983), wild females can lay up to 500,000 eggs and, in captivity, an out-
put of approximately 100,000 eggs per kg has been achieved (Iglesias et al. 1997).

After several decades of work on the culture of this species, there is now little 
difficulty in capturing wild subadult and adult individuals, acclimatizing them to 
captive conditions and obtaining viable egg masses. When keeping wild males and 
females together under suitable environmental conditions and providing them with 
shelters, nearly 100 % of females can mature and lay egg strings (Iglesias et al. 
2007).

Welfare considerations need to be taken into account when maintaining octopus 
in captivity. It has been argued that the European Union Directive 2010/63/EU on 
animal welfare should be applied to cephalopod breeding and experimentation in 
aquaculture research (Sykes et al. 2012). These authors suggested revisions to the 
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animal welfare legislation, the definition of live cephalopods, stress, pain and suf-
fering. Although some recent reports have been published on this topic, research on 
appropriate culture conditions, behaviour and stress responses must be carried out 
in the near future. For more information on this topic, see Chap. 6.

Iglesias et al. (2007) made a comparative analysis of the different broodstock 
conditioning systems used in the world and concluded that whereas methods of 
capture, transport, food supply and light intensity are similar among different re-
search groups, male to female ratios and the holding temperatures (14–25 ºC) may 
differ widely. With regard to this subject, it is possible to establish the following 
recommendations.

23.2.1  Broodstock Capture and Transport

Trawl nets enable the capture of large numbers of octopus, but can both harm the 
individuals and cause a negative environmental impact. Consequently, selective 
fishing methods like creels or individual traps are recommended for the capture of 
spawners.

Individual mesh bags or separate containers can be used during and after trans-
portation in order to avoid attacks between individuals, stress and subsequent mor-
tality (Fuentes et al. 2005). Oxygen supply is recommended, particularly when 
stocking densities are high.

23.2.2  Food Supply

Broodstock diet can influence the biochemical composition and biometrical 
relationships of the newly hatched paralarvae (Quintana et al. 2007, 2009; Márquez 
et al. 2013). Frozen and fresh crustaceans and fish of low commercial value are usu-
ally used as food with optimal results (Iglesias et al. 2007; Quintana 2009; Estefanell 
2012). Adult females refuse feed when spawning is imminent (see Chap. 1); in 
consequence, the quantity of food should be reduced during this period to maintain 
good water quality.

23.2.3  Sex Ratio

Some authors (Villanueva 1995; Okumura et al. 2005) capture only wild mature 
females during the natural spawning season to obtain eggs in captivity; these 
females are usually already fertilised from previous matings and can preserve viable 
sperm in their oviducts for long periods. In these cases, males are not needed.

Nevertheless, most authors obtain viable eggs by keeping males and females 
together in a ratio of 1:3 (Iglesias et al. 2000, 2007).
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23.2.4  Physical and Chemical Parameters

Physical and chemical parameters in broodstock tanks are important determinants 
of successful egg laying. Density should not exceed 5 kg m−3 and tanks should be 
provided with filtered seawater and a minimal renewal rate of 400–800 % day−1 
in order to maintain abiotic water parameters at optimal levels (Iglesias, personal 
communication). Dissolved oxygen levels should be kept around 100 % saturation. 
Temperature should follow that of the natural seawater temperature cycle as much 
as possible and should not drop below 14 °C nor exceed 25 °C (Iglesias et al. 2007). 
Similarly, water salinity should simulate local seawater values. Semi-dark condi-
tions are commonly used, but natural photoperiod with shaded natural light is also 
utilized (De Wolf et al. 2011). Individual shelters (terracotta or polyvinyl chloride 
(PVC) tubes) should be provided to facilitate egg laying.

23.3  Spawning Process

23.3.1  Female Conditions

Each spawning female with its strings of eggs should be transferred to an individual 
tank to avoid being disturbed by conspecifics and to facilitate the counting of eggs 
laid and hatched paralarvae. Tank volume should be 200–500 L, and temperature 
must be the same as the broodstock tank.

Females take care of egg masses by oxygenating and cleaning them throughout the 
embryonic development process. They do not feed during this period and consequent-
ly reduce their weight; a 4-kg female, for example, can lose 30 % of its weight during 
this process (Fig. 23.1). Under suboptimal or stressful circumstances, females may 
leave the shelter and abandon the egg clusters. In this case, hatching percentage can 
fall to as little as 50 % due to egg detachment, fungal infection, etc. (Lenzi et al. 2002). 
Exceptionally, another different female from the broodstock may take over the egg-
caring role (Iglesias, personal communication). A special incubator to maintain eggs 
without a female was patented by Rosas et al. (2010). It was originally developed for 
O� maya, a large-egg species, but is currently being tested for O� vulgaris in the Aus-
tral University of Chile. Simple PVC tube systems with continuous water flow and 
aeration have also been successfully tested at the Spanish Institute of Oceanography.

23.3.2  Egg Handling

A weekly check of each egg cluster should be established to estimate the time in 
days necessary to hatch according to the incubation temperature. Using this method, 
the hatching date can be predetermined in order to estimate in advance the needs for 
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larval rearing (phytoplankton and Artemia; Boletzky 1987). Figure 23.2 shows the 
evolution of the embryonic development of O� vulgaris at 18 ºC, which takes around 
38 days to hatch; the different stages have been identified according to Naef (1928).

Transportation of egg strings should be performed together with the female in 
the original spawning shelter, and swinging movements that would cause damage 
to the egg mass should be avoided. In order to avoid premature hatching, this pro-
cess must be performed before the second embryonic inversion occurs (Fig. 23.2f). 
Due to high oxygen consumption by eggs (Parra et al. 2000), additional oxygen-
ation should be used during transportation. Drastic fluctuations in other parameters 
(e.g. temperature, salinity, pH, light intensity) should be avoided to prevent pre-
mature hatching.

In cases when egg strings need to be transported without the female, they should 
be placed in plastic containers filled with oxygen supersaturated seawater and a low 
temperature be maintained. Strings should be held in a vertical position by hanging 
them from the container cap.

23.4  Paralarvae Culture Conditions

Since the 1990s, many attempts have been made by several research groups to de-
termine the feasibility of paralarval culture, and a wide range of rearing conditions 
have been tested (reviewed by Iglesias et al. 2007; De Wolf et al. 2011). Table 23.1 
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weight (after egg laying) during the egg-care period
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shows the culture conditions used, including the different feeding strategies, prey 
concentrations and larval densities.

The main problem that hampers the success of commercial culture of octopus is 
the high mortality rate observed during the first 2 months of paralarval rearing. The 
lack of a standardised culture system and the absence of appropriate food sources 
that fulfil nutritional requirements have been identified as two possible factors re-
sponsible for this mortality (Iglesias et al. 2007). Even if survival rates during the 

Fig. 23.2  Embryonic development of the common octopus Octopus vulgaris at 18 ºC. a Prior to 
first inversion (Naef IV–VI stage). b Post first inversion (Naef VIII stage). c Embryo differentia-
tion (Naef XI stage). d Naef XII–XIV stage. e Chromatophores and internal yolk (Naef XV stage). 
f Post second inversion (Naef XIX stage). (Photographs by M. Nande)
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planktonic stage have increased considerably in the past decades, successful juve-
nile settlement is still very difficult to achieve.

23.4.1  Paralarvae Collection and Transfer

Recently hatched O� vulgaris paralarvae (Young and Harman 1988) measure around 
3 mm TL, have three suckers per arm and an individual dry weight of 0.20–0.35 mg 
(Villanueva and Norman 2008; Iglesias et al. 2007; Fig. 23.3).

The transfer of paralarvae to rearing tanks should be accomplished carefully 
in order to avoid stress or damage. When concentrations of paralarvae are high, 
they can be collected with 1–2 L plastic beakers, but when concentrations are low 
a 30 cm diameter PVC collector with 0.5 mm mesh can be used to collect them. 
Paralarvae can be counted either individually or by volumetric estimation (Iglesias 
et al. 2006; Fuentes et al. 2011).

23.4.2  Tank Colour and Volume

Dark tanks are used by most authors, even though observing paralarvae in these 
tanks is quite difficult. Other authors have also reported very good results for growth 
and survival using completely white tanks (Carrasco et al. 2005) or tanks with black 
walls and white bottom (De Wolf et al. 2011).

There is a general agreement that good growth and survival can be achieved in 
500 and 1,000 L cylindro-conical tanks. Sánchez et al. (2010) concluded that growth 
is positively related to tank volume; paralarvae reared in 1,000 L tanks attained a dry 
weight of 1.73 ± 0.27 mg after 21 days, significantly greater than the 1.44 ± 0.33 mg 
obtained in 100 L tanks. De Wolf et al. (2011) also obtained better results using 
larger tanks attributing the differences to the less dramatic fluctuations in physical 
conditions in larger tanks. Seixas (2009) and Villanueva et al. (2002), using small 
rearing tanks of 25–50 L, obtained dry weights of 0.83 and 0.90 mg, respectively, 

Fig. 23.3  Ventral view of 
recently hatched Octopus 
vulgaris paralarvae (total 
length: approximately 
3 mm; 3 suckers per arm). 
(Photograph by M. Nande)



438 J. Iglesias and L. Fuentes

for 1-month-old paralarvae. On the other hand, Moxica et al. (2006) and Viciano 
et al. (2011), working with 1,000 L tanks and using enriched Artemia (cultured with 
Isochrysis sp. and further enriched with Nannochloropsis sp.), obtained dry weights 
of 1.76 mg and 1.88 mg, respectively, for the same-aged paralarvae.

23.4.3  Physical and Chemical Culture Parameters

23.4.3.1  Water Circulation

Stagnant water is commonly used for the first week to maintain a green-water 
system; thereafter, some authors exchange water for 4 h day−1, corresponding to a 
100 % day−1 renewal rate (Iglesias et al. 2007; Viciano et al. 2011), whereas others 
recommend maintaining a constant water flow to give an exchange rate of at least 
150 % day−1 (De Wolf et al. 2011). The water inlet should produce a mild tangential 
circulation of the surface water. However, both lateral and centrally bottom-placed 
water outlets have been used by some investigators.

In order to obtain a homogeneous distribution of paralarvae and live prey in the 
culture tanks, gentle aeration can be supplied by air stones (Iglesias et al. 2004; 
Okumura et al. 2005) or open tube aeration can be done (De Wolf et al. 2011). 
Currents that result in the accumulation of paralarvae in very small areas should be 
avoided.

It is also important to prevent the production of small air bubbles that can be 
trapped in the paralarvae mantle. For this reason, special devices for the distribution 
of the incoming water, such as multiple superficial inlets (Villanueva 1995) or bottom 
water inlets combined with a superficial water outlet (Carrasco et al. 2005, 2006), 
have been used. Nevertheless, the use of a high water flow can increase the risk of skin 
damage and arm erosion, resulting in an increased mortality of the paralarvae (Vidal 
et al. 2002).

23.4.3.2  Light

A wide range of light conditions (natural light, incandescent bulbs, fluorescent 
tubes) has been used in paralarval culture. Optimal light conditions seem to depend 
on the type of tanks that are used. In general, higher light intensities and longer 
photoperiods are used in black tanks than in light-coloured tanks or white-bottom 
tanks. Surface light intensity in the rearing tank should be 500–700 Lx when us-
ing black tanks (Iglesias and Fuentes 2013), whereas other authors recommend 
using lower light intensities (60–250 Lx for a 14 h L (light):10 h D (dark) photope-
riod) in black-walled and white-bottom tanks (De Wolf et al. 2011). Garrido et al. 
(2012) studied the effect of different types of lighting on the growth and survival 
of O� vulgaris paralarvae.
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23.4.3.3  Temperature

The change of temperature between the broodstock tank and the paralarvae rearing 
tank must be gradual (an increase of approximately 1°C per day). Temperature is 
the most important determinant of development and growth of paralarvae (Mangold 
and Boletzky 1973). Paralarval rearing temperatures cited in the literature range 
between 19 and 25 ºC (Iglesias et al. 2007), but temperatures of 20–22 ºC are recom-
mended to obtain optimal growth and survival. High daily temperature fluctuations 
should be avoided during paralarval culture.

23.4.3.4  Chemical Parameters

The most important water quality parameters in the larval rearing phase are salinity, 
pH and concentrations of dissolved oxygen, ammonia, nitrite and nitrate.

Octopuses show very low tolerance to low salinity; therefore, seawater of around 
32–35 psu should be used. Salinity should be as constant as possible because sud-
den changes are not tolerated by paralarvae. Rearing places close to rivers and 
freshwater sources need to take into account this parameter.

Dissolved oxygen is crucial for gas exchanges and depends on temperature. 
Optimal levels in the paralarvae rearing process should be kept between 6 and 
8 mg L−1, but should not be allowed to fall below 4 mg L−1. Cerezo-Valverde and 
García-García (2005) determined optimal oxygen saturation levels for subadult and 
adult individuals to be between 100 and 65 % and suboptimal saturation levels be-
tween 65 and 35 % (dangerous below 35 %) for temperatures between 17 and 20 ºC.

pH, nitrite and ammonia levels need to be monitored according to water renewal 
but at least once a week. Feyjoo et al. (2011) determined the acute toxicity of union-
ized ammonia and nitrite on newly hatched O� vulgaris paralarvae. The lethal con-
centration 50 (LC50) value after 24 h of exposure was 10.7 ppm for ammonia and 
19.9 ppm for nitrite. This suggests that paralarvae are quite resistant to free ammo-
nia compared to marine fish larvae, but much less resistant to nitrite. At concentra-
tions much lower than the LC50 values, negative effects are observed on both prey 
intake and chromatophore activity (Feyjoo et al. 2011).

Gas supersaturation can explain the extensive mortality that sometimes happens 
during the early life stages in intensive production of marine species (Gunnarsli 
et al. 2008). Air bubbles can be formed in gills, fins, skin and blood of fishes (gas 
bubble trauma), whilst in the case of O� vulgaris paralarvae, bubbles usually ap-
pear inside the mantle cavity. This phenomenon can be related to water circulation, 
temperature and chemical parameters; for example, it can appear through the me-
chanical process of heating the water, long pipe runs, pump cavitation, etc. In order 
to prevent water supersaturation (mainly nitrogen gas), it is recommended to have 
a method of trickling water over a large surface area, as in a packed-column aerator 
(Hargreaves and Tucker 1999).
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23.5  Paralarvae Feeding

23.5.1  Prey Size

Paralarvae can start feeding from the first day of life, but usually a greater number 
of attacks are recorded 2 days after hatching at temperatures of 18–20 °C (Iglesias 
et al. 2006). These authors also reported that larger Artemia (1.4 ± 0.4 mm) were 
clearly preferred to smaller Artemia (0.8 ± 0.1 mm) at first feeding. Nevertheless, a 
wide range of prey sizes has been used in research on paralarvae rearing. Navarro 
and Villanueva (2003) used Artemia nauplii of 450–750 µm, in the first few weeks 
of culture, while others (Moxica et al. 2002; Iglesias et al. 2004; Carrasco et al. 
2005; Estévez et al. 2009) used Artemia of 2 mm length or bigger.

In order to investigate the effect of prey size on growth, Fuentes et al. (2009) 
compared the use of small Artemia enriched for 24 h with Isochrysis galbana 
(0.7 mm TL) with that of larger Artemia grown for 4 days with the same microalga 
(1.5 mm TL) during a 30-day larval rearing experiment. There were no significant 
differences in growth during the first 15 days, but growth was significantly faster 
when larger Artemia was used as diet during the next 15 days of trial (Table 23.1). 
Considering these results, for experimental larval rearing, it is recommended that 
Artemia of 0.5–0.7 mm length are used for the first 15 days followed by Artemia of 
1.5–2 mm length.

23.5.2  Paralarval Nutritional Requirements

Navarro and Villanueva (2000, 2003) considered that a lack of balance in lipid and 
fatty acid composition and a deficiency in polyunsaturated fatty acids (PUFAs) of 
the food supplied could be responsible for the high mortality and low growth during 
O� vulgaris paralarvae rearing. Okumura et al. (2005) used Artemia supplemented 
with flakes of A� personatus to increase the proportion of PUFAs in the diet. Seixas 
(2009) and Seixas et al. (2010) fed Artemia enriched with different microalgae spe-
cies rich in PUFAs, whereas Bersano (2003) and Estévez et al. (2009) used live 
copepods and other zooplankton groups, respectively. Besides PUFAs, amino acids 
seem to be another important component in the diet. Villanueva et al. (2004) found 
that lysine, arginine and leucine represent about half of the total essential amino 
acids in cephalopod hatchlings. In addition, Villanueva and Bustamante (2006) stud-
ied the importance of essential elements in the diet and detected a higher content of 
copper in O� vulgaris hatchlings and wild juveniles than in Artemia-fed paralarvae. 
An approach to meeting their vitamin A and E requirements in culture has been pub-
lished by Villanueva et al. (2009). Further information on nutritional requirements 
can be found in Chap. 5.
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23.5.3  Artemia Enrichment

Even though Artemia is easily available and well accepted by O� vulgaris paralar-
vae, Navarro and Villanueva (2003) have reported that Artemia per se has an inad-
equate lipid composition, the docosahexaenoic acid (DHA) and eicosapentaenoic 
acid (EPA) content being especially low.

The only experiment in which rearing to the adult stage has been reached on a 
sole diet of Artemia was carried out by Moxica et al. (2006). They obtained 67 % 
survival of paralarvae (dry weight of 1.89 mg) after 1 month of culture (Fig. 23.4), 
0.9 % after 70 days, three individuals at 3 months and finally one adult octopus. In 
that experiment, a green-water system based on Nannochloropsis sp. was used, and 
the Artemia was cultured for 4 days with I� galbana and further enriched with Nan-
nochloropsis sp. Fuentes et al. (2011) suggested that the combination of the DHA 
provided by I� galbana and the high EPA content present in Nannochloropsis sp. 
could cover the basic PUFA requirements of octopus paralarvae.

Hamasaki and Takeuchi (2000) and Hamasaki and Morioka (2002) also reported 
successful results when adding Nannochloropsis sp. to the culture tank of planktonic 
larvae and as food for Artemia. Hamasaki and Takeuchi (2000), using Artemia bio-
mass (1–2.7 mm) with or without Nannochloropsis sp. in the rearing tank, attained 
88 % survival at day 24; Hamasaki and Morioka (2002) obtained 62.5 % survival 
rate at day 40, using Artemia biomass (1.5–2 mm) fed with Nannochloropsis sp. 
Another possible beneficial aspect of adding Nannochloropsis sp., previously cited 
for other marine species (Skiftesvik et al. 2003), is its inhibitory effect on harmful 
microflora in the culture tank. Besides the nutritional role, De Wolf et al. (2011) sug-
gested that microalgae may generate a shading effect resulting in better prey visuali-
sation and a more homogeneous distribution of the paralarvae in the water column.
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Fig. 23.4  Growth of Octopus vulgaris during the first month obtained using Artemia cultured 
for 4 days with Isochrysis galbana and further enriched with Nannochloropsis sp. as food. (From 
Moxica et al. 2006)
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A different Artemia enrichment process has been proposed by Seixas et al. 
(2010). They suggested that a microalgae combination of I� galbana and Rhodomo-
nas lens was the best because it provides a high level of PUFAs ( I� galbana) and a 
very high level of protein ( R� lens).

The higher protein to lipid ratio present in Artemia can also positively affect 
paralarvae growth (Fuentes et al. 2011). Seixas et al. (2010) reached a similar con-
clusion and suggested that in order to sustain good paralarvae growth, a minimum 
dietary protein to lipid ratio should be maintained.

Other authors have used enrichments other than microalgae. Kurihara et al. 
(2006) enriched Artemia with fish egg powder (Plus Aquaran, BASF Japan), which 
was supplemented with frozen A� personatus flakes (improving DHA content), and 
obtained 10 % survival rate at day 42. Hamasaki and Takeuchi (2001) used Artemia 
biomass (2 mm), enriched or not with yeast or shark egg powder, with Nannochlo-
ropsis sp. in the tank and obtained 24 % survival rate at day 20.

23.5.4  Crustacean Zoeae as Optimal Prey

Very few studies of the natural prey of O� vulgaris paralarvae have been published 
because almost no early stages of this species have been found in nature. Roura et al. 
(2012) used a polymerase chain reaction (PCR)-based method with group-specific 
primers selected to identify prey consumed by O� vulgaris paralarvae in the wild; 
they identified 12 families of crustaceans (11 belonging to the order Decapoda and 
1 to the order Euphausiacea) and two families of fishes (Gobiidae and Carangidae). 
Additionally, Couto (2012) found that a high number of attacks on cirripede larvae 
were registered when live wild zooplankton was provided to 2-day-old O� vulgaris 
paralarvae in first feeding laboratory experiences.

As an approach to determining the hypothetical optimal composition of prey 
for O� vulgaris paralarvae, Navarro and Villanueva (2000, 2003), Villanueva and 
Bustamante (2006) and Villanueva et al. (2004, 2009) studied the lipids, fatty acids, 
amino acids, essential and nonessential elements and vitamins A and E of mature 
ovaries, eggs, early stages and juveniles of wild O� vulgaris.

In general, the best growth and survival of paralarvae in culture conditions were 
attained using crustacean larvae alone or as a complement to enriched Artemia. 
Villanueva and Norman (2008) provided a detailed review of prey offered, survival and 
duration of the planktonic period. Itami et al. (1963), using shrimp ( P� serrifer) zoeae 
of 2–4 mm body length as prey, obtained the first benthic juveniles (10–15 mm TL) 
after 33 days, with survival rates of 9 % at 40 days and 4 % after 3 months of culture. 
Villanueva (1994, 1995) obtained benthic juveniles with settlement starting after 47 
days with a survival rate of 9 %. Wet weight after 60 days was 173.2 mg. They used 
crustacean zoeae ( Liocarcinus depuratus and Pagurus prideaux) as prey. Afterwards, 
Moxica et al. (2002), using adult Artemia up to 2 mm and spider crab zoeae ( Maja 
brachydactyla) as food, obtained 8.3 % survival rate after 1 month and 0.2 % after 56 
days when the mean dry weight of the paralarvae was 9.21 ± 0.92 mg.

The complete culture cycle at an experimental level was attained for the first 
time in 2001 (Iglesias et al. 2004) using both Artemia and spider crab ( Maja 
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brachydactyla) zoeae as live prey, and obtaining a paralarvae dry weight of 
9.5 ± 1.9 mg and a survival rate of 31.5 % after 40–45 days. Carrasco et al. (2006) 
using the same prey but different rearing systems (Fig. 23.5) achieved 13 % survival 
rate at day 40 (5.40 ± 0.20 mm dorsal mantle length and 6.10 mg dry weight). Settle-
ment began from day 52 and survival at day 60 was 3.4 % when the paralarvae were 
6.54 ± 0.13 mm long and weighed 22.02 ± 3.08 mg. Almansa et al. (2012) used a 
combination of Artemia juveniles and Grapsus adcensionis zoeae as live prey for 
first feeding and obtained one O� vulgaris juvenile of 7 months old (ventral mantle 
length 23 mm, 10.4 g).

Therefore, a mixed live diet, composed of enriched Artemia and crustacean zo-
eae, is currently the most balanced diet for achieving the best growth and survival 
results in the paralarval phase (Fig. 23.5). However, this methodology is not readily 
transferable to a commercial level since there is limited availability of live zoeae, 
and it is therefore difficult to expand the culture methodology to an industrial scale.

23.6  Paralarvae Rearing Protocol

In accordance with data reported in this chapter, a protocol to attain good-quality 
30-day-old O� vulgaris paralarvae is proposed.

Use a minimum of three replicate 500–1,000 L cylindro-conical tanks. Use stag-
nant water for the first week, after which open the circuit for 4 h day−1 (100 % day−1 
renewal rate). The number of replicates will ensure a suitable statistical treatment of 
the results. The recommended colour for tank walls and bottom is black, although a 
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white (or clear) bottom can be used in order to improve observation of the paralar-
vae. Temperature should be kept at 20–22 ºC and salinity 32–35 psu. Tangential sur-
face water input and drainage consisting of a central cylindrical pipe with 250 µm 
mesh are suggested. Another option is to use stagnant water during the day and open 
the flow during the night with a 500-µm outlet mesh in order to keep a more homo-
geneous enriched Artemia. Surface cleaners and moderate central aeration are rec-
ommended. Surface light intensity should be 500–700 Lx for 24 h photoperiod when 
using black wall and black bottom tanks, whereas light intensity can be 60–250 Lx 
for a 14 h:10 h (L:D) photoperiod when a clear bottom tank is used. A concentration 
of 1 × 106 cells mL−1 of Nannochloropsis sp. should be used in the culture medium 
(green-water system), and paralarvae concentration should be 10 individuals L−1. 
Paralarval prey should consist of 24 h Artemia (0.5 Artemia mL−1) enriched with I� 
galbana at a concentration of 0.75 × 106 cells mL−1 for the first 15 days, followed 
by larger Artemia (1.5–2 mm TL) cultured for 4–5 days with I� galbana and further 
enriched with Nannochloropsis sp., at a concentration of 1 × 107 cells mL−1, keeping 
a prey concentration of 0.3 Artemia mL−1. When zoeae of spider crab are used in 
co-feeding with Artemia, they should be added at a concentration of 0.05–0.1 indi-
viduals mL−1, at least 3–4 days per week but preferably every day.

For comparative purposes, total length and dry weight of 20 paralarvae should 
be recorded at the beginning of experiments and periodically (fortnightly is recom-
mended) in each rearing trial.

23.7  Settlement Process

Around 65–75 days after hatching (at 20 ºC), when paralarvae have between 17 and 
20 suckers per arm, they change their pelagic behaviour to a benthic life. At this 
stage, paralarvae start crawling on the walls and bottom of the tank, moving by at-
taching their arms to the substrate. This period, which lasts for 2 weeks before they 
fully adapt to benthic stage, is known as settlement.

During this phase, it is necessary to change feeding and habitat conditions. Ar-
temia concentration should be gradually reduced while the benthic juveniles are 
increasingly fed with mussel, crab and sea urchin muscle and gonad (Iglesias et al. 
2004) and/or frozen mysidaceans (Carrasco et al. 2005). In both cases, the authors 
placed small-angle or T-shaped PVC pieces on the bottom of the tanks as shelters 
and the bottom substrate was modified by the inclusion of pebbles (Fig. 23.6).

23.8  Conclusions

Reproduction in captivity has proved feasible on an experimental scale, but the high 
mortality observed during the paralarval and settlement stages are still the main 
constraints to the industrial cultivation of the common octopus.
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A mixed live diet of enriched Artemia and crustacean zoeae is currently the most 
successful in terms of growth rate and survival during the paralarval phase. Howev-
er, this feeding protocol is not transferable to a commercial level due to the limited 
availability of live zoeae.

A protocol for the first 30 days of O� vulgaris paralarvae culture is proposed that 
supports the development of individuals with good fitness (in terms of dry weight 
and survival) through to the settlement process. Using this method, relatively high 
survival rates and paralarvae dry weights between 1.3 and 1.8 mg can be attained 
after 1 month when enriched Artemia is used as the sole diet, but these values in-
crease up to 2.5–3.5 mg when zoeae are used in a co-feeding regimen with Artemia.

23.9  Trends in Research and Industrial Level

The following research topics are recommended.

23.9.1  Wild Paralarvae and Natural Prey Studies

It is strongly recommended to study further the biochemical composition of wild 
paralarvae and their natural prey preferences and behaviour. It is also of interest 
to complete sequence information included in molecular databases (GenBank and 

Fig. 23.6  Octopus vulgaris 100-day-old juvenile obtained in captivity (Iglesias et al. 2004) in the 
artificial habitat (PVC tubes and pebbles) used during the settlement period
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Barcode of Life) of zooplankton species that are potential natural prey of O� vulgaris 
paralarvae in order to allow its molecular identification and traceability.

23.9.2  Nutrition

In order to move from the actual research situation to the next phase of industrial 
cultivation of the common octopus, it is essential to develop an inert diet to be sup-
plied from 1 month of age onwards, with an appropriate nutritional composition that 
meets the requirements of the octopus paralarvae (PUFAs, lipids, proteins, protein 
to lipid ratio, amino acids, essential elements, vitamins, etc.), as well as a good level 
of acceptance, buoyancy, leaching, etc. Another issue to be addressed would be 
that of developing appropriate enrichment protocols for Artemia that would make 
its composition to more closely match that of crustacean zoea or natural wild zoo-
plankton.

23.9.3  Zootechnical Improvements

Standardized methods should be established for the whole rearing process including 
the live prey period, weaning and settlement.

The settlement process needs to be further studied in order to better define re-
quirements for food, shelter and type of substrate through a better understanding of 
juvenile behaviour.

23.9.4  Water Quality, Microbiology and Pathology

Further investigations of the chronic toxicity of nitrite compounds and other me-
tabolites are strongly recommended in order to further improve water treatment 
systems. Gas supersaturation effects should be analysed in more detail. Specific 
pathogens and bacterial growth in the rearing systems should be also taken into 
account and identified. The effect of the application of probiotics in this context 
should also be evaluated in O� vulgaris paralarvae rearing.

23.9.5  Histology and Paralarvae Development

Studies of the anatomical changes of internal and external organs during the pro-
cess of paralarval rearing are essential in defining welfare and fitness issues. Other 
aspects related to paralarval morphology, physiology, immunology, growth and in-
ternal rhythms are required to more fully understand paralarvae quality.
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23.9.6  Welfare and Ethical Considerations

Although some recent reports have been published on this topic, research on ap-
propriate culture conditions, behaviour and stress responses should be carried out 
in the near future.
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Abstract This chapter covers the most important topics related to the common 
octopus Octopus vulgaris ongrowing from an experimental and commercial stand-
point, citing the most outstanding works of the last decade on the subject. It first 
describes the current situation and then lists the parameters that are most important 
in the rearing process, from the purely environmental (salinity, temperature, oxy-
gen, nitrogen compounds) to those related to the biology of the species studied 
such as growth rate and survival in relation to sex, initial body weight and stocking 
density. It also provides information on ongrowing performance depending on the 
type of food, natural or formulated and the degree of acceptance of this with respect 
to its texture. Finally, we present results of growth in tanks and sea cages and give 
recommendations on the transport of live octopus.

Keywords Octopus vulgaris · Ongrowing · Environmental parameters · Culture 
parameters · Diet

24.1  Introduction

The common octopus ( Octopus vulgaris) has aroused much interest in recent years 
as a species that might be considered suitable for large-scale production, given its 
commercial value (Vaz-Pires et al. 2004); its fecundity, each female producing 
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100,000–500,000 eggs (Mangold 1983; Iglesias et al. 2000); rapid growth, exceed-
ing 16–26 g day−1 (Mangold 1983; Aguado-Giménez and García García 2002); high 
protein content, representing 70–90 % of its body weight (BW) as dry matter (Lee 
1994); and high feed conversion factor, incorporating 30–60 % of ingested food into 
its own body mass (Mangold and Boletzky 1973; Mangold 1983; Aguado-Giménez 
and García García 2002).

In Spain, the country where most research is being carried out on rearing of O� 
vulgaris, interest arose primarily from the results obtained in studies of its culture in 
captivity by Villanueva (1995), Rama-Villar et al. (1997) and Iglesias et al. (2000). 
From 1996 onwards, a few private companies started the small-scale production 
of octopus, with varying results, which, however, were sufficiently promising to 
suggest the great potential of this species for commercial culture. At the same time, 
several research groups, some in conjunction with the above companies, began re-
search into octopus ongrowing in floating sea cages moored in areas with flat water 
conditions (inside harbours or estuaries; Rama-Villar et al. 1997; Luaces Canosa 
and Rey Méndez 1999; Tuñón et al. 2001, 2002; Chapela et al. 2006; Rodríguez 
et al. 2006; Oltra et al. 2005; Socorro et al. 2005; Iglesias et al 2007), in benthic 
cages (Estefanell et al. 2012a) and also in offshore conditions (García García et al. 
2009). The results suggested that there were several parameters that could optimise 
production and identified some factors of interest for developing these types of 
facilities.

Specific studies of feeding and nutrition of octopus (Cagnetta and Sublimi 
2000; García García and Aguado Giménez 2002; García García and Cerezo 
Valverde 2006; Domingues et al. 2009a; Prato et al. 2010), their physiology 
(Caruso et al. 2004; Cerezo Valverde and García García 2004, 2005; Katsanevakis 
et al. 2005; Petza et al. 2006; Sieiro et al. 2006; Mazón et al. 2007; García-Garrido 
et al. 2010a, b; García García et al. 2011; Morillo-Velarde et al. 2011) and the 
influence of a variety of factors on growth and survival (Aguado Giménez and 
García García 2002; Miliou et al. 2005; Domingues et al. 2010; Delgado et al. 
2011) have also been considered and these factors have contributed to the iden-
tification of the optimal conditions for the production of this species in intensive 
cultures.

24.2  Environmental Parameters

24.2.1  Salinity

In general, cephalopods are stenohaline species that live in a salinity range of 
27–38 psu (Boletzky and Hanlon 1983). In an ongrowing experiment conducted in 
sea cages in the Galician Rías, Chapela et al. (2006) recorded substantial mortality 
when salinity fell below 32 psu, as a result of run-off from the land following heavy 
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rainfall, whilst in tanks Delgado et al. (2011) found no significant differences in 
growth or survival in the salinity range of 29–34 psu.

24.2.2  Temperature

Aguado-Giménez and García García (2002) developed models of growth and 
feeding rates as a function of BW (0.18–3.50 kg), temperature (13–28 °C) and 
feed type (bogue Boops boops and crab Carcinus maenas) based on 236 observa-
tions made in tanks containing isolated animals. Maximum growth was obtained 
at 17.5 °C, falling as the temperature rose to reach negative values at 28 °C. The 
maximum feeding rate was obtained at 20 °C and as a consequence of these two 
findings, the maximum feed efficiency would be around 16.5 °C. Mortality rose 
sharply above 22 °C, so that the authors established that the optimal range for oc-
topus ongrowing is between 16 and 22 °C. Subsequently, Miliou et al. (2005), who 
obtained similar results, identified a significant interaction between weight and 
temperature, probably because they used smaller specimens than did the above 
authors. This interaction meant that the temperature at which maximum growth 
was achieved varied with the weight; this temperature for weights of 50–150 g 
was 25 °C.

24.2.3  Dissolved Oxygen

Cerezo Valverde and García García (2005) studied the octopus respiratory behav-
iour in relation to decreasing saturation level, measuring oxygen consumption and 
ventilation frequency for a wide range of BWs and temperatures, establishing three 
oxygen concentrations: optimal, suboptimal and dangerous. In the optimal range, 
neither oxygen consumption nor ventilation frequency varied, while in the subop-
timal range ventilation frequency was modified and in the dangerous range both 
parameters were modified. These ranges were temperature dependent: At 16 °C, the 
minimum saturation level in the optimal range was 55 %, while at 25 °C it was 85 %. 
The lethal oxygen concentration was found to be below 15 % and directly depen-
dent on both BW and temperature, varying from 3 % saturation (15 °C and 0.2 kg) 
to 9 % (27 °C and 2 kg).

24.2.4  Nitrogenated Compounds

Little attention has been paid to the effect of nitrogenated compounds (ammonia/
ammonium, nitrates and nitrites) in cephalopods so that the maximum levels 
assumed are those that have been established in a general way for fish (Tucker 1998). 
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However, results obtained by Gómez et al. (2005) point to a decrease of the am-
monia excretion rate above 1.2 mg total ammonia nitrogen (TAN) L−1at 19 °C, 
suggesting that higher values may be toxic.

24.3  Culture Parameters

24.3.1  Oxygen Consumption and Water Flow

The water flowing through a culture system (e.g. a tank) must ensure that the oxy-
gen supply is sufficient to cover the metabolic needs of the animals in question, 
but also maintains optimal levels of oxygen, which must never be a limiting factor 
for production. The water also must ensure the removal of nitrogen compounds, 
but the oxygen requirement is demanding a greater flow rate. That is why the oxy-
gen consumption models developed for the octopus (Cerezo Valverde and García 
García 2004) are necessary in order to estimate the flow water requirements in 
different situations (Fig. 24.1), but for calculation purposes we must also consider 
optimal ranges of dissolved oxygen in this species (Cerezo Valverde and García 
García 2005).

It is important to emphasise that a rise in temperature, at a constant salinity value, 
reduces oxygen solubility, so that each litre of water that enters the tank supplies 
less oxygen, and the oxygen levels at the inlet must be increased to maintain optimal 
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levels at the outlet. Consequently, the oxygen available per litre of water for culti-
vated octopus falls as the temperature increases, so that the flow must be increased. 
Figure 24.1 shows the flows, expressed as L h−1 and per kg of octopus, as a function 
of the mean weight of the latter and at different temperatures. As can be seen, and 
based on the above, the water flow must be increased dramatically as the tempera-
ture rises, especially at 21–24 °C.

24.3.2  Generation of Solid Wastes and Nitrogenated Products

In general, natural diets generate a large amount of wastes, and this is particularly true 
in the case of cephalopods. The common octopus uses 77 % of the bogue supplied, 
leaving as solid waste the head, spine and tail, while it uses 50 % of crab when given 
as food, leaving the carapace (Mazón et al. 2007). These authors also estimated that 
of the nitrogen intake, 33–37 % is incorporated into the body (growth), and 1–2 % is 
eliminated in particulate form (faeces) and 62–65 % in dissolved form (excretion). The 
latter is the most pernicious in land-based ongrowing systems, particularly recirculat-
ing water supply systems, since the nitrogenated products may become a limiting fac-
tor. In cephalopods, the major final product of protein catabolism is ammonium (Potts 
1965; Boucher-Rodoni and Mangold 1985), while urea represents a low percentage 
(Hoeger et al. 1987), which is rapidly hydrolyzed to ammonium and carbon diox-
ide. The absolute excretion rate of ammonium in octopus depends on the weight and 
amount of protein ingested and can be expressed by an equation (García García et al. 
2011), while, in relative terms (related with BW), it has a value of 84 mg TAN kg−1 
BW day−1 when the octopus is not fed and 265 mg TAN kg−1 BW day−1 when protein 
ingestion is 9 g day−1. The excretion rate as a function of quantity of food supplied 
when the level of protein is not limiting varies linearly as a function of BW from 10 to 
57 g TAN kg−1 feed dry matter day−1 when protein ingestion is 9 g day−1.

24.3.3  Transport

The need to use live cephalopods has led to the development of a variety of trans-
portation systems. Adult octopuses can tolerate quite extreme transport conditions, 
as long as the water temperature does not exceed 20 °C (Aguado-Giménez et al. 
2001) and the level of dissolved oxygen is suitable. In Galicia, fishermen transport 
octopus to the ongrowing cages in tubes wrapped in nets, thus avoiding aggressive 
behaviour among the animals. At the experimental level, simulating transport for 
24 h, Fuentes et al. (2005) obtained mortality rates of less than 5 % under extreme 
density and temperature conditions (165 kg m−3, 19.5 °C). Estefanell (2012) used 
500-L tanks and an oxygenation system to maintain the levels of dissolved oxygen 
at 10–12 mg L−1; in this way, they transported adult octopuses (1 kg) at a maximum 
density of 40 kg m−3 for 60–70 min.
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24.3.4  Octopus Ongrowing as a Function of Sex, 
Initial weight and Stocking Density

First commercial attempts to rear O� vulgaris used circulating water tanks and float-
ing cages in the late 1990s. These experiments were designed to determine the op-
timal rearing conditions to reach a commercial size (2.5–3.5 kg). It was found that 
males grow slightly more rapidly than females (Sánchez et al. 1998), although the 
final weights of both sexes in ongrowing cages did not differ if they were cultivated 
separately. Studies on growth, oxygen consumption and ammonia production carried 
out excluding the period of gonadal maturation in females showed no significant dif-
ferences between males and females (Aguado-Giménez and García García 2002; Cer-
ezo Valverde and García García 2004; García García et al. 2011). Moreover, the best 
performance in ongrowing trials was observed with no or low state of sexual matura-
tion in females (Estefanell et al. 2012b, 2013). Indeed, maturing of females during the 
rearing period has been a problem because from the moment egg laying occurs stop 
eating and grow. In this sense, Chapela et al. (2006) suggest separation of sexes prior 
to ongrowing process and prevent loss of commercial value. However, companies en-
gaged in floating sea cages rearing octopus, mixed male and female in the same cage 
for practical reasons.

Another important factor to take into account is the initial weight of octopuses, 
since in many markets animals weighing more than 2 kg reach a higher price. In-
deed, one of the advantages of cephalopods is the rate at which they grow: starting 
ongrowing with individuals of 330 g, they can reach market size (> 2 kg) in 4 months 
(Iglesias et al. 2000). However, in the current situation, the companies prefer to start 
ongrowing with octopuses of 1 kg because the survival and absolute growth are 
higher and lower rearing time is necessary, thus obtaining a higher profit.

For the ongrowing of both juveniles and adults, the initial stocking density in tanks 
and cages is of great importance since the growth rate is so high that the initial bio-
mass can triplicate in a few weeks, generating problems related to oxygen consump-
tion and detritus production and even the creation of hierarchies as a result of size 
variations. This leads to stress and may end in cases of cannibalism and autophagy. 
In experiments using juveniles cultivated at different initial densities (10 kg m−3 and 
20 kg m−3) in tanks, Iglesias et al. (2000) found no differences in growth between 
the groups after 56 days but found that survival was greater in the lower density 
group. Chapela et al. (2006) recommended using similar-sized octopuses in float-
ing cages (eight animals at 14 kg m−3). The same authors used food of low value or 
from by-catch, composed of fish, crustaceans and mussels. Under these conditions, 
juveniles weighing 700–1,000 g reached a weight of 3 kg in 3 or 4 months, and it 
was possible to have two or three ongrowing cycles per year, avoiding winter, when 
growth is poorer. Working with the same cages, Iglesias et al. (2007) also recorded 
higher weights in summer, while in experiments made in floating cages measuring 
4 × 3 x 1 m, Rodríguez et al. (2006) used octopuses at different concentrations and at 
different times of the year in northern Spain, finding the best results at initial concen-
trations of 10–12 kg m−3 and temperatures of 15–21 °C in spring–summer. Domingues 
et al. (2010) found no significant differences in growth to initial densities of 4, 8 and 
15 kg m−3 in tanks; nevertheless, mortality was significantly lower for the low density.
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24.4  Feeding

24.4.1  Ongrowing with Natural Diets

Both growth and food conversion rates vary widely as a function of the food sup-
plied. The best growth (18–20 g day−1; 1.8 % BW day−1) and survival rates were 
obtained using a diet composed entirely of crustaceans or when crustaceans made 
up an important part of mixed diets (Cagnetta and Sublimi 2000; Tuñón et al. 2001; 
Aguado Giménez and García García 2002; García García and Cerezo Valverde 
2004). García García and Cerezo Valverde (2006) obtained similar results with a 
diet based solely on crustaceans ( C� mediterraneus) and another one in which they 
were partially replaced by fish (2 days Boops boops and 1 day C� mediterraneus). 
This pattern was subsequently applied successfully to ongrowing in the open sea 
(García García et al. 2009). Similarly, the partial replacement of crustaceans by 
Diplodus vulgaris provided excellent results (Prato et al. 2010). Growth rates simi-
lar to those obtained using crustaceans, and even higher than those obtained with 
mixed diets including crustaceans, were obtained with diets based on B� boops with 
a medium–high lipid content (7–17 % lipids wet weight; Prato et al. 2010; Biando-
lino et al. 2010; Estefanell et al. 2011, 2012b). García García and Aguado-Giménez 
(2002) also tested the influence of the lipid content, obtaining better growth and 
conversion index in octopus fed B� boops (6 % lipids; 1.14 % BW day−1) than with 
Sardina pilchardus (20 % lipids; 0.84 % BW day−1). Petza et al. (2006) obtained 
poorer growth rates including in the smallest specimens (0.43–0.95 % BW day−1) 
the use of anchovy, Engralius encrasicolus. Other natural diets low in lipids (< 2 % 
lipids) such as squid ( Loligo gahi or Illex coindetii) or hake have also been seen to 
generate good growth (1.7–1.9 % BW day−1) and show good feed efficiency (Cag-
netta and Sublimi 2000; Domingues et al. 2009a). Poorer results were obtained 
with mussel (0.3–0.9 % BW day−1) and crayfish (1.1 % BW day−1), attributable in 
the first case to low acceptability (López et al. 2009; Prato et al. 2010) and in the 
second case to a poor conversion index (Domingues et al. 2009a). In general, diets 
based on fish or squid, or mixed diets have been notable for their high feed efficien-
cies (40–64 %) compared with monodiets of crustaceans (25–40 % in all studies). 
Estefanell et al. (2013) attributed the better feed efficiency of fish and its protein 
to the efficient use of lipids, while other studies have demonstrated the capacity of 
the octopus to mobilise its reserves of triglycerides in the digestive gland, involving 
up to 30 % of its total energy costs during starvation (García-Garrido et al. 2010b; 
Morillo-Velarde et al. 2012a).

24.4.2  Ongrowing with Formulated Diets

From the beginning of the 1990s until 2008, much effort in cephalopod culture was 
invested in preparing formulated diets, especially in cultures of Sepia officinalis and 
O� maya (Lee et al. 1991; Castro 1991; Castro et al. 1993; Castro and Lee 1994; 
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Domingues et al. 2005, 2007, 2008; Aguila et al. 2007; Rosas et al. 2007). All these 
works had one outcome in common: poor ingestion and growth rates, whether wet 
or formulated dry feeds were used, the results being markedly poorer than when nat-
ural diets were provided. Some of these results were attributed to poor palatability 
or, if the feeds were accepted, to their deficient nutritional content. The influence of 
certain chemical attractants on the acceptance or rejection of the feeds became evi-
dent (Lee et al. 1991; Domingues et al. 2007). It had previously been demonstrated 
that octopuses have a high chemoreceptor capacity towards many stimuli, including 
acids, sugars, crab extracts, amino acids and nucleotides (Wells 1963; Wells et al. 
1965; Boyle 1983; Chase and Wells 1986; Lee 1992). Studies on the biochemical 
composition of cephalopods (Lee 1994; Rosa et al. 2005; Sieiro et al. 2006), their 
digestive enzymes (Boucher-Rodoni 1982; Caruso et al. 2004), digestibility (O’Dor 
et al. 1984; Hernández and García García 2004; Mazón et al. 2007) and bioenergetic 
subjects (Katsanevakis et al. 2005; Petza et al. 2006; García García et al. 2011) 
demonstrated the predominant role of the protein metabolism and of amino acids, 
emphasising the importance that these would have in the design of diets.

Between 2007 and 2010, two separate but complementary research lines were 
encouraged by the Spanish National Plans for Aquaculture, JACUMAR (2007–
2009). One was dedicated to the study of acceptability and performance of different 
forms of feed and the other focused on a biochemical study of cephalopods, their 
natural diets and possible prime materials for formulating feeds. It was deduced 
that such feeds should be stable in water and with a firm and homogeneous (non-
granular) texture, and have a degree of flexibility so as not to disaggregate during 
manipulation, as in the case of fish feed. Also, the presence of chemical substances 
that might lead to rejection had to be avoided. As a result, feeds were developed in 
formats that were acceptable to the octopuses and produced good growth (0.7–1.5 % 
BW day−1; Cerezo Valverde et al. 2008; Quintana et al. 2008; Estefanell et al. 2013). 
All these feeds used a fish, crustacean or mollusc paste mixed with different binders 
(alginates or gelatines), which gave a moist feed (> 70 % water) with a texture that 
was suitable for manipulation and ingestion.

Gelatine was found to be more suitable than alginates for elaborating feeds 
because of its better digestibility and acceptability (Rosas et al. 2008; Seiça Neves 
et al. 2010; García-Garrido et al. 2010a), although alginate is more stable in water. 
Heating the mixtures gave them greater stability although it also led to a loss in nutri-
tive value (Cerezo Valverde et al. 2008; Domingues et al. 2009b). The biochemical 
studies carried out showed that phospholipids and polyunsaturated fatty acids (doc-
osahexaenoic acid (DHA) and eicosapentaneoic acid (EPA)) were the key nutrients 
(Navarro and Villanueva 2003; Estefanell et al. 2013; Cerezo Valverde et al. 2012a). 
Supplementation with arginine and the complementation of crustacean or bivalve 
protein with fish or animal meals were proposed as alternatives to increasing the 
protein yield (Cerezo Valverde et al. 2013).

Great advances have been made regarding knowledge of the nutritional require-
ments of cephalopods as a result of developing feed with a known nutritional com-
position. The incorporation of free amino acids, such as glutamate or arginine, had 
no effect on the feed rates but was associated with increased growth and protein 
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productive value (Cerezo Valverde et al. 2012b). The better feed efficiency of diets 
with a moderate lipid content (6–9 % wet weight) compared with low lipid diets 
(< 2 %) has been demonstrated (Estefanell et al. 2011; Cerezo Valverde et al. 2012b). 
Krill, fish and crab meals did not give good results as regards acceptability or growth 
(Estefanell et al. 2009; López et al. 2009; García-Garrido et al. 2010a). The tendency 
now is to work without fresh ingredients in favour of dry, preferably freeze-dried 
ones (Morillo-Velarde et al. 2012b, 2013) and to manufacture extruded feeds with a 
composition that differs from granulated fish feed (Querol et al. 2012a, b).

24.5  Culture Yield: Growth and Survival

The growth and survival results obtained in different ongrowing experiments in 
floating cages and tanks (Table 24.1) and their variability have been related, as 
mentioned above, with factors such as water temperature, culture density, size dis-
persion, the reproduction season and the type of feed supplied. However, erring on 
the conservative side, it can be concluded that under optimal culture conditions a 
production cycle in which the octopuses grow from 750 to 3,500 g can be carried 
out in 90–120 days with a survival rate of 80–90 %. This means that up to three 
production cycles per year are possible although this depends on the geographical 
position of the installations and, in particular, on the temperature. In the Mediter-
ranean, sea temperatures are very high for this species (exceeding 20–24 °C) so 
that production is only viable between mid-October and mid-June, as demonstrated 
experimentally (García García et al. 2009) in offshore cages (Fig. 24.2). In Galicia, 
on the other hand, it is the low temperatures of winter that limit culture, so that here, 
too, only two cycles are possible. In areas like the Canary Islands where the water 
temperature varies very little around 18–20 °C, three cycles are possible although 
this has not been demonstrated experimentally. Three cycles are also possible in 
tanks equipped with recirculation systems and temperature control.

24.6  Conclusions

There is enough information to establish in a general way and with certain degree of 
reliability optimum conditions for ongrowing process to O� vulgaris. Unfortunately, 
much of that information is available only for conference papers. Thus, specific and 
rigorous studies are still needed both for the influence of environmental parameters 
as to establish the optimum parameters of the culture in each geographical area and 
for different production systems (land tanks or sea cages: protected areas, offshore 
and benthic). Exhaustive studies on the biochemistry of cephalopods, their natu-
ral diets and different raw material have led to great advances in our understand-
ing of their nutritional requirements. With semi-humid formulated diets moderate 
growth rates have been achieved, similar to when a fish-based diet is supplied. 
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Noteworthy are the high rates of feed efficiency and digestibility of formulated diets, 
with food conversion rates close to 1, both dry and semi-moist feeds. Future re-
search should be aimed primarily at improving the formats to achieve better feeding 
rates. Obviously, the environmental impact from inedible portion of natural diets 
(carapaces from crustacean or spines, heads and tails from fish) for octopus rearing 
in sea cages would be reduced with the formulated feed developed to date.
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Abstract Robsonella fontaniana (d’Orbigny 1834) is a moderate-sized octopus 
that inhabits the subantarctic region of South America. This benthic resource has 
been considered as a potential species for aquaculture diversification, mainly 
focused on the Asian “baby octopus” market. Most of the information about this 
species comes from the natural populations in Argentina and Chile, and from its 
experimental rearing in Chile. This chapter describes the major advances achieved 
in reproductive biology, ontogenetic development and hatchery cultivation under 
laboratory conditions of R� fontaniana.

Keywords Reproductive conditioning · Baby octopus larviculture · Ontogenetic 
development · Robsonella fontaniana

25.1  Introduction

25.1.1  State of the Art

Robsonella fontaniana (d’Orbigny 1834) is a small-sized octopus found off the 
Chilean coast and southern Argentina. It can be distinguished from other sympatric 
octopus species by its dorsal white spot anterior to the head on fresh and live 
specimens (Ibáñez et al. 2008). This cold-water benthic species is distributed along 
almost the entire coastal tip of South America, from Peru to Cabo de Hornos in 
Chile (Pacific Ocean) and Puerto Madryn in Argentina (Atlantic Ocean). Main re-
productive aspects related to survival and feeding aspects of R� fontaniana paralar-
vae under controlled conditions have been reported in southern Chile (González 
et al. 2008; Uriarte et al. 2011a, b). Morphometric changes have been described 
for R� fontaniana embryos, paralarvae and juveniles up to 160 days after hatching 
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(DAH) under controlled conditions (Uriarte et al. 2009, 2010). Cannibalism among 
paralarvae siblings has recently shown a shift mainly by managing rearing density 
among other factors (Miranda et al. 2011). Ontogenic changes on the digestive sys-
tem of paralarvae have also been studied (Pereda et al. 2009).

R� fontaniana is not currently a fishery resource in South America (Ibáñez et al. 
2009). However, its potential for being exported to the Asian “baby octopus” market 
has been analyzed with interesting commercialization levels and prices (González 
et al. 2008).

Juvenile individuals of the Patagonian red octopus Enteroctopus megalocyathus 
have been captured jointly with adults of R� fontaniana for fisheries research, giv-
en that both are sympatric species along the Patagonian coastline of the Pacific 
Ocean, and also the fishermen do not necessarily discriminate between them. The 
abundance of paralarvae of this species could represent 85 % of octopus paralarvae 
sampled in the far south channels of southern Chile (43°S), ranging between 4 and 
164 paralarvae 1,000 m (Vega et al. 2000), so it may be more abundant than E� 
megalocyathus. Recent advances in the biology of R� fontaniana planktonic phase 
(González et al. 2008; Pereda et al. 2009; Uriarte et al. 2010, 2011b) have been 
well documented, with promising advances successfully reaching the benthic phase 
(Uriarte et al. 2010) for a possible artificial juvenile production. Because of the dif-
ficulty in developing the controlled culture of E� megalocyathus (see Chap. 19), R� 
fontaniana was considered as an alternative to develop the juvenile production of a 
merobenthic octopus species (Uriarte et al. 2008, 2011b).

25.1.2  Geographic Distribution

R� fontaniana is an endemic benthic resource from the subantarctic region of South 
America; it is distributed along the Pacific Ocean from Peru (6°S) to Tierra del 
Fuego (55°S) and along the Atlantic Ocean from the Gulf of Saint Matias (41°S) to 
the South. It bathymetric distribution is from coastal zone and up to 225 m, mainly 
over hard substrates and in caves (Ibáñez et al. 2008; Ortiz and Ré 2011).

25.1.3  Catching Methods

Based on field and experimental evidence, Ibáñez et al. (2009) suggested that R� 
fontaniana has a selective hunting behaviour and a specialized diet with a narrow 
trophic niche breadth, showing a high preference for crustaceans as food items 
when compared with their null preference for molluscs. This characteristic allows 
for baits to be chosen to capture them effectively without the use of hooks, the 
most common method among intertidal shellfish gatherers. R� fontaniana is caught 
along with Octopus tehuelchus (similar in size) in the Atlantic zone of Argentina 
(Ré 1998). Among the techniques used to catch baby octopuses in the Argentine 
fishing areas, the most prominent are subtidal traps with and without bait, and the 
intertidal harvesting with hooks or by hand (Narvarte et al. 1996; Ré 1998).
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25.1.4  Morphological Characteristics

Ibáñez et al. (2008) provide a description of the moderate-sized octopus. It can be 
distinguished from other sympatric octopus species by a dorsal white spot anterior 
to the head on fresh and live specimens. The same author reports maximum sizes 
of 273 mm total length for males and 209 mm for females, dorsal mantle length 
(ML) reaching up to 69 mm in females and 68.8 mm in males, with arms length 
accounting for about 70 % of the total length (Fig. 25.1). It has a saccular mantle, 
bumpy skin with intraocular papilla, arms with two sets of suckers, third arm hec-
tocotylized in males, enlarged suckers in males, siphon organ in a W shape, ink sac 
present, radula with seven teeth by transversal row, marginal plaques present. The 
hectocotylus has 47–60 suckers, a small ligula and seven copulatory lamellae.

25.1.5  Reproductive Cycle

A total of 21 different clutches of eggs under the care of females were obtained from 
natural subtidal refuges between November 2007 and November 2008 by Uriarte 
et al. (2009). The length of the embryonic development period calculated accord-
ing to Uriarte et al. (2009) indicated that the onset of egg laying had taken place in 
September 2007, October 2007, January 2008 and April 2008, suggesting that in the 

Fig. 25.1  Robsonella fontaniana. Female octopus with spontaneous clutches observed at Hatch-
ery of Marine Invertebrates of the Universidad Austral de Chile (HIM-UACh). The measuring 
slide indicates 1 cm. 
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Xth Region, southern Chile (41º52’S, 73º51’W), the spawning starts in spring and 
ends in autumn, in accordance with González et al. (2008) who observed individu-
als spawning under controlled conditions between October and March. There is not 
much information in the literature about the reproductive cycle of the species, but 
Ortiz and Ré (2011) reported egg batches in April 2005, June 2005 and April 2007 
in the coastal waters of the San Jose Gulf (42º15’S, 66º14’W). Although knowledge 
on the reproductive biology of R� fontaniana is limited, laboratory studies show that 
this species can easily spawn up to 2,500 eggs (Rocha et al. 2001; Briceño-Jacques 
2004; González et al. 2008).

25.2  Larviculture Advances and Production 
of Juvenile Octopus

25.2.1  Broodstock Conditioning

Until now, broodstock conditioning has not been documented for this species. 
Therefore, eggs must be collected from the wild in order to study the ontogenetic 
development of embryos as well as the incubation of eggs under controlled condi-
tions. Besides, spontaneous egg laying of this species has been documented un-
der laboratory conditions (Uriarte et al. 2011b). Females can show a fecundity of 
1,798 ± 823 eggs per female (González et al. 2008) and the eggs are not placed 
within dens but over the surface of rocks. After egg laying, R� fontaniana females 
attend to the eggs throughout the embryonic development. This may produce dif-
ferences in dietary habits between the sexes (Ibáñez et al. 2008) and determine the 
beginning of the senescence period of the females, finishing in death.

25.2.2  Egg Incubation

The embryonic development of R� fontaniana takes between 39 and 103 days 
(González et al. 2008) but this depends on the incubation temperature because 74 
days have been reported at 12 °C by Uriarte et al. (2009), while 39 days at 14 °C and 
91 days at 8 °C, with a high range between embryos within the same batch, were 
reported by Ortiz and Ré (2011). This period also shows a slower development rate 
when compared to tropical species of the Octopus genus, probably because of the 
temperature, but still it is faster than the development rate of cold-water species E� 
megalocyathus, probably due to the smaller size of moderate-sized octopus eggs 
when compared to those of the Patagonian red octopus observed at the Hatchery of 
Marine Invertebrate of Universidad Austral de Chile (HIM-UACh).

The size of the eggs ranges between 3.9 and 5.2 mm which is lower than 10 % 
of the ML; therefore, its development corresponds to a merobenthic octopus with 
a paralarval stage. The growth rate of embryo length is exponential, reaching an 
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average of 0.35 ± 0.11 % day at 12 °C. The embryo is conspicuous at day 22 at 12 °C 
(Uriarte et al. 2009), when reaching stage IX (according to Naef 1928). At the end 
of the embryonic period, paralarvae ML is 4.4 ± 0.1 mm, with an arm length (AL)/
ML ratio of 0.61 ± 0.01 (Uriarte et al. 2010).

25.2.3  Paralarvae Culture

When the paralarvae of R� fontaniana hatch, they have a total length of 3.4–6.0 mm 
(González et al. 2008; Uriarte et al. 2010; Ortiz and Ré 2011). According to Ortiz 
and Ré (2011), the chromatophore pattern, in terms of shape and distribution of 
paralarvae of this species, allows its easy distinction from other octopods from the 
Patagonian Atlantic and the Patagonian Pacific. Carrasco et al. (2012) differentiated 
paralarvae of both E� megalocyathus and R� fontaniana in oceanographic zooplank-
ton samples collected in the Chilean Fjord region (41–43°S).

Uriarte et al. (2010) demonstrated that the total length of the paralarvae of R� 
fontaniana increases exponentially from hatching to benthic settlement. The AL and 
eye diameter increase proportionally to the total length of the paralarvae, while the 
mantle increases logarithmically. According to these authors, this demonstrates an 
important increase of the paralarvae predatory abilities throughout their ontogenetic 
development. Fasting affects the morphometry of the paralarvae, noting that starved 
paralarvae had reduced AL and AL/ML ratio (Espinoza 2009). In paralarvae sub-
jected to prolonged fasting at HIM-UACh, the digestive gland suffered a detectable 
atrophy from fasting over 8 days (Fig. 25.2), reaching only 1/3 of its size during 
fasting periods of 13 days.

Fig. 25.2  Robsonella fontaniana. Variation in the size of the digestive gland in paralarvae sub-
jected to feed or fasting. (Data published with permission of Espinoza V, Viana MT, Rosas C, 
Uriarte I and Farías A)
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The study of enzyme activity in the digestive system of the paralarvae shows that 
until 10 DAH at 12 °C, the paralarvae show less enzyme activity of trypsin and chy-
motrypsin, independent of the diet. After this age, when they are fed with Artemia or 
maintained in a fasting state (without food) the paralarvae present little trypsin and 
chymotrypsin activity, while the enzymes are significantly activated in paralarvae 
when they feed on zoea of king crab, Lithodes santolla (Pereda et al. 2009).

Even though the zoea of king crab is a diet that allows a normal development 
throughout the paralarval life until benthic settlement, the paralarvae show a high 
level of mortality during the first 15 DAH with an absence of growth. The exponen-
tial growth of paralarvae starts only after 22 DAH. Consequently, this early period 
is characterized by a high level of mortality and zero growth could be related with 
two phenomena: (1) the arms do not reach enough length to manipulate the zoeae of 
king crab according to Uriarte et al. (2010) and (2) the digestive system is immature 
according to Pereda et al. (2009). Therefore, only paralarvae with enough energy 
reserve to manage surviving the first 2 or 3 weeks post hatching could capture the 
zoeae and survive.

The complete development of R� fontaniana is documented for paralarvae fed 
with L� santolla (Uriarte et al. 2010), but the paralarvae fed only with Artemia at 
12 °C survived but did not grow during 70 days of culture (Uriarte et al. 2011a).

Amphipod prey was not consumed by the paralarvae, and the consumption of 
zoea of Pagurus sp� and Petrolisthes laevigatus did not allow the growth and surviv-
al of R� fontaniana. This was due to the zoeae behaviour and the lower organic con-
tent in these species in comparison to the king crab zoeae (Uriarte et al. 2011a, b).

Furthermore, R� fontaniana paralarvae presented a high mortality due to can-
nibalism. According to Miranda et al. (2011), this behaviour increases significantly 
along with paralarvae cultivation density. This prevents cultivation of this species 
at densities higher than 4 paralarvae L−1. Below this density no cannibalism is ob-
served, even though the paralarvae remain in fasting. According to the authors, can-
nibalism causes between 12.5 and 65.6 % mortality when cultivation has a density 
between 8 and 56 paralarvae L−1, respectively.

The tendency of a linear growth of AL and eye diameter with regard to the total 
length is maintained after finishing the paralarval period and throughout the early 
juvenile period.

The juvenile growth rate reached only 3.19 % day−1 in R� fontaniana during 90 days 
after settlement; this value was lower than the specific growth rate observed during 
the previous paralarval stage that reached a value of 4.43 % day−1 (Uriarte et al. 2010). 
Settlement and transition to juvenile stage mark the beginning of the consumption of 
benthic preys such as small crabs from the Petrolisthes genus (Uriarte et al. 2010).

At the HIM-UACh, females with egg laying in the subtidal zone are caught and 
transported to the laboratory. They are kept in a recirculating system at 11 ± 1 °C 
until paralarvae hatching. Once they hatch, paralarvae are cultured in 3 L cylindrical 
tanks with mild and constant aeration, and total replacement of seawater filtered to 
1 µm and UV sterilized every 24 h. The cultures are performed at 11 ± 1°C. Culture 
density is 5 paralarvae L−1, ruling out daily mortality. The supplied food is zoeae 
of king crab ( L� santolla) and Artemia nauplii, at a density of 1–2 prey paralarva−1 
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day−1. They are moved to rectangular 15 L tanks with PVC dens once they show 
signs of settlement behaviour.

25.3  Ongrowing

Studies on natural food preferences of R� fontaniana carried out using collected 
samples in Concepcion, Chile (36°44’S, 73°10’W), showed that Brachyuran crabs 
are the most common part of their diet. Gastropods are not consumed, and they 
prefer highly mobile shellfish. These findings indicate that this species displays a 
hunter behaviour and has a narrow trophic niche (Ibáñez et al. 2009).

Recent studies concerning the defence of R� fontaniana against predators show 
that they have two main strategies: The first is to reduce the probabilities of being 
detected by a predator such as Schroederichthys chilensis (pintarroja) by using cam-
ouflage, while the second focuses on avoiding being captured by increasing their 
inactivity period as a defence mechanism (Ruíz et al. 2012).

There are no cases of grow-out neither in tanks nor in cages reported for this 
species; therefore, appropriate growth rate during grow-out of juvenile is not docu-
mented.

25.4  Trends in Research and Industrial Level

This species of baby octopus is distributed along the Chilean Pacific Coast and 
part of the Argentinian Atlantic Coast. It covers a wide range of temperatures and 
salinity levels. Its commercial value as a “baby octopus” is recently being explored 
in Chile, which means that its catches are not significant yet, although they are in 
Argentina.

Considering its wide geographical distribution, its reproduction potential should 
be studied throughout its distribution, both to establish population differences in the 
reproductive, paralarval and juvenile characteristics and to select those populations 
that best support controlled rearing conditions with productive purposes.

Studies on the composition of toxic (Hg, Pb and Cd) and essential elements 
(Cu, Zn, Co, Ni, Cr, Mn, Fe, Mg, Ca, K, Na and Se) found in seafood, including com-
mon Mediterranean and Philippines octopus (1–4 kg) and baby octopus from Thai-
land, have shown high levels of Cd in baby octopus, as all of its parts are consumed 
including viscera, while those common octopuses with arms as their only edible part 
show very low Cd levels (Kwoczek et al. 2006). With regard to essential elements, 
baby octopus show high amounts of Se and Mg (Kwoczek et al. 2006) similar to 
other seafood. Studies looking to avoid the presence of toxic elements as well as to 
characterise the functional nutrients are very important to position baby octopus such 
as R� fontaniana in global markets as healthy and safe foods. A major positioning will 
promote research for the aquaculture production of this resource.

25 Robsonella fontaniana
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25.5  Conclusions

Future tendencies are determined by the market but the results of controlled 
cultivation indicate that juvenile production is possible, and at 12 °C, it takes 70 
days of egg incubation, 70 days of paralarval cultivation and a further 90 days to 
obtain juveniles of approximately 2 g, starting from eggs collected from the subtidal 
zone. However, there are no studies reporting growth rate of juveniles in grow-out 
until the harvest size of the octopus. Based on the specific growth rate of early 
juveniles documented by Uriarte et al. (2010), the specimens could reach a weight 
of 50 g in 260 days. Therefore, the period of total production could reach up to 14 
months considering the collection of eggs from the wild as the beginning of the 
productive cycle.
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Abstract This chapter presents an overall perspective on the current status of 
cephalopod culture, its bottlenecks and future challenges. It focuses on the species 
that have received more research effort and consequently accumulated more sci-
entific literature during the present century, namely Sepia officinalis, Sepioteuthis 
lessoniana, Octopus maya and Octopus vulgaris. Knowledge regarding physiology, 
metabolism and nutrition of different species is still lacking. Two main challenges 
are identified: the development of a sustainable artificial diet and the control of 
reproduction. Understanding cephalopod physiology and nutrition will probably be 
the biggest challenge in developing the large-scale culture of this group of molluscs 
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on a medium to long term. In addition, zootechnical parameters need future research 
and improvement. The performance of an ethical experimentation with cephalopods 
is strongly encouraged and any zootechnical development should be performed and 
adapted accordingly. The potential of cephalopod culture extends far beyond its use 
for research and human consumption and probably it will be translated in a remark-
able production in the coming years.

Keywords Artificial feed development · Sustainable aquaculture · Cephalopod 
culture bottlenecks · Control of reproduction · Embryo · Hatchling · Paralarvae · 
Juvenile · Subadult and adult life phases · Metabolism and nutrition

26.1  Introduction

The study of live cephalopods under controlled laboratory conditions has provided 
considerable scientific information to understand their life cycles, otherwise dif-
ficult to obtain. This experimental approach has facilitated their use as species 
models in neurobiology and behaviour and also provided the basis for the pilot 
commercial culture of some species. The chapters of this book show the state of 
the art of key aspects related to cephalopod culture and the recent advances on the 
culture of the main species studied in different laboratories around the world during 
the present century. From the beginning of cephalopod culture (see Chap. 4), new 
species have been added to the list of cephalopods maintained, reared or cultured in 
captivity. The experimental and pilot culture of a number of cephalopod species has 
been explored for different research purposes and with different degrees of success. 
Researchers from all over the world have contributed to the extended knowledge 
that is summarized in this book, which includes information on existing culture 
technology for nautiluses, six sepioid species ( Sepia officinalis, Sepia pharaonis, 
Sepiella inermis, Sepiella japonica, Euprymna hyllebergi and Euprymna tasman-
ica), three squid species ( Loligo vulgaris, Doryteuthis opalescens and Sepioteu-
this lessoniana) and seven octopus species ( Amphioctopus aegina, Enteroctopus 
megalocyathus, Octopus maya, Octopus mimus, Octopus minor, Octopus vulgaris 
and Robsonella fontaniana). This list contains species from all the oceans, with the 
exception of polar areas.

However, only the culture of few species seems to persist through time, being 
used as target species by research laboratories in different countries that have man-
aged to accumulate considerable scientific knowledge; they are S� officinalis, S� les-
soniana, O� maya and O� vulgaris. These species have attained the status of cephalo-
pod culture models and are used not only as the preferential cephalopod aquaculture 
candidates but also as the most common cephalopod model organism in other fields 
of research, such as neurobiology. The advances in culture technology obtained 
through these species have been partially shared among them and employed to other 
subtropical and tropical cuttlefish, squid and octopus, which are distributed mainly 
in littoral waters (with the exception of the nautiluses). The reasons why these cul-
ture cephalopod models have been selected to receive more attention from research-
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ers around the world probably helped us to define the present status of cephalopod 
culture and to identify the main bottlenecks that need further research. These four 
species have a biochemical profile common to most coastal cephalopods: They are 
very rich in protein and essential amino acids but have low carbohydrate and lipid 
content. Overall, this composition is translated to the status of delicacy in certain 
regions of the world, where its consumption is part of a well-balanced diet and of 
cultural habits. This is particularly true in countries of the Mediterranean basin, 
Gulf of Mexico and Asia, where these four species attain high commercial interest 
with market channels historically well established from the fishery industry.

 From a biological point of view, it makes more sense to culture these four ceph-
alopod species because they display fast growth, high survival rates under high 
stocking densities and food conversion rates similar or higher to those of most cul-
tured finfishes. All of which is translated in obtaining a marketable size and high 
biomass in just a few months or less than a year, depending on the size preference 
of a given market. All of these species mate and spawn in captivity and lay eggs that 
will hatch as large hatchlings, with the exception of O� vulgaris. Eggs and adults 
are resistant to handling and able to endure shipping to other facilities if properly 
packaged. These are just some of the general qualities that make them excellent 
candidates as experimental laboratory animals as well for commercial culture.

 Experiments and pilot cultures of these species have identified their main quali-
ties and the problems to solve before the development of their aquaculture (see 
Chaps. 11, 17, 20, 23 and 24 for details). At this point, it should be noted that cepha-
lopod culture is still in its infancy in comparison with finfish culture. For that rea-
son, nearly all zootechnical aspects still need improvement and research. However, 
the main identified areas that need urgent research in cephalopod culture are related 
to the development of sustainable artificial foods and to the control of reproduction. 
These main bottlenecks are discussed in the following.

26.2  Future Challenges in Cephalopod Culture

26.2.1  Development of a Sustainable Artificial Diet

Understanding cephalopod physiology and nutrition probably is the main challenge 
in developing large-scale culture for this group of molluscs to medium or long term. 
Species such as S� officinalis, S� lessoniana and O� maya are already being cultured 
for the complete life cycle on consecutive bred generations, and commercial on-
growing for O� vulgaris subadults has been developed. However, all of them still 
depend on the use of live or frozen natural food, signalling the development of a 
sustainable artificial diet as the main step to solve in the near future. Formulated 
feeds are needed for hatchlings, juveniles and adults, as animals at these life phases 
will surely have different nutritional requirements. Cephalopods are carnivorous 
and, unfortunately, protein is expensive from both an economical and a sustain-
able point of view. Likewise, as most marine carnivores, coastal cephalopods have 
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 particular lipid requirements with relatively high content in phospholipids and 
polyunsaturated fatty acids. In consequence, cephalopods can be clustered with the 
carnivorous marine finfish species cultured worldwide, which use marine raw ma-
terials, such as fishmeal, fish oil and other fishery products for formulated feeds. 
Fishmeal includes marine species of high trophic levels on its formulation that are 
partially obtained from extractive fisheries, therefore contravening the primary goal 
of a sustainable aquaculture, i.e. reducing human pressure on the wild resources and 
the environment. Cephalopods are poikilothermic and display many physiological 
adaptations that are homologous to vertebrates (Lee 1994). They are fast growers 
and mainly composed of protein, with low lipid and carbohydrate content. In ad-
dition to protein and lipids, recent studies showed that carbohydrate, mainly me-
tabolised from glycogen, can contribute up to 10 % of the daily energy costs in O� 
vulgaris during starvation (Morillo-Velarde et al. 2011), indicating that the role of 
carbohydrates as glycogen and its relationship with protein content in artificial diets 
should be strengthened in future research.

The future of carnivorous fish and cephalopod farming probably will rely on 
feeding them mostly with local discard fish and vegetal raw materials with high-
quality protein, a goal that has not been yet reached, although considerable research 
is being conducted on this aspect for carnivorous fishes (see among others: Ceule-
mans et al. 2003; Hansen et al. 2007; Benedito-Palos et al. 2008; Díaz-López et al. 
2009; Dias et al. 2010; Enes et al. 2010; Pratoomyot et al. 2010). Although, at 
present, there are evidences that demonstrate that the vegetable meal produces the 
worst amino acid balance for O� vulgaris (Cerezo-Valverde et al. 2013), the use of 
those ingredients in diets for cephalopods should be investigated in order to make 
a sustainable culture. Multidisciplinary approaches and the ability to integrate a 
full range of skills, seldom found in a single group of researchers, may be able 
to provide solutions to obtain sustainable artificial feeds for cephalopods. These 
feeds need to be visually attractive and have suitable palatability and texture to be 
well handled, accepted and ingested, as well as appropriate digestibility to be well 
absorbed and metabolised to fit nutritional requirements. This goal will be particu-
larly difficult to achieve for the paralarvae and for juveniles of some species. The 
feeding of the early stages of cephalopods has been historically one of the main 
bottlenecks in the development of their culture technology. Due to species-specific 
biological characteristics, this problem has been partially solved in S� officinalis, S� 
lessoniana and O� maya, which have large hatchlings directly called juveniles. For 
benthic hatchlings of O� maya, a semi-humid squid paste bound with gelatin has 
recently been developed and can be used as the main food, opening a promising 
standpoint for other species (Rosas et al. 2008, 2013). In S� officinalis, hatchlings 
were early fed on frozen food leading to the perspective of acceptance of a prepared 
food from the first day (Sykes et al. 2013). The well-developed nervous system, 
responsible for the sensory world of cephalopods and their learning capabilities, 
may be a valuable tool in training these animals to feed on suitable artificial feeds. 
Recent studies have shown the ability for embryonic learning in the cuttlefish S� 
officinalis (Darmaillacq et al. 2008), a characteristic that may be used in the future 
for the juvenile rearing by conditioning hatchling prey preferences, an unexplored 
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field of research in cephalopod culture. In addition, greater effort is being made to 
understand the digestive capability of cephalopods, and recent results in octopuses 
may be able to clarify the assimilation process and the feeding requirements during 
the juvenile phase (see Chaps. 5 and 20). The acidic environment and the presence 
of cathepsins (enzyme of the lineage of pepsin) in the gastric juice of O� maya ju-
veniles have shown that artificial food for octopus, and possibly for cephalopods 
in general, should have characteristics very different from those used to feed other 
aquatic organisms (Martínez et al. 2011).

On the other hand, in species displaying a small-sized paralarvae after hatching 
and being planktonic during this life stage, the delicate first feeding period repre-
sents a major source of mortality, where the suitability of food is suspected to be 
the main factor influencing the poor survival such as for O� vulgaris (Iglesias et al. 
2007; Villanueva and Norman 2008). In these cases, to go beyond the experimental 
rearing that relies on natural prey, as decapod crustacean zoeae (Villanueva 1994), a 
suitable enriched Artemia protocol is needed to feed the planktonic paralarvae, and 
recent studies have provided encouraging results to this respect (Guinot et al. 2013, 
Chap. 23). Although nutritional approaches will play an important role in improving 
rearing conditions, future efforts also should focus on improving feeding rates of 
paralarvae and thus their survival and growth. The mechanisms by which paralarvae 
select their prey and that determine prey-capture success remain as an area of much 
needed research.

26.2.2  The Control of Reproduction

After nutrition, the second main bottleneck in cephalopod culture probably is the 
control of reproduction. Although most cultured species reproduce in captivity and 
eggs are obtained during the spawning season, overall control over reproduction is 
lacking. Cephalopods are semelparous and individuals of all coastal species tested 
for culture die after spawning; thus, the broodstock must be renewed every culture 
cycle. Further investigation to describe methods and establish protocols for accel-
erating and retarding the collection of egg masses is needed. Until now, cephalopod 
egg masses are obtained by: (a) spontaneous spawning of broodstocks, (b) eggs 
collected from the field and (c) in vitro fertilization. As coastal cephalopods spawn 
at the end of their life cycle, experienced workers can tentatively expect the col-
lection of egg masses in laboratory according to the existing knowledge of a given 
species life cycle for a particular geographical location. This includes information 
on the spawning season, behaviour and external body characteristics. However, this 
method is relatively basic and sometimes subjected to high individual variation. 
Studies that allow the ability to control sexual maturation and spawning entirely 
are necessary to accurately obtain egg masses according to the planned culture de-
sign. Knowledge of the influence of natural variables on sexual maturation and 
spawning should be clearly defined. The effect of light intensity and photoperiod 
on sexual maturity has been studied in few species (Richard 1971; Zúñiga et al. 
1995) and need further research. Despite the functional neuroendocrine analogy 
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with vertebrates (Legall and Feral 1985), no induction or hormonal methods have 
been used to obtain cephalopod maturation, and the role of olfaction and chemical 
messaging and its effect on sexual behaviour have started to be recently understood. 
The reproductive behaviour of S� officinalis and its relation to chemical cues have 
been described (Boal and Marsh 1998; Boal and Golden 1999; Boal et al. 2010). In 
addition, sex pheromones expressed from precursors in the oviducal gland during 
egg laying have been identified, and induce hyperventilation as well as stimulate 
mating (Enault et al. 2012). Despite the identification of these substances, stud-
ies that combine their effects at reproductive and behavioural levels in cultured 
cephalopods are still needed. Research should also be focused on closing the life 
cycle under controlled conditions, which will allow obtaining a sufficient number 
of progenitors to avoid deleterious effects on the natural populations, renewing the 
broodstock. Some experimental studies used broodstocks to obtain animals for the 
multiple generations as for S� lessoniana (Lee et al. 1994; Walsh et al. 2002) and 
S� officinalis (Forsythe et al. 1994; Sykes et al. 2006). Such closed-cycle practice 
with captive breeders may have led to reproductive isolation from wild populations, 
resulting in a loss of genetic variability due to the low effective breeding popula-
tion size and inbreeding. This eventual inbreeding in consecutive generations needs 
to be addressed by determining the effective number of breeders contributing for 
reproduction by using behavioural analysis and paternity studies, and quantifying 
the loss of genetic variation in consecutive cultured generations at given culture 
conditions.

 Reproduction in captivity needs interdisciplinary studies, integrating theoreti-
cal with experimental methods to understand the magnitude of different factors. 
Studies should consider zootechnical factors (tank type, light type and intensity, 
quantity and quality of food) as well as the chronobiology, sex ratios, inbreeding 
increase, maternal effects and male contribution to offspring production, systematic 
line crossing for the reduction of the rate of inbreeding accumulation, chemical 
communication, mating behaviour and manipulation of reproduction using phero-
mones. Controlled production of sufficient quantities of quality offsprings remains 
a major constraint for development of cephalopod culture. In fact, the viability of 
eggs and hatchlings will, to a large extent, depend on the environmental influences 
during egg development. Nonetheless, little progress has been made in elucidat-
ing the connections between the influence of environmental factors and how they 
should be manipulated during embryonic development for the production of high-
quality and competent hatchlings for rearing. How air bubbles in oversaturated air 
water affect the viability of O� vulgaris paralarvae may be an example of this (see 
Chap. 23). In this respect, improvements of broodstock conditioning and determina-
tion of maternal effects and their impact on hatchling quality should, therefore, be 
categorized as a high-priority research topic.

In addition to nutrition and reproduction, additional fields of research and zoo-
technical techniques need future studies and improvement. Cephalopods have deli-
cate skin and the available knowledge on infections and general pathologies is still 
very scarce and needs further research (see Chap. 6). In some countries, cephalo-
pods are under the scope of animal welfare legislation. In any case, the performance 
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of an ethical experimentation with cephalopods is strongly encouraged and any zoo-
technical development should be performed and adapted according to the adherence 
to the 3Rs principles: replacement, refinement and reduction (Mather and Anderson 
2007; Moltschaniwskyj et al. 2007; Andrews et al. 2013, Chap. 6). Zootechniques 
are in constant improvement and should be adapted to each species and areas. For 
example, in developing countries located in tropical zones with relatively high tem-
peratures (associated with fast growth in some cephalopod species), the open sea-
water system, as the floating net cages or earthen ponds used for S� lessoniana and 
S� inermis (Nabhitabhata et al. 2005, Chaps. 13 and 17), seems more appropriate 
because of the low cost for construction and maintenance.

Finally, cephalopod culture is completely justified since cephalopods are used 
as biological models in neuroscience (Williamson and Chrachri 2004; Sio 2011), 
behaviour (Wells 1978; Hanlon and Messenger 1996; Tricarico et al. 2011; Gherardi 
et al. 2012), evolution (Budelmann 1995; Strugnell et al. 2011) and climate change 
(Pörtner and Farrell 2008; Gutowska et al. 2010; Uriarte et al. 2012; Dorey et al. 
2013; Noyola et al. 2013; Zúñiga et al. 2013). They have been recently introduced 
as models for mechatronics (Laschi et al. 2012), biological adhesive systems (Byern 
and Klepal 2006; Cyran et al. 2010) and tissue regeneration (Feral 1978, 1979, 
1988; Rohrbach and Schmidtberg 2006).

Moreover, some cephalopods are among a short number of species with aquacul-
ture production potential where nearly the whole animal may be used or recycled 
(see Chap. 8). For instance, after making use of the muscle as human food, cepha-
lopod by-products may be used for feeds and natural products, such as viscera for 
the fish-feed industry (Le Bihan et al. 2006, 2007); the cuttlebone (made of calcium 
carbonate—99 % aragonite) has application for medicinal and pharmacological in-
dustry (Rocha et al. 2005; Kannan et al. 2007; Cadman et al. 2012; Kim et al. 2012); 
and ink can be used for human food industry (sepia spaghetti). In addition, second-
ary metabolites from cephalopods, particularly from their ink, have showed their 
properties as promoters of immune function in vertebrates (Sundaram 2009; Liu 
et al. 2011), as well as antibacterial (Mochizuki 1979; Benkendorff 2010; Nithya 
et al. 2011; Gomathi et al. 2010; Mohanraju et al. 2013), antimutagenic (Liu et al. 
2008) and antitumoral activity (Chen et al. 2010; Senan et al. 2013), with potential 
use in biomedicine.

Cephalopods are also among some of the most charismatic marine animals that 
seduce the general public in aquaria and their culture will play an important role 
in providing animals already adapted to captive conditions. So, their production 
potential should probably expand beyond their use as human food. Hence, there 
is an overall recognition of the potential of cephalopods that need to be translated 
into actual production in the coming years, as a way of promoting diversification of 
culture outputs in a sustainable and economical form.
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