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Nacional Autó noma de Mé xico, Yucatán, Mexico 

Maria E. Chimal 
Unidad Multidisciplinaria de Docencia e Investigació n, Facultad de Ciencias, Universidad 
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Université de Caen Basse-Normandie, Institut de Biologie Fondamentale et Appliquée 

Department, UMR BOREA: Biologie des ORganismes et des Ecosystèmes Aquatiques, 
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Nacional Autó noma de México, Yucatán, Mexico 

Katina Roumbedakis 
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Paco Cárdenas, Thierry Pérez and Nicole Boury-Esnault. Sponge System­

atics Facing New Challenges. pp. 79–210. 
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A. Pomponi, Dirk E. Martens and René H. Wijffels. Cultivation of Spon­
ges, Sponge Cells and Symbionts: Achievements and Future Prospects. 
pp. 273–338. 

Volume 63, 2012. 
Michael Stat, Andrew C. Baker, David G. Bourne, Adrienne M. S. Correa, 
Zac Forsman, Megan J. Huggett, Xavier Pochon, Derek Skillings, Robert 
J. Toonen, Madeleine J. H. van Oppen, and Ruth D. Gates. Molecular 
Delineation of Species in the Coral Holobiont. pp. 1–66. 

Daniel Wagner, Daniel G. Luck, and Robert J. Toonen. The Biology 
and Ecology of Black Corals (Cnidaria: Anthozoa: Hexacorallia: 
Antipatharia). pp. 67–132. 

Cathy H. Lucas, William M. Graham, and Chad Widmer. Jellyfish Life 
Histories: Role of Polyps in Forming and Maintaining Scyphomedusa 
Populations. pp. 133–196. 

T. Aran Mooney, Maya Yamato, and Brian K. Branstetter. Hearing in Ceta­
ceans: From Natural History to Experimental Biology. pp. 197–246. 

Volume 64, 2013. 
Dale Tshudy. Systematics and Position of Nephrops Among the Lobsters. 
pp. 1–26. 

Mark P. Johnson, Colm Lordan, and Anne Marie Power. Habitat and Ecol­
ogy of Nephrops norvegicus. pp. 27–64. 

Emi Katoh, Valerio Sbragaglia, Jacopo Aguzzi, and Thomas Breithaupt. 
Sensory Biology and Behaviour of Nephrops norvegicus. pp. 65–106. 

Edward Gaten, Steve Moss, and Magnus L. Johnson. The Reniform 
Reflecting Superposition Compound Eyes of Nephrops norvegicus: Optics, 
Susceptibility to Light-Induced Damage, Electrophysiology and a Ray 
Tracing Model. pp. 107–148. 



xxi Series Contents for Last Fifteen Years 

Susanne P. Eriksson, Bodil Hernroth, and Susanne P. Baden. Stress Biology 
and Immunology in Nephrops norvegicus. pp. 149–200. 

Adam Powell and Susanne P. Eriksson. Reproduction: Life Cycle, Larvae 
and Larviculture. pp. 201–246. 

Anette Ungfors, Ewen Bell, Magnus L. Johnson, Daniel Cowing, Nicola C. 
Dobson, Ralf Bublitz, and Jane Sandell. Nephrops Fisheries in European 
Waters. pp. 247–314. 

Volume 65, 2013. 
Isobel S.M. Bloor, Martin J. Attrill, and Emma L. Jackson. A Review of the 

Factors Influencing Spawning, Early Life Stage Survival and Recruitment 
Variability in the Common Cuttlefish (Sepia officinalis). pp. 1–66. 

Dianna K. Padilla and Monique M. Savedo. A Systematic Review of 
Phenotypic Plasticity in Marine Invertebrate and Plant Systems. 
pp. 67–120. 

Leif K. Rasmuson. The Biology, Ecology and Fishery of the Dungeness 
crab, Cancer magister. pp. 121–174. 

Volume 66, 2013. 
Lisa-ann Gershwin, Anthony J. Richardson, Kenneth D. Winkel, Peter J. 
Fenner, John Lippmann, Russell Hore, Griselda Avila-Soria, David 
Brewer, Rudy J. Kloser, Andy Steven, and Scott Condie. Biology and 
Ecology of Irukandji Jellyfish (Cnidaria: Cubozoa). pp. 1–86. 

April M. H. Blakeslee, Amy E. Fowler, and Carolyn L. Keogh. Marine Inva­
sions and Parasite Escape: Updates and New Perspectives. pp. 87–170. 

Michael P. Russell. Echinoderm Responses to Variation in Salinity. 
pp. 171–212. 

Daniela M. Ceccarelli, A. David McKinnon, Serge Andréfouët, Valerie 
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PREFACE
 

It is my pleasure to introduce this special volume of Advances in Marine Biology 
devoted to current topics in cephalopod research to a wider readership. 
Cephalopods—squid, octopuses, cuttlefish, and nautiluses—are highly 
evolved marine mollusks with diverse life histories and a wide range of 
habitat preferences. These rapidly growing animals have relatively short life 
cycles and die after a single reproduction period. Combined with a high 
production-to-biomass ratio, these opportunistic features earn them a place 
as important components in the trophic structure of marine ecosystems and 
as the objects of valuable capture fisheries. 

Cephalopods also are noticeably sensitive to environmental variations. 
This has become of special concern in a time of changing ocean climate 
and, by itself, warrants research that adds to our knowledge of these attrac­
tive invertebrates with impressively large brains, strikingly familiar eyes, and 
intriguingly complex behaviours. 

The idea for this publication was born while undertaking preparations 
for the Cephalopod International Advisory Council (CIAC) Symposium 
held in Florianópolis, Brazil in October–November 2012. Every 3 years, 
CIAC Symposia gather the world’s cephalopod researchers in both formal 
and informal settings designed to encourage the open exchange of ideas 
and cross-discipline collaboration. 

A tradition of CIAC Symposia is our pre-conference workshops. These 
are led by recognized experts in their field and treat topics of particular inter­
est to attendees. For CIAC 2012, 15 topics initially were proposed and 4 of 
these, receiving together more than 50% of the votes from the cephalopod 
scientific community, were selected for presentation. 

While preparing the 2012 Symposium, for which I served as Chair, I was 
struck by the idea that our organization would benefit from introducing the 
outputs of the workshops to a broader audience. I felt that this best would be 
achieved by publishing our workshop proceedings in a high-quality volume. 
This idea grew and eventually became one of the goals of my chairmanship. 
I thus am very happy that this has been realized with the publication of the 
present volume that contains the four review papers from the CIAC 2012 
workshops. 

Each paper reflects the perspective of recognized leaders in their field, 
together with the contributions of colleagues and students who participated 

xxiii 
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actively in the workshops. In each case, the result is an authoritative review 
that combines the expertise of multiple ‘contributing authors’ representing 
many research groups distributed over five continents. 

The first topic is cephalopod culture. Owing to their very high growth 
rates, short life cycles, and important markets, cephalopods are one of the 
more attractive candidates for marine aquaculture. This paper summarizes 
state-of-the-art culture methodologies for four species chosen as biological 
models. It addresses problems associated with transportation, water quality, 
nutritional requirements, and digestive physiology. Opportunities for, and 
present limitations to, commercialization are analyzed and research priorities 
are outlined. 

The next review deals with fisheries management, particularly its effect 
on cephalopod population dynamics. This paper describes management 
approaches to cephalopod fisheries and underlines the essential role of fore­
casting in sustaining profitable harvest of these short-lived species. The need 
to enhance our understanding of the relationship between the environment 
and both population dynamics and trophic dynamics at all phases of the life 
cycle is stressed. 

The third contribution summarizes current knowledge of deep-sea 
cephalopods, for which information naturally is sparse, as these animals 
remain exceedingly difficult to collect and observe in vivo. The authors 
provide a valuable survey of what thus far is known about their diversity, 
biogeography, systematics, trophic ecology, and aspects of life cycles. Their 
reproductive and feeding strategies, in particular, are quite different from 
those of their much more familiar near-surface ‘cousins’. Recommendations 
are made for filling in the gaps in our knowledge of these mysterious and 
charismatic cephalopods. 

The last paper reviews the morphological, physiological, ecological, and 
behavioural changes that occur during each of four ‘transitions’ identified in 
cephalopod life history: fertilization to release of eggs; egg hatching to para-
larvae; paralarvae to sub-adults; and sub-adults to adults. Of broad applica­
tion to several areas of cephalopod research, it analyzes the implications of 
each ‘transition’ and its consequences, particularly at the population level. 

These four contributions are testament to the impressive progress that 
has been made in cephalopod science over the last few decades. Overall, 
it is my earnest hope that these reviews give readers a comprehensive under­
standing of the present state of cephalopod biology, ecology, cultivation, and 
fisheries. At the same time—and of immediate importance—they provide 
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a detailed outline of contemporary challenges in cephalopod science that 
usefully frame areas of future research. 

Finally, on a personal note, it has been a very rewarding journey from the 
pleasant weekend of discussions during the workshops to completion of this 
volume. I am very grateful to the coordination, commitment, and under­
standing of the lead authors during its preparation, and also to all 
co-authors for their valuable participation and contributions. I extend my 
special thanks to Paul G. K. Rodhouse for his encouragement throughout 
this work and for his always thoughtful and positive comments. Many thanks 
also are owed to José Eduardo A. R. Marian for his enthusiastic support, 
friendship, and hard work during the organization of the symposium. 
It gives me great pleasure to thank the referees (anonymous or not) for 
their valuable and constructive comments: Sigurd von Boletzky, Pedro 
Domingues, A ´ ngel Guerra, Vladimir Laptikhovsky, Julio Portela, Warwick 
Sauer, and Elizabeth Shea. I save my deepest gratitude for my husband, 
José Guilherme Bersano Filho, our children, Lyanna and Adriano, and 
my parents, Fernando and Thereza (in memorian), for their substantial 
contribution of unwavering love and support. 

ERICA A.G. VIDAL 



This page intentionally left blank 



CHAPTER ONE 

Cephalopod Culture: Current 
Status of Main Biological Models 
and Research Priorities 
Erica A.G. Vidal*,1, Roger Villanueva†, José P. Andrade{,
 
Ian G. Gleadall}, José Iglesias}, Noussithé Kouetajj, Carlos Rosas# ,
 
Susumu Segawa**, Bret Grasse††, Rita M. Franco-Santos* ,
 
Caroline B. Albertin{{, Claudia Caamal-Monsreal#, Maria E. Chimal# ,
 
Eric Edsinger-Gonzales}}, Pedro Gallardo#, Charles Le Pabicjj,
 
Cristina Pascual#, Katina Roumbedakis}}, James Woodjjjj
 
*Center for Marine Studies, University of Parana (UFPR), Parana, Brazil 
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Abstract 

A recent revival in using cephalopods as experimental animals has rekindled interest in 
their biology and life cycles, information with direct applications also in the rapidly 
growing ornamental aquarium species trade and in commercial aquaculture produc­
tion for human consumption. Cephalopods have high rates of growth and food con­
version, which for aquaculture translates into short culture cycles, high ratios of 
production to biomass and high cost-effectiveness. 

However, at present, only small-scale culture is possible and only for a few species: 
the cuttlefish Sepia officinalis, the loliginid squid Sepioteuthis lessoniana and the octo­
puses Octopus maya and O. vulgaris. These four species are the focus of this chapter, 
the aims of which are as follows: (1) to provide an overview of the culture requirements 
of cephalopods, (2) to highlight the physical and nutritional requirements at each phase 
of the life cycle regarded as essential for successful full-scale culture and (3) to identify 
current limitations and the topics on which further research is required. 

Knowledge of cephalopod culture methods is advanced, but commercialization is 
still constrained by the highly selective feeding habits of cephalopods and their require­
ment for large quantities of high-quality (preferably live) feed, particularly in the early 
stages of development. Future research should focus on problems related to the con­
sistent production of viable numbers of juveniles, the resolution of which requires a bet­
ter understanding of nutrition at all phases of the life cycle and better broodstock 
management, particularly regarding developments in genetic selection, control of 
reproduction and quality of eggs and offspring. 

Keywords: Aquaculture, Broodstock, Cephalopod, Digestive physiology, Embryonic 
development, Experimental model, Grow-out, Nutrition, Octopus maya, Octopus 
vulgaris, Paralarvae, Sepia officinalis, Sepioteuthis lessoniana, Water quality 

1. INTRODUCTION 

Cephalopods have been reported as experimental models since long 

ago in many research areas, particularly in neuroscience and physiology 

(Gilbert et al., 1990), and ongoing research increasingly relies on the main­

tenance of healthy animals in the laboratory. However, the history of ceph­

alopod culture is not that old (except, perhaps, for the paper by Grimpe, 

1928), with major advances beginning around five decades ago (Choe 

and Ohshima, 1961, 1963; Itami et al., 1963) and laying the foundations 

for the current interest in the culture of these molluscs. 
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A more recent spark for improving cephalopod culture arose mainly 

from the biomedical research community as their attention became drawn 

to the highly developed nervous system of cephalopods, along with their 

advanced vision and other organs as subjects for experimentation 

(Hanlon, 1987; Koueta and Boucaud-Camou, 1999). However, experi­

mental studies have gone far beyond the initial surge in curiosity, and ceph­

alopods per se have been an important means by which crucial research 

problems have been solved (e.g. Budelmann, 1995; Budelmann and 

Bleckmann, 1988; Fiorito and Scotto, 1992; Nyholm and McFall-Ngai, 

2004; Shashar et al., 1998; Villanueva et al., 1995) and new ideas presented 

(e.g. models for tissue regeneration and observations on beak attachment 

as a new direction in improving the integration of prosthetic limbs with 

the human body; Chiao et al., 2011; Fox et al., 2013; Laschi et al., 2012; 

Miserez et al., 2008; Rohrbach and Schmidtberg, 2006). These have all 

contributed to enhancing knowledge of broad areas of cephalopod biology, 

physiology, life cycles, immunology, and behaviour. Other stimuli for 

cephalopod culture are the rapidly growing global industry for ornamental 

cephalopods, mainly octopus and cuttlefish, and the worldwide trend in 

commercial aquaculture production of food organisms. 

As a consequence of this increasing attention on cephalopods, there have 

been periodic updates during the past few decades on progress in cephalopod 

culture, which has been reviewed (Boletzky, 1974, 2004; Boletzky and 

Hanlon, 1983; Hanlon, 1987, 1990; Oestmann et al., 1997; Shvetsova, 

1977) and discussed (Garcı́a Garcı́a and Garcı́a Garcı́a, 2011; Iglesias 

et al., 2004, 2007; Vidal et al., 2002a; Villanueva et al., 1995; Walsh 

et al., 2002) and the aquaculture potential of some species evaluated (Lee 

et al., 1994; Rosas et al., 2013; Sykes et al., 2006b; Vaz-Pires et al., 

2004). The publication of a book on cephalopod culture represents a major 

recent advance, collating the details of husbandry techniques for the most 

relevant species (Iglesias et al., 2014). From delicate planktonic forms to 

robust benthic adults, a variety of species and life phases have been 

maintained, reared, and cultured, albeit with different degrees of success. 

Most are coastal cephalopods due to the ease of collecting and maintaining 

them and the consequent availability of much information on their life cycles 

and bioecology. 

Cephalopods have many features considered favourable and attractive for 

aquaculture. Among those deserving attention are their short life cycles 

(mostly between 4 and 18 months) and the fact that eggs can be obtained 

readily since many species, particularly octopus and cuttlefish, will promptly 

lay eggs when introduced to captivity. The fecundity of some species is quite 
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high and comparable to fish species (Saville, 1987), resulting in the produc­

tion of large numbers of planktonic paralarvae, while other species show low 

fecundity but produce large eggs and developmentally advanced benthic 

hatchlings. These directly developing hatchlings are miniatures of the adults, 

born with a highly developed nervous system and innate hunting skills. The 

growth rate of some cephalopods is impressive, ranging across 5–13% of 

body wet weight (WW) d-1 (Lee et al., 1994), and combined with high food 

conversion rates of 30–50% (Lee, 1994; O’Dor and Wells, 1987) they rate as 

one of the most attractive groups of marine invertebrates considered suitable 

for aquaculture. In addition, cephalopods are well appreciated as a high-

protein source (75–85% protein dry weight (DW)) and for the fact that 

80–85% of their total body weight is edible for human consumption 

(Lee, 1994). This represents a significant impact on profitability and market­

ability, particularly when compared with only 40–45% for crustaceans and 

40–75% for teleost fishes (Kreuzer, 1984). The implications of these biolog­

ical features for commercial culture are obvious, as they translate into short 

culture cycles with high ratios of production to biomass and consequently 

high cost-effectiveness. However, profitability is also dependent on other 

factors, such as demand, markets and high trade value. It is therefore impor­

tant to consider the markets likely to sustain potential commercial ventures 

involving cephalopod aquaculture. 

The current demand depends almost exclusively on wild-caught stocks, 

but it seems doubtful that sea fisheries can continue to meet this demand. 

The decline in many finfish stocks has increased fishing pressure on cepha­

lopods, expanding their commercial importance and consequent rapid rise 

in capture statistics over recent decades (Pierce and Portela, 2014; Rodhouse 

et al., 2014). Annual global cephalopod landings have increased steadily 

since 1950 from a total of �0.5 million t annually to a peak of over 4 million 

t in 2007, followed by a recent decline to �3.5 million t in 2010 (FAO, 

2011; Pierce and Portela, 2014). Thus, long-term trends seem to indicate 

that the boom years of cephalopod fisheries may have come to an end 

because of overfishing. This tendency follows the widespread perception 

that fisheries production in general is declining worldwide (Hilborn, 

2012; Rodhouse et al., 2014; Worm et al., 2009). 

Nevertheless, there is a well-established and lucrative market for ceph­

alopods in European and Asian countries. Most European countries are net 

importers of cephalopods and Spain and Italy are on the top of the importers’ 

list (imports over 5 and 4 million t, respectively). During 1976 and 2009, 

Japan imported more cephalopods than any other country (�7 million t), 
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attaining the largest total net import–export deficit of any country in the 

world (Pierce and Portela, 2014). Recent cephalopod trade statistics empha­

size the limited availability of octopus in 2011 (Globefish, 2012), and figures 

for 2012 indicate that Japan will further increase its octopus imports. For 

squid and cuttlefish, imports are also increasing (Pierce and Portela, 

2014), so clearly, there is a growing demand for cephalopods in Europe 

and in Japan and its export markets. If world cephalopod fisheries continue 

to show a decline in landings, the increased demand will tend to drive prices 

up, which certainly will represent the most efficient stimulus for cephalopod 

aquaculture development as perhaps the only plausible alternative to supply 

the demand. However, compared to fish, shrimp and other molluscs, ceph­

alopod aquaculture is in its infancy and at present there is no commercial-

scale culture. 

Production is constrained largely by the highly selective feeding habits of 

cephalopods, which are carnivores and thus need a protein-based diet with 

high-quality lipids rich in essential fatty acids, phospholipids and cholesterol. 

Satisfying their voracious appetites requires large quantities of food, prefer­

ably live feed. Owing to their high metabolic and feeding rates (20–50% 

WW d-1 ; Hanlon, 1987; Lee, 1994), if their nutritional requirements are 

not met, they can quickly starve during early development, and from an 

early age they will resort to cannibalism (see, e.g. Ibáñez and Keyl, 2010). 

The early developmental stages are particularly vulnerable since they also 

require live feed of specific size, shape and—as they are visual hunters— 

mobility, to sustain their exorbitant feeding rates (�80% of WW d-1; 

Hanlon, 1987; Segawa, 1990). The rearing of hatchlings and production 

of juveniles on a commercial basis have been severely constrained by these 

drawbacks, along with insufficient knowledge of their feeding habits and 

food types, causing high mortality rates during early life in captivity. This 

underscores the need either to find a reliable live-feed supply for hatchlings 

or to develop cost-effective artificial feeds. As with other commercial marine 

aquaculture species, focusing on nutritional improvements is one strategy to 

shorten the time to achieve commercial production. 

Small-scale cephalopod culture is already possible for a few species, such 

as the bigfin reef squid, Sepioteuthis lessoniana Lesson, 1839; the European 
cuttlefish, Sepia officinalis Linnaeus, 1758; the Mexican four-eyed octopus, 

Octopus maya (Voss and Solis, 1966); and (as the ongrowing of subadults 
in sea cages) the common octopus, Octopus vulgaris Cuvier, 1797 

(Figure 1.1). All of these selected species except O. vulgaris produce large 
hatchlings without a vulnerable planktonic paralarval phase. They also each 
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Figure 1.1 The four species chosen as experimental models for this chapter. (A) 
Sepioteuthis lessoniana, (B) Sepia officinalis at the aquarium of the Musée 
Océanographique de Monaco, (C) Octopus maya (original image) and (D) Octopus 
vulgaris inside an artificial shelter held for ongrowing in a sea cage in the Canary Islands. 
(A) Photo courtesy of J. Forsythe, (B) photo courtesy of P. Bustamante, and (D) photo 
courtesy of J. Estefanell. 

have a wide range of distribution (with the exception of O. maya) and are 
also important commercial fishing resources, with well-established market 

channels. As a consequence, they have been used extensively as cephalopod 

culture models around the world, and comprehensive information is avail­

able on their biology and life cycles, which is why they are the focus of this 

chapter. However, for anyone wishing to experiment in starting up small-

scale culture or to design the transition from laboratory-based to 

commercial-scale production, this essential information is widely dispersed 

throughout the literature. The last comprehensive review was published 

more than 30 years ago (Boletzky and Hanlon, 1983), so compiling and 

interpreting recent advances in culture techniques are necessary steps in tak­

ing basic and applied cephalopod research further to overcome its diverse 

array of challenges. To this end, this chapter results from a workshop held 

at the 2012 CIAC (Cephalopod International Advisory Council) Sympo­

sium on Cephalopod Culture and its main goals are to (1) summarize the salient 

features of requirements for culturing cephalopods (such as water quality, 

nutrition and disease treatment and prevention), (2) review the current status 
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of information critical for culturing the four species chosen as biological 

models and (3) clearly identify current limitations and critical research areas. 

2. STATUS OF CEPHALOPOD CULTURE 

The terminology follows that proposed by Boletzky and Hanlon 

(1983). Maintenance means the holding of wild-caught late juveniles, 

subadults or adults at the same developmental stage for variable periods, 

albeit with some growth occurring to a more advanced stage. Rearing 
applies to growing individual s over a certain period of time, for example 

from eggs to juveniles or adults, but without achieving a second gener­

ation. Culture (sensu stricto) refers to growing a cephalopod at best from 

hatchling to the complete life cycle, until egg laying and production of 

viable hatchings of the first filial captive generation (F1). Nevertheless, 

the term culture also may be used in general, referring to maintenance, 

rearing and culture. 

2.1. Transportation 
Transportation is a critical bottleneck in the transfer of cephalopods from the 

wild to long-term captivity. The challenges arise from housing an active 

aquatic animal in a small environment over an extended period of time with 

little direct control over conditions. Cephalopods have a high metabolism 

and heightened sensitivity to deteriorating water quality, and many species 

will often release ink. Transporting cephalopods and their eggs therefore 

requires careful thought and preparation to ensure optimum survival 

(Hanlon, 1990). 

However, cephalopods can be successfully shipped if their needs are met. 

It is important to start with healthy non-senescent specimens, pack them 

appropriately, minimize shipping time and stress and acclimate the animals 

appropriately upon arrival. Successful transportation methods fulfil part of 

the obligations for ethical responsibility and care of cephalopods. This is 

becoming increasingly important for research, culture and exhibitory 

purposes regardless of geographic location. 

2.1.1 Animal assessment 
Visual inspection and selection of healthy animals and eggs are very impor­

tant because injuries caused by capture and handling eventually lead to bac­

terial infection and can be lethal (Hulet et al., 1979). Attempting to transport 
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animals of less than perfect condition is likely to be a waste of time and 

resources. When eggs are collected in the field, they should be half on 

the way to hatching (around late gastrulation stages), when the embryos 

are robust and metabolic rate is relatively low, minimizing impact on water 

quality and therefore reducing the likelihood of mortality. If collected at 

very early stages, the instability of water parameters during transport may 

cause abnormalities and death. Eggs at later stages may hatch prematurely 

during transportation and handling as they also have higher metabolic rates, 

causing rapid deterioration of water quality (Hanlon, 1990). 

Wild-caught cephalopods should be acclimated to captivity in aquaria 

prior to shipping (Bower et al., 1999; Ikeda et al., 2004). Healthy cephalo­

pods should have a good appetite, be free of skin lesions and exhibit no 

unusual behaviour. They should not be fed prior to shipping to avoid 

compromising water quality while confined (Hanlon, 1990; Ikeda et al., 

2004). Mortality during transport can be avoided by proper aeration or 

by supplying pure oxygen. 

2.1.2 Packing 
Only a single juvenile or adult should be packed per bag for shipping. Rea­

sons for separating animals include inking, aggression, cannibalism, stress, 

reducing the biological load and preventing a single mortality from 

compromising water quality for multiple animals. The use of PVC tubes 

or individual mesh bags reduces mortality during transport for octopuses. 

In contrast, many embryos or egg capsules can be packed per bag, but the 

total number should be split between two or more bags to increase the 

chances of success. 

There are two commonly practised shipping methods for adult cephalo­

pods, based on the animal size and the specific shipping conditions (shipping 

time and animal bioload to sea water volume ratio). In the first method, the 

shipping bag is filled to 30–50% of its volume with sea water and the remaining 

volume with pure oxygen. The reservoir of oxygen optimizes water quality but 

allows water turbulence during shipping. This turbulence can cause increased 

stress and issues with air entrapment in the mantle cavity. To avoid this, smaller 

cephalopods can be shipped without the oxygen reservoir, but the shipping 

water should be saturated with oxygen prior to shipping (to around 

20 mg L-1), and the shipping bag should be closed tightly. This method solves 

the air entrapment problem but greatly reduces the available oxygen. 

Depending on the geographic destination, water temperature should be 

maintained as close as possible to the norm for the species. Cephalopods are 
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generally shipped in Styrofoam fish boxes or coolers. Ice packs or heating 

packs may be required depending on the species (Hanlon, 1990). Shipping 

cephalopods slightly below their normal optimum temperature will lower 

their metabolic rate and allow the shipping water to hold more oxygen. 

For the transport of large active cephalopods, the use of a sedative should 

be considered, such as magnesium chloride (6.8 g L-1, approx. 73 mM, as 

recommended by Bower et al., 1999) or magnesium sulphate (cf. 5 g L-1 of 

the heptahydrate, 20 mM, used with the firefly squid; Gleadall, 2013b). 

Bags should be packed tightly or otherwise secured in the shipping box 

so that they do not move during transport. It is important to double bag the 

animals in case one of the bags becomes damaged in transit. The shipping 

box should be clearly labelled: “this side up” and “live animals”. 

2.1.3 Shipping 
Over short distances, such as between field and laboratory, cephalopods can 

be transported in buckets, live bait wells or coolers. For octopus species, a 

secure lid is essential or individuals can be placed inside net bags or PVC. For 

squid and cuttlefish, the largest practical container should be used (Bower 

et al., 1999; Ikeda et al., 2004). Siphons or turkey basters can be used to 

remove any ink released. To deal with the release of copious quantities of 

ink, it is important to carry extra sea water for water changes depending 

on the duration of transportation. Oxygen can be supplied via an air diffuser 

from either an air pump or an oxygen bottle. 

Temperature fluctuations should be minimized, for example, by keeping 

onboard containers in the shade when transporting by boat and using the air 

conditioner when transporting by car. When using a commercial freight 

company for long-distance shipping, overnight delivery is best. Be sure to 

obtain a tracking number and follow the package’s progress online and, as 

required, have all necessary permits and documentation prepared ahead of 

time. For international shipping, it is useful to use a customs broker with 

live animal experience to avoid potential delays. 

2.1.4 Receiving 
Care of cephalopods upon arrival depends on the circumstances. A very slow 

drip or partial water change acclimation is preferable (Ikeda et al., 2004). 

Water quality parameters (especially pH, dissolved oxygen (DO) and tem­

perature) should be monitored on a regular basis. The length of acclimation 

depends on the differences (in temperature, pH, DO and salinity) between 

shipping water and water conditions at the final destination (Hanlon, 1990). 
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For closed systems, the shipping water should not be added with the ani­

mals. However, if the water quality is extremely poor upon receiving ani­

mals, it is better to promptly remove the cephalopod and add it to the new 

system directly. Due to high metabolism, the presenting of food during 

acclimation is a helpful practice for smaller specimens. 

2.2. Water quality requirements 
Water quality is of critical importance when keeping cephalopods in labo­

ratories, aquaculture facilities and public aquaria, so careful monitoring is 

essential for successful culture, particularly for early stages of development 

(Boletzky and Hanlon, 1983). Without careful monitoring, water quality 

can deteriorate quickly and compromise animal health. It should be noted, 

however, that different developmental stages of the life cycle have different 

tolerance limits and this should always be pondered with care (Kinne, 1971). 

The animals, tanks, equipment (to maintain specific conditions), water 

flow and aeration should be checked first thing in the morning and at the 

end of the afternoon. Water quality parameters should be monitored daily 

and should be kept as similar as possible to natural sea water (see, e.g. 

Forsythe et al., 1991; Koueta and Boucaud-Camou, 1999; Oestmann 

et al., 1997). Trace elements, such as strontium and calcium, should be kept 

close to natural sea water values (Hanlon et al., 1989). Irrespective of the sea 

water system used, water flows should be strong enough to maintain water 

quality and sustain the best reproduction results for broodstock but very gen­

tle for tanks holding paralarvae (Vidal et al., 2002a). Water and tanks should 

be kept clean from leftovers, faeces and other debris by removing them by 

water siphoning. Also, to avoid problems with cleaning, sand substrates (e.g. 

for Sepia spp.) should not be used (Forsythe et al., 1994). 

2.2.1 Temperature 
Cephalopods are poikilothermic organisms, so their metabolism accelerates 

as temperatures rise. Temperature is the most influential water parameter in 

altering the life cycle of cephalopods in captivity (Forsythe et al., 2001) 

because it directly influences egg development, yolk absorption rate, growth 

rate, feeding rate and lifespan (Domingues et al., 2001a, 2002; Forsythe et al., 

2002; Grigoriou and Richardson, 2004, 2008; Mangold and Boletzky, 1973; 

Vidal et al., 2002b). It is therefore open to manipulation to obtain the objec­

tives required during culture. For instance, if the goal is to culture cephalo­

pods for human consumption, the temperature can be elevated within the 

optimal temperature range of each species, maximizing growth over a 
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shorter time period to boost production. However, if the goal is to maximize 

the lifespan of a certain species for public display or laboratory experiments, a 

cooler water temperature will promote longevity (Forsythe et al., 2001). 

The optimal temperature range is generally species-specific and stage-

specific and is the range within which individuals can maximize their 

growth, fitness and fecundity (Noyola et al., 2013b), so it is also an important 

consideration for the success of the grow-out period and sustained cephalo­

pod culture (Delgado et al., 2011). A basic rule of thumb is that survival is 

optimized if the temperature (as well as other culture parameters) is close to 

that of the natural environment at the capture site (Boyle, 1991). If widely 

distributed, the temperature tolerance range will therefore depend on the 

natural geographic location of a given population. This is well illustrated 

by O. vulgaris, which has at least two genetically divergent populations in 
the Mediterranean (Fadhlaoui-Zid et al., 2012) and four off the Brazilian 

coast (Moreira et al., 2011). For populations in Europe, the recommended 

temperature is between 10 and 20 OC (Vaz-Pires et al., 2004). Growth 

increases at higher temperatures within this range but death ensues above 

23 OC (Aguado Giménez and Garcı́a Garcı́a, 2002; Garcı́a Garcı́a et al., 

2009). However, in the Caribbean tropics, the populations of O. vulgaris 
in Bonaire are reported to thrive at sustained temperatures as high as 

28 OC (Putnam and Edmunds, 2011). 

System temperature not only influences juveniles and adults but also 

greatly affects cephalopod embryonic development (Boletzky, 1983, 

1987; Boletzky and Hanlon, 1983; Caverivière et al., 1999; Choe, 

1966a): warmer water temperatures are associated with shorter incubation 

periods and vice versa. Sepia officinalis embryos should be incubated at 

18–25 OC, with incubation time possibly doubling at 15 OC and embryos 

not developing at temperatures below 12 OC (Sykes et al., 2006b). High 

temperatures will decrease incubation time and increase the food require­

ments of paralarvae to support their high metabolic demand (Vidal and 

Boletzky, 2014). Thus, rearing temperature can be used to extend or reduce 

developmental time and overall lifespan (Forsythe and Hanlon, 1988; 

Villanueva, 1995). 

2.2.2 Salinity 
The ambient salinity of most tropical seas is around 34–37 psu, although 

coastal (estuarine) waters can range from 5 to 30 psu (Moe, 2009). Cepha­

lopods are stenohaline and salinities outside the range of 27–37 psu can 

be fatal, so salinity is a limiting factor in the distribution of most species 
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(e.g., Vaz-Pires et al., 2004), with only two known exceptions: the squid 

Lolliguncula brevis, an estuarine species tolerating salinities as low as 16 psu 
(Hendrix et al., 1981), and the sepiid Sepiella inermis. Therefore, for 
the majority of species, the potential for freshwater influx (e.g. from nearby 

rivers or subsurface seeps or in regions subject to heavy rain) needs to 

be considered when planning an open culture or maintenance system 

(Vaz-Pires et al., 2004). In culture, research indicates a working salinity 

range of 27–35 psu for O. maya, O. vulgaris, S. officinalis and S. lessoniana 
(Boletzky, 1983; Boletzky and Hanlon, 1983; Farı́as et al., 2009; 

Nabhitabhata et al., 2005b). Maintaining the salinity above 30 psu is rec­

ommended (Berger, 2010; Chapela et al., 2006), along with the slow addi­

tion of deionized (DI) or reverse osmosis (RO) water if salinity rises above 

35 psu (Walsh et al., 2002). 

2.2.3 pH 
Like many animals, cephalopods are sensitive to pH, because of the impact 

on aerobic performance (see, e.g. P€ortner and Zielinski, 1998), and should 
be kept within the range of open sea water: between 7.8 and 8.2 (Boletzky 

and Hanlon, 1983; Boyle, 1991). Hanlon (1990) pointed out that a pH 

above 7.6, as well as high levels of dissolved oxygen, is necessary to accom­

modate the high metabolic demands of constant swimming in teuthoid 

squid. Eggs and paralarvae are extremely sensitive to pH changes. 

Lacoue-Labarthe et al. (2011) studied the combined effects of low pH 

and high CO2 partial pressure on the metabolism of embryos and paralarvae 

of Loligo vulgaris and observed changes in the bioaccumulation of metals. The 

addition of sodium bicarbonate can be used to adjust low-pH conditions 

(Boletzky and Hanlon, 1983), but this should be done very slowly as rapid 

changes in pH can be detrimental to animal health. Elevated pH can be 

reduced by slowly adding sea water or DI/RO freshwater to the system 

(while carefully monitoring salinity) or by increasing tank aeration (Moe, 

2009). However, the best solution for conditions of low pH is to gradually 

replace tired water with fresh sea water. 

2.2.4 Dissolved oxygen 
Oxygen is the most important of all the dissolved gases for water quality 

because it is essential for respiration, oxidizing the nutrients that release 

the energy necessary for locomotion, reproduction, feeding and other vital 

activities (Cerezo Valverde and Garcı́a Garcı́a, 2005). Oxygen consumption 

can be affected by metabolism, ambient temperature and body weight. 
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Higher temperatures induce higher oxygen consumption (Wells et al., 1988) 

and decreased oxygen solubility (Weiss, 1970). Smaller animals have a rel­

atively higher mass-specific oxygen consumption than larger animals, and 

both feeding and movement lead to large increases in oxygen consumption 

(Cerezo Valverde and Garcı́a Garcı́a, 2004; Grigoriou and Richardson, 

2009; Melzner et al., 2007; Wells et al., 1983). 

Parra et al. (2000) evaluated the respiration rates of O. vulgaris late 
embryos and hatchlings at 20 OC and observed that oxygen consumption 

rates increase threefold at hatching, because of the high energy demands 

of jet propulsion. They also observed that the oxygen consumption of a 

medium-sized egg mass is approximately twice that of the female brooding 

them. In general, then, DO levels for most cephalopods should always be 

near saturation, although benthic octopods are more tolerant to lower 

oxygen levels (Boletzky and Hanlon, 1983). 

2.2.5 Nitrogenous wastes 
Like most aquatic invertebrates, cephalopods are ammonotelic, releasing 

their nitrogen end products mainly as ammonia (Boucher-Rodoni and 

Mangold, 1985; Katsanevakis et al., 2005). The harmful inorganic nitroge­

nous compounds are unionized ammonia (NH3), nitrite (NO2 
-) and nitrate 

(NO3 
-). Total ammonia nitrogen (TAN) includes both the ionized form, 

ammonium (NH4 
+ ), and the unionized form, which occur in an equilib­

rium determined by water temperature, salinity, pH and pressure. Ammonia 

management deserves special attention in closed systems as its unionized 

form is considerably toxic even at very low concentrations. The levels of 

TAN, nitrite and nitrate must be monitored carefully to avoid reaching 

lethal levels (Boletzky and Hanlon, 1983). Numerous publications suggest 

the importance of keeping unionized ammonia <0.1 mg L-1, nitrate 
-1 -1<20.0 mg L and nitrite <0.1 mg L in cephalopod culture (Boletzky 

and Hanlon, 1983; Vidal and Boletzky, 2014). Segawa and Hanlon 

(1988) observed that, except at hatching, oxygen consumption and ammo­

nia excretion rates increase linearly with increasing body weight. This 

emphasizes the importance of carefully monitoring captive bioload to tank 

volume ratio as cephalopods grow in captivity. Increase in and breakdown of 

nitrogenous compounds can also decrease pH, causing additional animal 

stress and health concerns (Moe, 1993). Removing harmful nitrogenous 

wastes from the sea water is critical in maintaining cephalopod culture. This 

is the main function of biological filtering, but if levels still rise above the 

recommended minima, replacement of the sea water is the only option. 
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2.2.6 Organic wastes 
All animals produce various organic wastes that must be removed, primarily 

because of the decomposition of the organic wastes of digestion, which can 

quickly cause water quality to deteriorate by encouraging microbial growth 

and add stress to captive animals. Organic matter should not represent a 

problem if it is quickly removed from the system. Solid particulate organic 

matter sinks and can be removed efficiently by siphoning. Suspended par­

ticulate matter and excreted waste can be physically removed by mechanical 

filtration using sand, gravel, floss, filter pads or filter bags, helping to reduce 

variations in pH and also levels of nitrogenous compounds (Vidal et al., 

2002a). The type of mechanical filtration should be selected based on spe­

cific culture needs. However, protein skimmers and chemical filtration such 

as activated carbon should be considered to effectively reduce dissolved and 

particulate organic matter. Protein skimmers are also very effective for ink 

removal. Filtration to remove suspended particles should occur before ster­

ilization, as particulate organic matter is the main substrate for bacteria in 

recirculation systems (Appleford et al., 2003). 

2.2.7 Disinfection and sterilization 
The delicate skin of cephalopods is characterized by a single layer of colum­

nar epithelial cells. Substantial damage caused by capture, transport, handling 

and constant contact with the tank environment (bumping into walls and 

abrasion of skin) can produce small wounds in the epidermis followed by 

bleeding. Bacteria in sea water (see Section 2.3.1) can enter these wounds 

leading to infection and death (Hanlon, 1990). Thus, disinfection and ster­

ilization are very important to efficiently remove potentially harmful organ­

isms such as bacteria, microalgae, fungi, protozoans and viruses. Such 

procedures have proven effective for maintaining healthy cephalopods from 

paralarvae through to adults (Hanlon, 1990; Vidal et al., 2002a). 

Sterilization can be accomplished by either UV or ozone. Ozone steril­

ization requires careful monitoring because ozone leakage into the culture 

system can harm and kill cephalopods, particularly eggs and paralarvae. UV 

sterilizers are usually safe, as long as they are securely housed to protect both 

animals and maintenance staff from the harmful effects of UV light on the 

retina and skin. 

Additionally, careful cleanliness protocols are advisable. Examples 

include, in addition to daily siphoning, weekly cleaning of airlifts, air stones 

and water outlet filters, using a scrubber under running tap water. In order 

to assure proper disinfection, the cleaning process must be followed by 
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immersion of these circuit components for 24 h in Atlantol 914 (Atlantol, 

Belgium), rinsing under running tap water, and immersion for 15 min in 

Virkon S (DuPont Animal Health Solutions, Europe). Finally, all compo­

nents should be abundantly rinsed under running tap water. This cleaning 

procedure must be applied to nets and all other materials used in animal 

handling and will contribute to decrease contamination rates, pathologies 

and the risk of spreading disease. 

2.2.8 Avoidance of toxic fixtures 
Special care must be taken to avoid contact between cephalopods and toxic 

materials (e.g. PVC glue and silicone for use in sea water) when assembling 

tanks. Toxic materials include many plastics and paints, particularly if they 

give off an odour; and inorganic metals such as copper plumbing, well 

known to be toxic to cephalopods (Establier and Pascual, 1983; Hanlon 

and Forsythe, 1985; Paulij et al., 1990a). As a precaution, prior to introduc­

ing cephalopods, systems should be rinsed thoroughly with tap water for at 

least 24 h and then with running sea water. 

2.3. Diseases and parasites 
Most pathogenic agents described in the literature are gram-negative Vibrio 
bacteria, fungi, parasites and viruses, and they will be briefly presented here. 

2.3.1 Bacterial infection 
Cephalopods are susceptible to bacterial infections of the skin, as a result of 

secondary infection of wounds by opportunistic pathogens (Castellanos­

Martı́nez and Gestal, 2013), particularly Vibrio spp., which are primarily 

located on the epidermis and produce ulcers. In severe cases, the circulatory 

system and reproductive organs can be affected (Sangster and Smolowitz, 

2003), leading to death within a few days. Cases of Vibrio spp. infections have 
been described in Loligo pealei, O. vulgaris, O. joubini, O. briareus, O. maya, 
L. brevis, S. officinalis, Sepia pharaonis and S. apama (Cruz et al., 2008; Farto 
et al., 2003; Ford et al., 1986; Gamboa, 2011; Hanlon et al., 1984; Harms 

et al., 2006; Leibovitz et al., 1977; Reimschuessel et al., 1990; Sangster and 

Smolowitz, 2003; Scimeca, 2012). This bacterium is common in coastal 

waters and has been found in higher densities associated with tank walls 

in cephalopod culture (Elston and Wood, 1983; Sangster and Smolowitz, 

2003) compared to natural conditions (Ford et al., 1986). This highlights 

the possibility that infection is indirect and occurs secondary to wounding, 
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especially if injury is caused by collisions or abrasion in a captive environ­

ment (Harms et al., 2006; Hulet et al., 1979; Sangster and Smolowitz, 

2003; Sherrill et al., 2000). 

Enzymatic analyses of S. officinalis tissues indicate the presence of strong 
immune activities in the skin (C. Le Pabic, personal observation). Therefore, 

reducing stress and skin damage is paramount when keeping cephalopods in 

long-term captive conditions (Harms et al., 2006; Sangster and Smolowitz, 

2003). This can be achieved by the use of specific holding techniques, such 

as circular tanks separated from water conditioning facilities to prevent fric­

tion and resulting epidermal damage (Hanlon, 1990) and maintain optimal 

water quality to suppress bacterial outbreak. 

2.3.2 Fungal infection 
Reports of fungal infections are rare in cephalopods and treatments have not 

been evaluated (Harms et al., 2006). Cladosporium sp. has been reported in an 
unidentified octopus but was not described in detail (Scimeca, 2012). It was 

also reported in an adult female S. officinalis, with local bacterial infection 
associated with subsequent ulceration (Harms et al., 2006). These infections 

appear on the epidermis as described for Vibrio spp. Similar to bacterial 

infections, most fungal infections in cephalopods are secondary, as a result 

of trauma or a compromised immune system (Harms et al., 2006). 

2.3.3 Macroscopic parasites 
Cephalopods play an important role in parasite transmission, since they can 

be primary hosts for protozoans, dicyemids and crustaceans and can also 

serve as a reservoir of secondary or tertiary intermediate hosts for digeneans, 

cestodes, acanthocephalans and nematodes (González et al., 2003; Hanlon 

and Forsythe, 1990; Hochberg, 1990; Overstreet and Hochberg, 1975; 

Pascual et al., 1996). Most do not seem to cause major problems in cepha­

lopods, but under culture conditions, they could proliferate and cause long-

term health issues, and the effects of parasites on growth, reproduction and 

survival of cephalopods are yet to be characterized (Pascual et al., 1996). 

The most frequent parasites of cephalopods belong to the coccidian 

Aggregata (Apicomplexa: Aggregatidae), commonly found in the digestive 

tract (Dobell, 1925; Gestal, 2000; Hochberg, 1990; Pascual et al., 1996). 

Severe infections may extend to the connective and epithelial tissues of 

the mantle and gills (Mladineo and Bočina, 2007). To date, a total of 10 spe­

cies have been described infecting a wide range of cuttlefish, squid and 
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octopus species (Gestal et al., 2010). Agreggata spp. are intracellular parasites, 
transmitted by ingestion of decapod crustaceans, which are the intermediate 

hosts (Gestal et al., 2007). These protozoans are a dominant epidemiological 

agent in wild and cultured cephalopods, causing a disease called coccidiosis 

(Gestal, 2000). Histopathological damage has been observed in affected tis­

sues (Gestal et al., 2002a), and coccidiosis can negatively affect gastrointes­

tinal function through the malfunction and/or reduction of enzymes 

required for efficient absorption, a phenomenon known as malabsorption 

syndrome (Gestal et al., 2002b). Although coccidiosis is not a leading cause 

of death, it is likely that malabsorption syndrome impairs the development 

and growth of octopuses (Gestal et al., 2002b). 

2.3.4 Viral infection 
The potential pathogenic effect of viruses in aquaculture is a new area of 

research. Recent studies have been conducted on O. maya to determine 

the presence of the white spot syndrome virus (WSSV) that adversely affects 

the shrimp aquaculture industry. Artisan fisheries commonly use crustaceans 

as bait for O. maya, raising the possibility that O. maya could potentially act as 
a vector for this virus. Although no infection was observed in the wild, lab­

oratory experiments have demonstrated direct transfers of WSSV from 

O. maya to Litopenaeus vannamei and vice versa (Rodrı́guez-Canul et al., 

2012). Octopus maya hosts WSSV in its gills and digestive gland, causing 

no apparent symptoms, and may, therefore, be a paratenic host for this viral 

agent (Rodrı́guez-Canul et al., 2012). Additional research is necessary to 

determine how WSSV could impact the long-term culture of O. maya. 

2.3.5 Treatment of diseases 
There have been few studies of treatments for cephalopod pathogens. The 

available information was recently summarized by Scimeca (2012), identi­

fying six antibiotics and one antiprotozoal treatment. Only one study has 

described the pharmacokinetic parameters and intravenous, oral or bath 

administration of the fluoroquinolone antimicrobial enrofloxacin on 

S. officinalis (Gore et al., 2005). Of particular interest is a potentially practical 

and efficient use of enrofloxacin by oral administration (10 mg/kg in live 

shrimp). Enrofloxacin appears to have a very fast elimination rate and a very 

low distribution in cuttlefish tissues compared to fish, birds, reptiles and 

mammals, emphasizing the fact that pharmacokinetic studies in cephalopods 

are in their infancy. 
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2.4. Nutritional requirements and digestive physiology 
The characteristic fast growth rate of cephalopods sets high requirements for 

food ingestion, digestion and assimilation. A number of factors influencing 

cephalopod growth have been identified (Forsythe and Van Heukelem, 

1987; Koueta and Boucaud-Camou, 2003; Koueta et al., 2002), but the 

determinant factor for cephalopods raised by aquaculture is the quality 

and efficiency of nutrition and digestion. 

It is well known that cephalopods have high requirements for protein and 

relatively low requirements for high-quality lipids (Miliou et al., 2005; Rosas 

et al., 2013): the cephalopod diet must consist of over 60% protein and �4% 

lipids. Studies on S. officinalis and O. maya have demonstrated that it is possible 

to feed cephalopods with native protein (as opposed to that processed by, e.g. 

heating), frozen or fresh (Domingues, 1999; Domingues et al., 2001b, 2002, 

2004; Garcı́a-Garrido et al., 2010; Petza et al., 2006; Quintana et al., 2011; 

Rosas et al., 2008, 2013). Experiments with these two species have demon­

strated that their digestive physiology is adapted to process native, which is 

promptly absorbed by the digestive gland (Boucaud-Camou and Boucher-

Rodoni, 1983; Boucaud-Camou et al., 1985; Boucher-Rodoni et al., 

1987; Koueta et al., 2000, 2006; Martı́nez et al., 2012). 

The last review on cephalopod digestion was presented by Boucaud-

Camou and Boucher-Rodoni (1983) more than 30 years ago. 

Budelmann et al. (1997) provided details of the histomorphologic and func­

tional characteristics of the digestive tract, demonstrating its complexity. 

Further research has clarified that the digestion process starts externally at 

the prey, where salivary enzymes (mostly chymotrypsin) are injected after 

perforation by the beaks or salivary papilla (Messenger and Young, 1999). 

Although the exact biochemical mechanisms in different species are not fully 

known, it is considered that predigestion is probably limited to loosening 

muscle attachments (Boucaud-Camou and Boucher-Rodoni, 1983). Par­

tially digested food is then ingested and enters the crop, in octopus, or goes 

to the stomach, in cuttlefish and squid, where digestive enzymes from the 

digestive gland initiate digestion. Enzyme-bound soluble nutrients pass from 

the crop to the stomach in octopus or directly to the stomach in cuttlefish 

and squid, where fibrillar proteins and other macromolecules are degraded 

until a liquid chyme is formed. The chyme is then separated by the caecum 

to be transported to the digestive gland or to form faecal pellets (Boucher-

Rodoni et al., 1987; Budelmann et al., 1997). Once in the digestive gland, 

nutrients are dissolved and absorbed by pinocytosis in the digestive 
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gland cells, where intracellular digestion occurs. This process can take from 4 

to 8 h, depending on the size of the animal and temperature (Boucher-

Rodoni et al., 1987; Martı́nez et al., 2011, 2012; O’Dor et al., 1984). Once 

digestion ends, the digestive gland cells are renewed in preparation for a new 

digestion process. 

The activity of digestive enzymes in O. vulgaris was reviewed by 
Boucaud-Camou and Boucher-Rodoni (1983). Different proteases were 

identified, including alkaline proteinases (such as chymotrypsin and trypsin, 

mainly from the anterior salivary glands) and cathepsin-like enzymes (from 

the gastric juice). Many questions were raised from those studies, including 

whether or not acidic proteases were present in the gastric juice or if different 

species of cephalopods would have different digestive enzymes. Most infor­

mation on digestive enzymes in cephalopods has been obtained from studies 

on S. officinalis, O. vulgaris and O. maya and is presented in more detail in the 

succeeding text. 

2.4.1 Sepia officinalis 
There have been many studies on the cuttlefish digestive system enzymes, 

their biochemical localization, their characterization and the effect of 

diet quality on both digestive gland cells and digestive physiology. 

The structure and function of the digestive system of cuttlefish are directly 

related to diet (Mangold and Bidder, 1989). Many enzymatic activities 

have been allocated in the cuttlefish digestive system, and the main 

activities were found to be nonspecific proteolytic enzymes, mostly alkaline 

and acid phosphatases, trypsin, chymotrypsin and cathepsins. Acid phos­

phatase and cathepsins are found in lysosomes and have an important role 

in intracellular digestion (Boucaud-Camou et al., 1985; Perrin et al., 2004). 

Trypsin and chymotrypsin are associated with extracellular proteolytic 

activity in adults, but the activity of cathepsins reflects total acid proteolytic 

activity in juveniles. Perrin (2004) traced the digestive system organs in 

which these main enzymes are present, finding that trypsin activity is 

restricted mainly to the digestive gland and chymotrypsin activity to the 

posterior salivary gland. Alkaline and acid phosphatase activities occur both 

in the digestive gland and in the digestive gland appendages, while cathep­

sin B and E activities are found only in the digestive gland (Le Bihan et al., 

2004; Perrin et al., 2004). 

Among the enzymes acting extracellularly, acid phosphatase activity 

varies little but diet has an effect on chymotrypsin and trypsin secretion: 
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Chymotrypsin activity is higher from 30 min to 1 h after feeding, while 

trypsin activity increases after 4–8 h (Perrin, 2004). It is not yet known 

whether alkaline phosphatase and cathepsins act only intracellularly or also 

extracellularly in adult cuttlefish. 

Extracellular enzyme activity depends on diet quality (Perrin et al., 

2004). Frozen prey items, for example, induce a decrease in extracellular 

enzyme activity (trypsin and chymotrypsin) and an increase in intracellular 

enzyme activities (acid phosphatase), even when frozen prey is previously 

enriched with polyunsaturated fatty acids (PUFAs). These results also indi­

cate that there is an adjustment of the secretion depending on the enzymes 

required (extracellular enzymes).The effects of heavy metals on the digestive 

physiology of cuttlefish have been thoroughly examined by Le Bihan et al. 

(2004), who found that the digestive gland is the main organ of detoxifica­

tion. Cathepsins were the intracellular lysosomal proteases implicated in 

lysosomal digestion and detoxification. 

2.4.2 Octopus maya 
This species readily accepts both fresh and frozen sources of protein, 

especially if the source is crustaceans. As for other cephalopods, external 

digestion in O. maya is acidic with maximum enzyme activity in the gastric 

juice at pH 6 fluctuating mainly between 5.2 and 6 during crab digestion. 

Cathepsins B, D, L and H are present in the gastric juice, confirming that 

an acidic medium is characteristic of this species, too. 

This acidic medium has several consequences for the formulation of 

diets. For example, any cooking involved in preparing feed results in car­

bonylation of proteins, which eliminates the active sites for cysteine prote­

ases, thus affecting protein digestibility (Santé-Lhoutellier et al., 2008). This 

probably explains why feeds for octopus based on fish or other marine meals 

in recent years have shown poor digestibility and therefore disappointing 

growth rates (Table 1.1; Rosas et al., 2013). It is now evident that clams 

(fresh or processed) and diets with fish flour are not well digested by octopus, 

resulting in negative growth rates. New experiments conducted with this 

information in mind have obtained higher growth rates for O. maya early 
juveniles when either crustaceans (mainly fresh, frozen or lyophilized crab 

bound with gelatin), squids or a mix of both is used as feed (Figure 1.2). 

Recent studies have shown that a diet elaborated with freeze-dried crab 

and squid meat and a mix of vitamins and minerals all bound gelatin pro­

duced higher hatchling growth rates than those obtained with freeze-dried 

crab or squid diets, the former also yielding 100% survival rates (Martı́nez 

et al., 2014). Previous results of a feed made with native protein from 
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Table 1.1 Effects of different types of feed on the growth of Octopus maya 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Crustaceans 

Artemia salina adults 0.13 25 0.009 4.8 Baeza-

Rojano 

et al. (2013) 

Crab (Callinectes 
sapidus) 

316.4 ± 9.8 25 10.24 3.71 Aguila et al. 

(2007) 

Crab (C. sapidus) 0.23 27 0.007 2.05 Briceño 

et al. (2010) 

Crab (C. sapidus) 0.17 27 0.004 1.92 Briceño 

et al. (2010) 

Crab (C. sapidus) 0.12 27 0.009 2.07 Briceño 

et al. (2010) 

Crab (C. sapidus) 472 28 24 2.7 Domingues 

et al. (2007) 

Crab (C. sapidus) 0.71 25 0.015 1.72 Rosas et al. 

(2008) 

Crab (C. sapidus) 458 28 11.81 1.07 Rosas et al. 

(2011) 

Crab (C. sapidus) 0.13 28 0.009 4.46 Rosas et al. 

(2013) 

Different crustacean 

species 

0.1 25 12.60 4.07 Van 

Heukelem 

(1977) 

Freshwater 

gammarid (Hyale 
azteca) 

Marine gammarid 

(Hyale media) 

Crustaceans mix 

0.11 

0.13 

25 

25 

0.009 

0.02 

5.4 

8.4 

Baeza-

Rojano 

et al. (2013) 

Baeza-

Rojano 

et al. (2013) 

Crab (C. sapidus), 542 28 17.8 2.4 Domingues 

84%; fish heads, 16% et al. (2012) 

(Lutjanus spp.) 

Continued 
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Table 1.1 Effects of different types of feed on the growth of Octopus maya—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Crab (C. sapidus), 493 26 11.5 1.8 Domingues 

84%; fish heads, 16% et al. (2012) 

(Lutjanus spp.) 

Crab (C. sapidus), 321 24 10.3 2.2 Domingues 

84%; fish heads, 16% et al. (2012) 

(Lutjanus spp.) 

Crab paste bound 0.50 27 0.17 10 Quintana 

with gelatin ad et al. (2011) 

libitum 

Crab paste 0.50 27 0.16 9.7 Quintana 

bound with et al. (2011) 

gelatin ration: 

30% WW 

Crab paste 0.40 27 0.12 9.7 Quintana 

bound with et al. (2011) 

gelatin ration: 

10% WW 

Crab (C. sapidus) 0.61 28 0.012 1.43 Rosas et al. 

fresh meat bound (2013) 

with gelatin 

Crab fresh 0.73 25 0.02 1.9 Rosas et al. 

meat bound with (2008) 

gelatin 

Lyophilized 0.77 28 0.014 1.55 Rosas et al. 

crab (C. sapidus) (2013) 

meat bound 

with gelatin 

Lyophilized crab 0.68 28 0.011 1.71 Rosas et al. 

(C. sapidus) meat (2013) 

bound with gelatin 

Lyophilized crab 0.76 28 0.0095 1.12 Rosas et al. 

(C. sapidus) and (2013) 

lyophilized squid 

(Dosidicus gigas) 
bound with gelatin 
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Table 1.1 Effects of different types of feed on the growth of Octopus maya—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Squid 

CPSP70 lyophilized 

squid (D. gigas) 
bound with gelatin 

0.75 28 0.002 0.26 Rosas et al. 

(2013) 

Lyophilized squid 

(D. gigas) bound with 
gelatin 

Clam 

0.57 28 0.007 0.7 Rosas et al. 

(2013) 

Clam 

(Lamellibranch ia) 

meal bound with 

gelatin 

0.60 28 -0.025 -5.2 Rosas et al. 

(2013) 

Clam lyophilized 

(Lamellibranch ia) 

bound with gelatin 

Pelletized diets 

0.65 28 -0.02 -3.63 Rosas et al. 

(2013) 

CPSP70 lyophilized 

crab (C. sapidus) 
bound with gelatin 

0.73 28 -0.0025 -0.35 Rosas et al. 

(2013) 

CPSP70 bound with 

gelatin 

0.69 28 -0.013 -2.16 Rosas et al. 

(2013) 

Chilean prime fish 

meal bound with 

gelatin 

0.63 28 -0.009 -1.88 Rosas et al. 

(2013) 

Pelletized diet with 

fish hydrolyseda 

CPSP: 0% 

316.4 ± 9.8 25 -0.69 -0.37 Aguila et al. 

(2007) 

Pelletized diet with 

fish hydrolyseda 

CPSP: 5% 

316.4 ± 9.8 25 0.45 0.40 Aguila et al. 

(2007) 

Pelletized diet with 

fish hydrolyseda 

CPSP: 10% 

316.4 ± 9.8 25 0.76 0.66 Aguila et al. 

(2007) 

Continued 
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Table 1.1 Effects of different types of feed on the growth of Octopus maya—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Pelletized diet with 

fish hydrolyseda 

CPSP: 15% 

316.4 ± 9.8 25 1.31 0.86 Aguila et al. 

(2007) 

Pelletized diet with 

fish hydrolyseda 

CPSP: 20% 

316.4 ± 9.8 25 1.1 0.70 Aguila et al. 

(2007) 

Pelletized diet with 

40% protein levelb 
446 28 -1.76 -0.43 Rosas et al. 

(2010) 

Pelletized diet with 

different protein 

levelb 60% 

458 28 0.37 0.08 Rosas et al. 

(2011) 

Pelletized diet with 

8% CPSP levelc 
0.14 28 -0.001 -2.17 Rosas et al. 

(2013) 

Pelletized diet with 

15% CPSP levelc 
0.14 28 -0.001 -1.81 Rosas et al. 

(2013) 

Pelletized dietc 

Pelletized shrimp 

improved dietd 

Processed crab meat 

0.13 

486 

28 

28 

-0.002 

-1.3 

-2.49 

-0.30 

Rosas et al. 

(2013) 

Domingues 

et al. (2007) 

Crab (fresh) bound 

with alginate 

0.71 25 -0.02 -2.5 Rosas et al. 

(2008) 

Crab (cooked) meat 

(C. sapidus) bound 
with gelatin 

0.94 28 -0.05 -11.7 Rosas et al. 

(2013) 

aMenhaden fish meal, CPSP70 (Sopropeche, France), fish hydrolyzate (BIOCP), profine, squid meal,
 
milk serum, cornstarch, soybean lecithin, vitamin mix (Dibaq), vitamin C (Roche), filler, alginate–Na.
 
bMenhaden fish meal, CPSP70 (Sopropeche, France), fish hydrolyzate (BIOCP), profine, squid meal,
 
dried whey, soybean lecithin, fish oil, wheat starch, vitamin mix (Dibaq), vitamin C (Roche), filler,
 
alginate–Na.
 
cChilean prime fish meal, CPSP70 (Sopropeche, France), clam meal (Lamellibranchia), lyophilized squid
 
(D. gigas), fish oil, soybean lecithin, vitamin mix + Stay-C (DSM-NP), mineral mix (DSM-NP).
 
dShrimp diet (Purina, 51%), CPSP90 (Sopropeche, France), fresh squid (Lolliguncula brevis), soybean
 
lecithin, Rovimix Stay-C (Roche), mineral and vitamin mix (Dibaq).
 
Absolute growth rate (AGR, g d -1) and daily growth coefficient (DGC, % d -1) of octopus with different
 
types of feeds. For groups’ description, see text. WW, wet weight.
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Figure 1.2 Octopus maya. Daily growth coefficients (mean ± SD) for octopus 
in response to different types of experimental feed. SD in parenthesis and from 
Table 1.1. 

crustacean and squid-bound gelatin also produced higher growth and almost 

double survival rates than those from animals fed with raw crab meat (Rosas 

et al., 2008). This diet was tested in a semicommercial production system 

created to produce O. maya of 100–120 g. In this system, juveniles of 

100 mg WW were seeded at a density of 25 individuals m -2 and fed with 

a ration of 30–50% WW d -1 (Quintana et al., 2011; Uriarte et al., 2011), 

yielding survival rates of 50% at harvest (see Sections 3.4.3 and 3.5.3). 

2.4.3 Octopus vulgaris 
Recent studies have demonstrated that maternal diet can influence embry­

onic development by reducing the initial weight of eggs when a crab or 

squid diet is used (Márquez et al., 2013), suggesting that the nutritional con­

tent of the diet can modulate the physiology of brooding females to produce 

eggs with certain biological characteristics. 

Nutrition of paralarvae has been a major bottleneck for O. vulgaris aqua­
culture. The lack of specific diets to feed paralarvae has prevented the pro­

duction of juveniles to seed subsequent culture systems. At present, juvenile 

survival is very limited, suggesting that the diets designed to date have mar­

ked nutritional and/or functional deficiencies (Iglesias et al., 2007). A recent 

study investigated the prey ingested by O. vulgaris paralarvae in the wild and 
found 20 different prey species in the stomach contents of paralarvae of 

which 17 were crustaceans and three fish (Roura et al., 2012), providing 

essential information to understand the nutrition of paralarvae. 
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Over the last decade or so, there have been several studies on the nutri­

tion of O. vulgaris juveniles and subadults in an attempt to obtain a practical 

diet for the fattening phase of octopus culture in cages in Galicia, Spain. 

Experiments have been performed to determine the nutrient composition 

when designing commercial feed for octopuses (Domingues et al., 2010; 

Garcı́a Garcı́a and Aguado Giménez, 2002) and a balanced and elaborated 

diet was fed to O. vulgaris fattening in cages (Cerezo Valverde et al., 
2008, 2012a). Garcı́a-Garrido et al. (2010, 2011a) found that lipids are 

important nutrients for cephalopods, mainly as a source of energy. Among 

them, PUFAs and particularly eicosapentaenoic acid (EPA) were identified 

as the main source of energy of fasting octopus, suggesting that they should 

be included when an artificial diet is designed. These findings were con­

firmed when agglutinated moist diets were used to feed O. vulgaris juveniles 
in commercial cages (Estefanell et al., 2011). However, there are no bal­

anced feeds performing as well as the fisheries discards currently used as feed 

for O. vulgaris grow-out in cages (see Section 3.5.4). Nevertheless, major 

efforts are still under way to design a formulated feed for the O. vulgaris aqua­
culture industry (Cerezo Valverde et al., 2012a). 

Although to date there are many studies where subadults and adults of 

O. vulgaris were fed with different types of prey and diets (Cerezo Valverde 
et al., 2008, 2012b; Domingues et al., 2010; Estefanell et al., 2011; Garcı́a 

Garcı́a and Aguado Giménez, 2002; Garcı́a-Garrido et al., 2010, 2011a; 

Miliou et al., 2005), only two of these studies address the lipid classes or amino 

acid content of different marine species and feed, focusing on the likely 

nutritional requirements of O. vulgaris (Cerezo Valverde et al., 2012a,c). Diets 

with crustacean and bivalve protein complemented with arginine or leucine 

were proposed as improved feeds for cephalopods (Cerezo Valverde et al., 

2012c). It was also recognized that, although lipids in general are important 

for cephalopods, none of the 33 species and feeds analysed satisfied 

O. vulgaris requirements (Cerezo Valverde et al., 2012a). Monroig et al. 

(2012a) had shown that PUFAs (20:4n-3, 20:3n-6, 20:5n-3 and 20:4n-6) 

are essential for O. vulgaris, which explains in part why marine crustaceans 

and some molluscs with low-lipid content but high proportions of PUFA have 

been used with success as food for this species (Boucher-Rodoni et al., 1987; 

Domingues et al., 2010; Garcı́a-Garrido et al., 2011a; Uriarte et al., 2011). 

Also, of all the feeds tested so far, only squid L. vulgaris fulfil the nitrogen 
requirements of O. vulgaris (Katsanevakis et al., 2005; Miliou et al., 2005). 

Absolute growth rate (g d -1) and daily growth coefficient (DGC, % d -1) of  

each feed type are shown grouped in Table 1.2, using DGC as an index for the 

diet with the best results on growth at the experimental level for O. vulgaris. 
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Table 1.2 Effects of different types of feed on the growth of Octopus vulgaris 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Crustaceans 

Crab (several 

species) 

500 17.5 15a – Aguado 

Gimenez 

and Garcı́a 

Garcı́a 

(2002) 

Crab (several 

species) 

2000 17.5 20a – Aguado 

Gimenez 

and Garcı́a 

Garcı́a 

(2002) 

Crab 620–632 17 10.3–13.0 2.01–2.35 Garcı́a 

Garcı́a and 

Cerezo 

Valverde 

(2004) 

Crab (Carcinus 
mediterranus) 

819 17–21 16.2 1.61 Cerezo 

Valverde 

et al. (2008) 

Maja crispata, 100% 614 ± 89 18 20.1 2.66 Prato et al. 

(2010) 

Procambarus clarkii 1400 21 40.0 1.7 Domingues 

et al. (2010) 

P. clarkii 620 21 7.6 1.1 Domingues 

et al. (2010) 

Crustaceans mix 

Crab (Carcinus 
mediterraneus), 

80%; Boops boops, 
15%; and mussels 

Mytilus 
galloprovincialis, 5% 

614 ± 89 18 10.81 1.56 Prato et al. 

(2010) 

Maja crispata, 50%; 
Diplodus vulgaris, 
50% 

614 ± 89 18 19.32 2.07 Prato et al. 

(2010) 

Continued 



28 Erica A.G. Vidal et al. 

Table 1.2 Effects of different types of feed on the growth of Octopus vulgaris—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Shrimp 

(Palaemonetes 
varians) and gelatin 

Fish 

468.1 19 2.9 0.5 Quintana 

et al. (2008) 

B. boops (dietary 
group II) 

614 ± 89 18 18.44 2.04 Prato et al. 

(2010) 

B. boops (fresh) 864 22 11.6 1.9 Estefanell 

et al. (2013) 

B. boops (fresh) 889 22 16.4 1.5 Estefanell 

et al. (2013) 

B. boops (moist 

diet) 

882 22 11.0 1.1 Estefanell 

et al. (2013) 

B. boops (moist 

diet) 

918 22 17.1 1.5 Estefanell 

et al. (2013) 

B. boops 500 17.5 7a – Aguado 

Gimenez 

and Garcı́a 

Garcı́a 

(2002) 

B. boops 2000 17.5 10a – Aguado 

Gimenez 

and Garcı́a 

Garcı́a 

(2002) 

B. boops 378–418 17 6.5–7.3 0.8–0.9 Garcı́a 

Garcı́a and 

Aguado 

Garcı́a 

(2002) 

Merluccius gayi 563 21 15.5 1.9 Domingues 

et al. (2010) 

Merluccius gayi 1500 21 22.5 1.2 Domingues 

et al. (2010) 
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Table 1.2 Effects of different types of feed on the growth of Octopus vulgaris—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Sardina pilchardus 316–346 17 5.3–9.4 0.8–1.3 Garcı́a 

Garcı́a and 

Aguado 

Garcı́a 

(2002) 

Fish mix 

B. boops, 50%; 
prawn 

(Hymenopenaeus 
muelleri), 10%; 

alginate, 30%; 

calcium, 10% 

810 17–21 6.26 0.71 Cerezo 

Valverde 

et al. (2008) 

B. boops, 40%; 
water, 40%; prawn 

(Hymenopenaeus 
muelleri),10%; and 

gelatin, 10% 

852 17–21 1.87 0.22 Cerezo 

Valverde 

et al. 

(2008) 

aLL sodium 

alginate 0 

842 17–20 0.53 0.06 Cerezo 

Valverde 

et al. 

(2013) 

LL sodium 

alginate 5a 
902 17–20 1.96 0.21 Cerezo 

Valverde 

et al. 

(2013) 

LL sodium 

alginate 20a 
859 17–20 4.93 0.53 Cerezo 

Valverde 

et al. (2013) 

HL sodium 

alginate 0b 
700 17–20 2.08 0.28 Cerezo 

Valverde 

et al. (2013) 

HL sodium 

alginate 5b 
685 17–20 3.61 0.33 Cerezo 

Valverde 

et al. (2013) 

HL sodium 

alginate 20b 
722 17–20 4.14 0.52 Cerezo 

Valverde 

et al. (2013) 

Continued 
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Table 1.2 Effects of different types of feed on the growth of Octopus vulgaris—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Squid 

Doryteuthis gahi 
(fresh frozen) 

713 15 12.06 1.36 Garcı́a-

Garrido 

et al. (2011a) 

D. gahi (fresh 
frozen) 

359.9 20 13.3 2.48 Garcı́a-

Garrido 

et al. 

(2011b) 

D. gahi (fresh 
frozen) 

710.8 20 18.3 1.92 Garcı́a-

Garrido 

et al. 

(2011b) 

D. gahi 542 21 15.8 1.9 Domingues 

et al. 

(2010) 

D. gahi (fresh) 

D. gahi 
(paste and 

gelatin) 

Squid mix 

486.3 

505.9 

19 

19 

9.5 

7.3 

1.4 

1.13 

Quintana 

et al. 

(2008) 

Quintana 

et al. (2008) 

Squid (D. gahi), 
75%; CPSP, 10%; 

gelatin 15% 

578.9 20 4.93 0.74 Garcı́a-

Garrido 

et al. 

(2011b) 

Squid paste, 25%; 

CPSP90, 10%; fish 

flour, 55%; 

gelatin, 10% 

692 15 0.68 0.09 Garcı́a-

Garrido 

et al. 

(2011a) 

Squid (D. gahi), 
50%; CPSP, 40%; 

gelatin, 10% 

268.9 20 1.13 0.39 Garcı́a-

Garrido 

et al. 

(2011b) 
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Table 1.2 Effects of different types of feed on the growth of Octopus vulgaris—cont'd 
Octopus 
initial 
weight Temperature AGR DGC 
(g WW) (OC) (g d-1) (% d-1) References 

Squid (D. gahi), 
65%; CPSP, 20%; 

gelatin, 15% 

590.1 20 1.27 0.21 Garcı́a-

Garrido 

et al. 

(2011b) 

Squid paste, 30%; 

CPSP90, 10%; fish 

flour, 50%; 

alginate, 10% 

717 15 -3.3 -0.49 Garcı́a-

Garrido 

et al. 

(2011a) 

Squid (D. gahi), 
70%; CPSP, 20%; 

gelatin, 10% 

Mussel 

318.1 20 -0.99 -0.32 Garcı́a-

Garrido 

et al. 

(2011b) 

M. galloprovincialis 

Formulated diets 

614 ± 89 18 7.57 0.93 Prato et al. 

(2010) 

Fish mealc 580 ± 123 18 3.3 0.54 Querol et al. 

(2012) 

Krillc 580 ± 123 18 3.1 0.58 Querol et al. 

(2012) 

Fish meal and 

krillc 
580 ± 123 18 3.8 0.62 Querol et al. 

(2012) 

aFish paste (B. boops), 50%; prawn paste (Hymenopenaeus muelleri), 10%; alginate + calcium, 27%; low-lipid
 
(LL), 7.8–9.1 g/kg.
 
bFish paste (B. boops), 50%; prawn paste (Hymenopenaeus muelleri), 10%; alginate + calcium, 27%;
 
high-lipid (HL), 83.4–84 g/kg.
 
cExtruded diets bound with gelatin and mixed with maltodextrin and egg yolk powder.
 
Absolute growth rate (AGR, g d -1) and daily growth coefficient (DGC, % d -1) of octopus with different
 
types of feeds. For groups’ description, see text. WW, wet weight.
 

These data were used to identify a relationship between groups of feed and 

their effect on O. vulgaris growth (Figure 1.3). Feeds composed of crustaceans, 

single or mixed (mainly crabs), fish (mainly Boops boops) and squid (Doryteuthis 
gahi) resulted in higher octopus growth rates than with fish or squid mixed diets 

(Figure 1.3). It is interesting to note that only once were mussels used as a 
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Figure 1.3 Octopus vulgaris. Daily growth coefficients (mean ± SD) for octopus in 
response to different types of experimental feed. SD in parenthesis and from Table 1.2. 

potential diet for O. vulgaris (Prato et al., 2010). Although crabs yielded the 
highest growth rates for O. vulgaris, both B. boops and D. gahi resulted in 
growth rates high enough (>1.5 d -1) that, under some circumstances perhaps 

related to freshness, these ingredients could be used to formulate feeds for cul­

ture (Estefanell et al., 2012a; Garcı́a-Garrido et al., 2011a,b; Prato et al., 2010). 

3. CULTURE REQUIREMENTS AT DIFFERENT LIFE PHASES 

3.1. Broodstock 
Cephalopod broodstocks for culture can be obtained directly from wild 

populations but the selection of individuals is a key factor: they should be 

healthy, with undamaged skin, arms and tentacles. Capture methods should 

be the most appropriate to minimize stress and maintain the physical integrity 

of the animals. The use of pots (Brazil, Japan, Portugal and Spain) or lines with 

crabs as bait without hooks is recommended for octopus capture. Size and 

weight should also be considered as key factors for the selection of potentially 

mature individuals. This section addresses the actual status of broodstock 

management of the four biological models under culture conditions. 

3.1.1 Sepioteuthis lessoniana 
This loliginid squid is an Indo-West Pacific species, widely distributed from 

Japan to northern Australia and New Zealand and from the East African 
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coast to Hawaii. Common in coastal environments on sea grass beds, coral 

reefs and sandy bottoms, it occurs from surface waters to about 100 m depth 

throughout its area of distribution. This species is of medium to large size, 

with mantle length (ML) usually around 200–300 mm and weight up to 2 kg 

( Jereb et al., 2010), and is considered to be one of the most adaptable ceph­

alopods for laboratory culture (Hanlon, 1990). 

Set nets, small purse nets, squid traps and jigging are the main fishing gear 

to capture young and adult S. lessoniana for broodstock. Set nets are partic­
ularly suitable because living squid can be maintained in good condition in 

the net before landing. Captured broodstock may be either kept at sea or 

transported to a laboratory facility (with extreme caution to avoid possible 

skin damage). Broodstock individuals have been maintained in floating net 

cages in the sea (Ahmad and Usman, 1997; Saso, 1979), where squids spawn 

and provide the seed for culture experiments. Experimental studies under­

taken to evaluate the usefulness of keeping broodstock and growing out 

juveniles in floating cages yield good results using 4 m 3 net cages (Wada 

and Kobayashi, 1995) and 5 m 3 net cages with masking net to protect them 

from sun damage (Sugita, 2012). 

Egg capsules are attached in clusters in the substrate in spawning grounds 

located in shallow coastal areas in Japan and Southeast Asian countries, so 

they are relatively easy to collect (Choe and Ohshima, 1961; Ohshima 

and Choe, 1961; Segawa, 1987; Tsuchiya, 1982). Broodstock can also be 

obtained from captive cultured individuals, but the viability of 

laboratory-spawned eggs may be lower than that of eggs from wild-caught 

individuals (Lee et al., 1994). Walsh et al. (2002) also had a problem with egg 

fertility and viability but observed positive traits when culturing squid 

through seven consecutive generations: The number of eggs laid increased 

in general with subsequent generations, adult size remained similar through­

out the experiment (in contrast with Lee et al. (1994) who observed a 

decrease in maximum adult size), and subsequent generations produced 

healthy and disease-resistant offspring. 

Appropriate spawning substrates must be provided for squid kept in tanks 

or cages, such as artificial reefs and sea grass (Lee et al., 1994; Walsh et al., 

2002). The eggs are surrounded by white gelatinous fingerlike capsules of 

about 6 cm in length and 1.3 cm in width and containing up to 13 eggs each. 

After copulation, mature females easily spawn eggs in captivity several times 

in one spawning season. Wada and Kobayashi (1995) observed a female 

reared with a male in a sea pen (4 m3) spawn 11� at intervals of 1–9 d, laying 
a total of 1540 egg capsules containing 7780 eggs. Under culture conditions, 
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first mating was observed as early as 130–160 d after hatching (DAH) and 

spawning at 153 DAH at 23–25 OC (Hanlon, 1990). 

Sex identification of adult S. lessoniana is simple because of their obvious 

sexual dimorphism, with males showing a specific colour pattern and the 

conspicuous hectocotylus at the tip of the left fourth arm. Females and 

immature squid have iridophores (round green spots) on the dorsal mantle, 

while mature males have relatively larger iridophores with horizontally 

elongated shapes (Ikeda, 1933). This species is relatively easy to maintain 

in captivity, given the availability of ample good quality sea water, tanks 

or cages of sufficient size, and good live feed, although frozen food of 

sufficient size is readily accepted by older individuals. 

3.1.2 Sepia officinalis 
This common European cuttlefish has a broad distribution from the North 

Atlantic, throughout the English Channel, and south into the Mediterranean 

Sea to the coast of West Africa. A demersal, neritic species occurring 

predominantly on sandy to muddy bottoms from the coastline to about 

200 m depth, it has a maximum size of 450 mm ML and weight up to 

4 kg in temperate waters but around 300 mm ML and 2 kg in subtropical 

seas (Reid et al., 2005). 

This species produces large eggs (20–30 mm in length), attains sexual matu­

rity at very different sizes and weights (Hanlon, 1990; Sykes et al., 2006a) and  

has a maximum estimated potential fecundity of up to 8000 eggs in nature 

(Laptikhovsky et al., 2003). Females mate repeatedly (Hanlon et al., 1999) 

and display intermittent or chronic spawning (Boletzky, 1987), depending 

on captive conditions. It is not advisable to separate females from males after 

copulation since this will not promote a reproduction resembling wild condi­

tions and might have an indirect influence on egg quantity and quality 

(Figure 1.4). According to Boletzky (1983), larger females will lay bigger eggs, 

although this does not agree with recent observations by Sykes et al. (2013a). 

No parental care of eggs has been observed in cuttlefish, and senescent females, 

which allocate all their energy reserves to the eggs, die after their last spawning. 

As with S. lessoniana, there are two possible broodstock sources for 
breeding cuttlefish: captive cultured individuals or direct from the wild 

(Sykes et al., 2006b). Koueta et al. (2002) and Perrin (2004) obtained smaller 

eggs when these were produced by a captive broodstock, except when 

enriched feeds were used. When establishing broodstock, all phases of the 

life cycle require great care because reproduction in captivity is still one 

of the bottlenecks in cuttlefish culture (Sykes et al., 2006b). 
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Figure 1.4 Sepia officinalis. (A) Cuttlefish breeders laying eggs inside 9000 L round tanks 
of large bottom areas and slow water movement. (B) Females laying eggs that are 
attached to a common cluster inside the tank. Original images (not to scale). 

Closed systems can be used for experimental rearing and so can open sys­

tems if the quality of water is excellent. Semiopen systems in which 80% of 

water is renewed each day might also be a good alternative (Koueta and 

Boucaud-Camou, 1999). 

Conditions to accommodate breeders have progressed from the use of 

250 L tanks (Correia et al., 2005, Sykes et al., 2006a) up to 9000 L, and 

recommendations suggest that increased bottom areas should be used 

(Domingues and Márquez, 2010; Sykes et al., 2013a; Figure 1.5). Low dis­

turbance areas should be elected to settle tanks, irrespective of their indoor 

or outdoor location on the husbandry facility. Tank design should allow cor­

rect water circulation inside the tank in order to ensure that no anoxic areas 

are potentially created. Additionally, there must be no sharp objects or rough 

surfaces inside the tank since they may cause skin damage. Round fibreglass 

tanks should be used and must comprise enough airlifts fixed on the tank 

walls and air stones deployed in the middle of the tank. These will ensure 

slow water movement and draining through the outlet piping located in 

the centre of the tank, reducing turbulence and improving conditions for 

egg laying and maintenance. 

Broodstock must be kept under low light intensities (200 lux or less), and 

photoperiod should replicate that occurring during spawning in the wild for 

each particular geographic area. Ideal photoperiod will correspond to a com­

bination of 12–14 hs light versus 12–10 hs dark, at a mean temperature of 

23–25 OC. The combined effects of photoperiod and feeding can be used 

to increase survival and growth (Koueta and Boucaud-Camou, 2003; 

Perrin et al., 2004). When using outdoor tanks, the use of water-repellent 

masking nets is strongly advised to prevent excessively bright conditions and 

sunburn and decreases in pH and salinity caused by rainfall. 
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Figure 1.5 Cylindrical tanks of increasing volumes used for cuttlefish reproduction at 
the Ramalhete field station of the Centre for Marine Sciences, University of the Algarve, 
Portugal. (A) 250 L, (B) 750 L, (C) 3000 L and (D) 9000 L. Image not to scale. 
Original image. 

Sex ratio and stocking densities have significant effects on the fecundity 

and fertility of this species (Boal and Golden, 1999; Forsythe et al., 2002). 

Forsythe et al. (1991) suggested a male/female sex ratio of 1:3 to limit the 

likelihood of male aggression and aggressive mating behaviour, and 

Forsythe et al. (1994) suggested a density of two cuttlefish m -2. However, 

fecundity results obtained under different culturing conditions (tank volumes, 

stocking densities, sex ratios, temperature and food; Table 1.3) indicate  that  

the sex ratio should be maintained at 2:1 and stocking densities kept low when 

setting up a broodstock. For instance, a 9000 L tank should have 21 individ­

uals, 14 ♂♂ and 7 ♀♀, which is a stocking density of four cuttlefish m -2 . 

The onset of maturation and reproduction in cuttlefish determines a shift 

in the diet, from a predominant composition of crustaceans (crabs, prawns 

and shrimps) during the juvenile phase to a mixture of fish and crustaceans as 

individuals mature and reproduce (Boletzky, 1983; Nixon, 1985). This 

agrees with published information on the diet of other cephalopod species, 

such as L. vulgaris (Coelho et al., 1997), in which changes in diet are also 
attributed to the onset of sexual maturation. In spite of this, Sykes et al. 

(2006a, 2013a) had demonstrated that it is possible to base successful cuttle­

fish culture on a diet composed exclusively of frozen grass shrimp, 

Palaemonetes varians. Perrin (2004) and Perrin et al. (2004), however, 
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Table 1.3 Fecundity values of Sepia officinalis obtained for different stocking densities, 
tank volume, sex ratio, temperature and food 

Fecundity 
(egg. ♀-1) 

Density 
(no. 
m -2) 

Tank 
volume 
(L) 

Sex 
ratio 
(M/F) 

Temperature 
(OC) Food Reference 

144 38 250* 1:1 27 ± 3 Carcinus 
maenas (F) 

Domingues 

et al. (2001b) 

225 19 250* 3:1 15 ± 4 Palaemonetes 
varians (L) 

Domingues 

et al. (2002) 

150 19 

411 19 

250* 

250* 

1:1 �17 P. varians (L) Domingues 

et al. (2003) 
1:1 P. varians (F) 

834 16 

290 76 

250* 

250* 

3:1 24.5 ± 1.4 P. varians, 
C. maenas and 
fish (L) 

Correia 

et al. (2005) 
3:1 

370 9 

301 9 

247 13 

478 8 

293 3 

250* 

250* 

250* 

250* 

250* 

1:2 17.1 ± 1.7 P. varians (L) Sykes et al. 

(2006a) 
3:1 23.4 ± 1.4 

1:2 15.2 ± 3.0 

1:1 21.1 ± 2.6 

2:1 24.2 ± 1.7 

787 15 400** 1:2 19.5 ± 1.1 P. varians (F) Sykes et al. 

(2009) 

1383 4 

223 15 

325 29 

9000* 

750* 

250* 

1:2 20.5 ± 2.9 P. varians (F) Sykes et al. 

(2012)
1:1 19.0 ± 2.2 P. varians (F) 

1:1 21.2 ± 3.4 P. varians (F) 

* - Round tank; ** - Rectangular tank; L - live; F – frozen; M – male; F - female. 

reported lower survival and growth rates and smaller egg size when captive 

animals are fed with frozen prey, noting that they adjust their enzymatic 

activity to the feed and that frozen feed delays the development of the 

digestive system. This may have a direct impact on juvenile growth and also 

on egg size once the animals reach maturity and spawn. 

3.1.3 Octopus maya 
Octopus maya is endemic to the Western Central Atlantic in the Gulf of 

Mexico, off the Yucatán Peninsula, Mexico. It is a benthic, shallow-water 

species occurring in sea grass beds, empty shells and hard substrates down 
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to 50 m depth. Maximum total length and weight are 130 cm and 5 kg, 

respectively. Females may lay from 1500 to 2000 large eggs of up to 

17 mm long, which produce large benthic hatchlings around 6–7 mm 

ML (Roper et al., 1984). 

Studies conducted to date have shown that this species can be maintained 

under laboratory conditions for several generations (Solis, 1998; Van 

Heukelem, 1976, 1977, 1983). At the Universidad Nacional Autó noma 

de México (UNAM) facilities in Yucatán, Mexico, there is an experimental 

pilot unit for the production and rearing of O. maya. Between 2006 and 
2012, more than 280 clutches were spawned from wild females with mean 

live weight of 815 ± 16 g, yielding a total of 250,000 eggs, with a mean WW 

for newly hatched juveniles of 0.13 ± 0.001 g (N ¼ 553). 
Females are collected from the Yucatán continental shelf in the Gulf of 

Mexico, where lies the most important octopus fishery in America (Salas 

et al., 2006). They are caught from small artisanal boats (7 m length) with 

lines (around 10 boat -1) suspended from long bamboo poles, using crabs 

as bait but without hooks (Figure 1.6). During the process, crabs are hauled 

through the bottom (8–10 m depth) in an attempt to stimulate the behaviour 

of their predators. Eventually, thanks to their voracity, O. maya attack the 
bait and tense the lines, which are hauled into the boat where the octopus 

is killed and stored in ice for 4–5 h. Octopuses captured alive are placed in 

tanks onboard and maintained with continuous sea water exchange. 

In general, O. maya females (>300 g) are already functionally mature 

(Arkhipkin, 1992) and fertilized, such that growing oocytes lie within the 

Figure 1.6 Octopus maya artisanal fisheries using crabs as bait without hook. 
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Figure 1.7 Octopus maya. Males and females during 10-day acclimation period at out­
door 6 m diameter ponds at the Universidad Nacional Autónoma de México (UNAM). 
Original image. 

reproductive coelom. Nevertheless, to ensure that females and their 

stored sperm are of sufficient quality and quantity, they are maintained in 

outdoor ponds with males (sex ratio 1:1) for 10 d after capture and normally 

fed with blue crab (Callinectes sapidus) at a rate of 5% octopus WW d -1 

(Figure 1.7). 

After acclimation, O. maya females are conditioned for a 30-d period in 

80 L dark tanks in a low light room (30 lux cm -2), where sea water is 

maintained at 24 ± 1 OC, salinity > 32, pH 8, dissolved oxygen > 5 mg  L  -1 , 

ammonia < 1 mg L  -1 and nitrite < 0.15 mg L -1 . During this period, 

females are fed with a mixed diet of crab (75%), mussel (Mytilus spp.) and/or 
fish heads (25%) at a rate of 5% octopus WW d -1 . 

During the 2013 production season, the mean number of eggs per clutch 

was 800 ± 22 and only 15% of females produced unfertilized eggs. Wet 

weight of females laying eggs varies considerably (300–1300 g) and there 

is no apparent relationship between female live weight and fecundity. This 

weight variability might be related to the nutritional history of wild females, 

given the dependence of cephalopod gonad development on factors such as 

feeding activity and food availability. 

In culture conditions, fertilized eggs hatched after 45–50 d at 24 ± 1 OC. 
At UNAM facilities, O. maya spawns are artificially incubated, facilitating 
spawn area management (Rosas et al., 2010) and releasing the holding tanks 

for accommodation of subsequent females ready for spawning. 
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3.1.4 Octopus vulgaris 
Octopus vulgaris is a neritic species considered as cosmopolitan with unknown 

distributional limits in temperate and tropical seas. They are benthic and 

occur from the sublittoral to depths of 200 m, in a variety of habitats such 

as rocks, coral reefs and grass beds. Size is highly variable depending on 

the habitat, with a maximum total length of 130 cm and maximum weight 

up to 10 kg (common to 3 kg). This species has high fecundity 

(100,000–600,000 eggs), producing small hatchlings of about 2–3 mm 

ML (Mangold, 1983; Roper et al., 1984; Vidal et al., 2010). 

The different teams working on O. vulgaris culture use different condi­
tions for the spawners (Iglesias et al., 2007). The most obvious differences are 

the male/female ratios and the broad range of temperatures used (14–25 OC). 
However, the method of capture, transport conditions, food supply and light 

intensity are similar. There are no problems regarding the acclimation of 

spawners and obtaining viable eggs in captivity. The egg-laying process 

can be carried out by either creating a stock of spawners, mixing males 

and females (Iglesias et al., 2000) or individually separating already fertilized 

females captured at sea (Okumura et al., 2005; Villanueva, 1995). The 

females all mature and lay eggs in captivity, with successful hatching rates 

over 80%. 

Comparing the systems used to maintain broodstock by different 

research teams (Iglesias et al., 2007) allows the establishment of a set of gen­

eral recommendations for the reproduction of O. vulgaris that should enable 
more consistent production of viable eggs and paralarvae. Firstly, it is rec­

ommended that pots are used to capture broodstock octopuses. An appro­

priate feed is a mix of crustaceans and fish of low commercial value, with 

crustaceans comprising at least 30% of the diet. If octopuses are captured 

during the spawning period, it is sufficient to keep the females (>1 kg) until 

eggs are obtained. The rest of the year, males and females should be 

maintained at a ratio of 1:3. When the spawning has been completed, the 

female, together with her eggs, must be transferred to another tank, to avert 

disturbance of the brooding female by other spawners. 

3.2. Embryonic phase 
Embryonic incubation and maintenance does not represent a major problem 

for the production of paralarvae and juveniles in most species. However, egg 

care is one of the key factors to promote rearing success. Eggs can be 

obtained from broodstock, from the wild (Figure 1.8) or from in vitro 
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Figure 1.8 Eggs and egg masses. (A) Sepioteuthis lessoniana (original image), (B) Sepia 
officinalis (original image), (C) Octopus maya (original image) and (D) Octopus vulgaris. 
Scale bar 1 cm. (D) Photograph courtesy of M.E. Garci. 

fertilization. Embryonic development should be monitored closely to eval­

uate developmental progress and to predict hatching time by following the 

different stages with an illustrated scale (e.g. Arnold, 1965; Naef, 1928) 

adapted to each species. Handling and maintenance of egg masses and 

brooding females should be done with care to avoid egg mass mortality. 

Husbandry conditions during embryonic development should be 

maintained ideal according to established requirements for each species; oth­

erwise, the quality of the eggs will be compromised, which will inevitably be 

reflected in the quality of the hatchlings produced (i.e. normal, abnormal 

and/or premature). From a practical point of view in the laboratory, ceph­

alopod species can be classified according to whether or not they require 

maternal care. The following section attempts to identify the main factors 

influencing embryonic development and methods to avoid death of the 

embryos and premature hatching. 

3.2.1 Eggs with maternal care 
Maternal care in cephalopods is only known to occur in incirrate octopods 

and in a few species of oceanic squid (Bush et al., 2012; Seibel et al., 2005). 
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The female will usually stop feeding and will take care of the eggs until they 

hatch. Maternal care in benthic octopods is well known and includes gen­

erally protecting the egg mass from potential predators, ventilation by flush­

ing water through the eggs, cleaning the surface of the eggs and removing 

dead embryos. By means of mechanical stimulation, the female probably 

influences hatching, in such a way that it will occur more often during 

the preferred period of daily activity of the species. Usually, females live 

through to completion of embryonic development, but in some cases, 

depending on their condition, they might die before the eggs hatch, in 

which event embryo survival is compromised and usually the whole egg 

mass will perish. 

To prevent egg losses, artificial incubation has been explored with the 

greatest success obtained with the large-egged O. maya (Avila-Poveda 
et al., 2009). Artificial incubation methods increase the possibilities for mass 

culture, promoting the exchange of material between laboratories and 

augmenting the collection of eggs from the wild. Further research is still 

required to develop artificial incubation methods for small-egged species 

yielding planktonic paralarvae. 

3.2.2 Eggs without maternal care 
Females of nautiluses, sepiids, cirrate octopods, loliginid squids and most 

oegopsid squids lay their eggs without maternal care, either in single encap­

sulated eggs (e.g. sepiids) (Figure 1.8B) or in capsules (Figure 1.8A) or in jelly 

masses containing several to thousands of eggs (as in many species of squid). 

Except for oegopsid squid that spawn pelagic eggs, most cephalopods attach 

eggs to a hard substrate, sea grass or macroalgae. Incubation procedures 

require appropriate egg density, aeration and water flow, which are crucial 

to promote adequate oxygenation (Vidal and Boletzky, 2014). 

3.2.3 Main factors influencing embryonic development 
During embryonic development, eggs require stable, optimal water quality. 

Eggs at different developmental stages show different degrees of vulnerabil­

ity to stress, with tolerance limits intrinsically related to the normal habitat, 

season and geographic range (Kinne, 1971). The main factors influencing 

embryonic development are briefly reviewed later in the text. 

Temperature. Incubation time in cephalopods is inversely proportional to 

egg size and also to temperature (Boletzky, 1987), which is the main factor 

influencing embryonic development. Temperature controls the rate of met­

abolic processes, such as the rate and efficiency of yolk utilization and 
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consequently embryonic growth and size and weight at hatching (Boletzky, 

1987; Vidal et al., 2002b, Villanueva et al., 2007). For each species, there is 

an optimal temperature range for embryonic development, so temperature 

can be used as a laboratory tool to manipulate the length of embryonic devel­

opment and hatching time according to experimental requirements. When 

eggs are obtained from the broodstock or from in vitro fertilization, it is pos­
sible to accurately estimate the duration of embryonic development and thus 

the expected hatching period (Bouchaud and Daguzan, 1989; Villanueva 

et al., 2012). The hatching period is defined as the time difference between 

the hatching of the first and last individuals from a single egg mass and can last 

from several minutes to several days, depending on the species and temper­

ature. This is useful information in order to organize laboratory procedures 

required to start and develop rearing experiments. Incubation temperature 

also strongly influences oxygen consumption by embryos, and as the ratio of 

oxygen supply to demand is increased at low temperatures (Woods, 1999), 

conversion efficiencies of yolk into tissue are improved, producing large 

hatchlings at low temperature, as for S. officinalis (Bouchaud and 

Daguzan, 1989). The reverse effect is observed at higher temperatures 

(Vidal et al., 2002b; Villanueva, 2000). Hence, there is a compromise 

between short and longer incubation periods, with intermediate periods 

and temperatures maximizing hatching rates (Sen, 2005a; Sykes et al., 

2006a; Vidal and Boletzky, 2014). 

Oxygen. Egg masses should be maintained under a well-oxygenated 

environment. Egg development is asynchronous either because they are 

not all laid on the same day or because they are exposed to different oxygen 

levels. Embryos located in the interior of a large egg mass will be exposed to 

reduced levels of oxygen, leading to slower development and low survival 

when compared to those located at the periphery (Steer and 

Moltschaniwskyj, 2007). Therefore, to provide ideal developmental condi­

tions, oxygen levels should be maintained close to saturation and eggs with­

out maternal care separated into small clusters suspended through an 

upwelling flow of water and/or exposed to high flow rates (Vidal and 

Boletzky, 2014). Oxygen becomes limiting in cephalopod eggs towards 

the end of development, when embryonic oxygen consumption and ammo­

nia production are at their peak. The egg chorion, egg capsule and the pres­

ence of a jelly mass (depending on species) influence diffusion, a limitation 

that is known to be critical at least in large-egged species such as S. officinalis 
and S. apama. Thus, during late embryonic development, low oxygen dif­

fusion may be a key factor leading to hatching (Cronin and Seymour, 2000; 
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Gutowska and Melzner, 2009). Late embryos increase the flow of water over 

the gills by intensifying both the frequency and amplitude of mantle contrac­

tions, presumably in response to declining oxygen (or increased carbon 

dioxide levels), and this seems to result in hatching. Thus, oxygen depletion 

should be minimized to prevent the death of embryos and premature hatch­

ing. In species with maternal care, such as O. vulgaris, oxygenation of the 
eggs is maintained by the female. In spite of this, it is estimated that the oxy­

gen consumption of a medium-sized egg mass is approximately twice that of 

the oxygen uptake of the respective brooding female (Parra et al., 2000). 

Therefore, in effect, a brooding female and her egg mass require 3 � the 
amount of oxygen of a nonbrooding octopus. 

Salinity. The influence of salinity on egg incubation and hatching of 

cephalopods has been considered only rarely. In one study, when eggs of 

S. lessoniana and S. pharaonis were incubated at different salinities over the 
range 12–44 psu (at 29 OC), hatching rates above 80% were recorded 
between 24 and 36 psu (Nabhitabhata et al., 2001). At salinities close to 

the upper limit of tolerance for these species, death of the embryos ensued 

before organogenesis and premature hatching was also observed, while low 

salinities led to abnormal development. There is also evidence to suggest that 

temperature has an important effect on salinity tolerance, as tolerance to low 

salinities seems to increase at higher temperatures (Nabhitabhata et al., 2001; 

see Table 1.1 of Palmegiano and D’Apote, 1983; Sen, 2005b). 

pH. The aerobic performance of cephalopods is sustained by the highly 

pH-dependent affinity of their haemocyanin. As a consequence, changes in 

ambient pH are expected to have direct influences on their physiology 

(P€ortner and Zielinski, 1998), and this is especially true for embryos while 

their respiratory system is developing. To date, the influence of pH on the 

physiology and development of cephalopod embryos have not been quan­

tified, but recent studies have shown that low pH has the potential to com­

promise the protective properties of the egg envelopes, leading to metal 

accumulation in embryos (Lacoue-Labarthe et al., 2011). Additionally, 

experiments undertaken with L. vulgaris intermediate stage eggs exposed 

to pHs between 7.1 and 9.1 showed that the normal development of eggs 

and hatching of viable paralarvae take place only within the pH range 

7.8–8.4 (D’Aniello et al., 1989). This is therefore the pH range rec­

ommended for egg incubation. 

Light conditions. In general, low light intensities (11–15 lux; Yang et al., 
1983; 1.8–2.9 mE m  -2 s -1; Villanueva et al., 2007) should be maintained for 

most species, with a consistent photoperiod. Photoperiodicity has a key 
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influence on the timing of hatching in cephalopod species without maternal 

care, as in the cuttlefish S. officinalis and the squid L. vulgaris. The transition 
from light to dark seems to function as a “zeitgeber” or synchronizer, stim­

ulating hatching (Paulij et al., 1990b, 1991), hence the tendency for sunset 

and nocturnal hatching in octopus paralarvae (Villanueva and Norman, 

2008). There is also evidence to suggest that continuous illumination might 

lengthen the embryonic development of S. officinalis and cause asynchronous 
hatching (Paulij et al., 1991) and also reduced statolith growth in both 

L. vulgaris and Sepioteuthis australis (Villanueva et al., 2007). 

3.2.4 Mechanisms that promote normal hatching 
Hatching time is a risky period for cephalopods, which is minimized by fast 

fracture of the chorionic membrane. Immediately before hatching, individ­

uals use both chemical (protease enzymes produced by Hoyle’s gland) and 

mechanical (mantle contractions and active use of arms and suckers) means 

to dissolve and open the chorionic membrane. The physiological or mor­

phological mechanisms that promote the actual hatching process are 

unknown (Boletzky, 2003; D’Aniello et al., 1989). 

In addition to embryonic rhythms, species-specific differences in the 

timing of hatching may be influenced by adult rhythms. During hatching, 

brooding octopus females sometimes forcibly expel water through the fun­

nel over the eggs. This turbulence may act as a stimulus to instigate hatching 

(Villanueva and Norman, 2008). Mechanical stimulation provided by 

brooding female octopuses to their egg mass may differ between nocturnal 

and diurnal species, making maternal activity a possible behavioural factor in 

the hatching process of incirrate octopods. However, some physical, chem­

ical and behavioural factors can instigate premature hatching. 

3.2.5 Mechanisms that promote premature hatching 
and recommendations for prevention 

A natural tranquillizer described in the perivitelline fluid of advanced 

loliginid squid eggs prevents premature hatching (Marthy et al., 1976). 

However, premature hatching is a major source of mortality in cephalopods 

in laboratory conditions. All female incirrate octopuses guard their eggs 

throughout embryonic development, after which they die, but brooding 

females under stress, disease or advanced senescence may modify their 

brooding behaviour, resulting in the death of the embryos or premature 

hatching. 
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Prematurely hatched paralarvae are recognized externally by the pres­

ence of the outer yolk sac within the arms and usually reduced body size 

(Figure 1.9). Normally, yolk reserves are absorbed within a few hours or days 

after hatching (depending on species and temperature). However, in prema­

ture hatchlings, the inner yolk sac is large and occupies a relatively large vol­

ume inside the mantle cavity, reducing the total water volume entering the 

mantle and expelled through the funnel during the jet propulsion cycle char­

acteristic of cephalopods, reducing jetting capacity. Thus, both the outer 

yolk sac and the inner large yolk sac reduce swimming performance and 

Figure 1.9 Prematurely hatched paralarva. oys, outer yolk sac; iys, inner yolk 
sac; st, statocyst; is, ink sac. From Vidal and Boletzky (2014); adapted from Segawa 
et al. (1988). 
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limit movements of newly hatched individuals. Inadequate absorption or 

loss of the outer yolk sac in premature hatchlings results also in poor post-

hatching survival and growth, exacerbated by the fact that these hatchlings 

are not fully developed. Abrasion of the arms, tentacles, mantle and fins can 

be produced by friction against the bottom and walls of the rearing tanks 

(Vidal et al., 2002a) due to poor swimming and manoeuvring abilities. 

Resulting ulceration of the skin is a probable source of infection and death 

(see Sections 2.2.7 and 2.3.1). 

Abrupt changes in the light conditions (from light to dark) or external 

mechanical stimulation of advanced embryos (from strong water fluxes or 

incorrect handling by the experimenter) and abrupt temperature rises are 

all sources of stress, promoting premature hatching and mortality. In general 

terms, rises in temperature should not be higher than 1 OC h  -1 for tropical 

and subtropical coastal species. In contrast, gradual drops in temperature 

within the species temperature range retard hatching and can be used to 

adjust hatching time according to rearing needs. Therefore, when late stage 

eggs or an egg mass requires manipulation or moving, care should be taken 

to avoid mechanical impacts and abrupt light and temperature changes. Eggs 

should be always submerged in water and dry periods should be avoided. 

Handling of embryos should be limited to early developmental stages as 

far as possible. To avoid premature hatching in octopods, the egg mass 

should be handled before the second embryonic inversion typical of incirrate 

octopods (Boletzky and Fioroni, 1990), when embryos are positioned with 

the end of the mantle near the egg stalk. After the second embryonic inver­

sion, the embryos are positioned with the mantle pointed at the end opposite 

the stalk, ready for hatching (Figure 1.10), and are thus sensitive to any 

stimulus that might trigger premature hatching. 

3.3. Planktonic paralarval phase 
Paralarval rearing is at present one of the main bottlenecks for cephalopod 

culture. The term paralarva defines a cephalopod that is planktonic after 

hatching and has a habitat different from older conspecific individual 

(Young and Harman, 1988). Newly hatched planktonic paralarvae are 

delicate and have relatively short arms and limited swimming ability 

(Villanueva et al., 1995). During the first days after hatching, paralarvae 

use a combination of endogenous (yolk) and exogenous (prey) food sources 

(Boletzky, 1975; Vidal et al., 2002b). Both the rate and efficiency of yolk 

absorption are temperature-dependent and the time required to deplete yolk 
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Figure 1.10 Octopus vulgaris. Late stage embryo after the second embryonic inversion, 
in position for hatching. Scale bar 1 mm. Photograph courtesy of M. Nande and J. Iglesias. 

reserves decreases exponentially with increasing temperature. Feeding rates 

increase as the inner yolk sac is being absorbed and more space becomes 

available to accommodate meals for digestion (Vidal et al., 2002b). 

The whole planktonic phase has been covered for 21 cephalopod species, 

but only at the experimental level. Eight sepiid cephalopods with a relatively 

brief planktonic phase have been reared: Sepiella inermis (Choe, 1966a; 
Nabhitabhata, 1997), S. japonica (Zheng et al., 2010), Euprymna berryi 
(Choe, 1966a), E. hyllebergi (Nabhitabhata et al., 2005a), E. scolopes 
(Hanlon et al., 1997), E. tasmanica (Moltschaniwskyj and Johnston, 2006), 

Idiosepius paradoxus (Natsukari, 1970) and I. pygmaeus (Nabhitabhata et al., 

2005b). These sepioid species are relatively large at hatching and their plank­

tonic phases range from a few hours to 1 month. 

Six species of loliginid squid have been reared to the juvenile phase: 

Doryteuthis opalescens (Chen et al., 1996; Vidal et al., 2002a; Yang et al., 
1986), D. pealeii (Hanlon et al., 1987), Heterololigo bleekeri (Ikeda et al., 
2005), Loligo forbesii (Hanlon et al., 1989), L. reynaudii (Vidal et al., 2005) 
and L. vulgaris (Turk et al., 1986; Villanueva, 2000). Their planktonic phases 
differ, depending on the hatchling size of the species and temperature, but 

none lasts longer than 2 months. Sepioteuthis lessoniana (Choe, 1966a; Lee 
et al., 1994; Nabhitabhata, 1996; Segawa, 1990; Sugimoto and Ikeda, 

2012) and S. sepioidea (LaRoe, 1971) hatch at a large size and can thus be 

considered juveniles. 

Five species of octopus with a planktonic phase (merobenthic octopuses) 

have been reared to settlement: Amphioctopus aegina (Promboon et al., 2011), 
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Enteroctopus dofleini (Okubo, 1979, 1980; Snyder, 1986a,b), O. joubini 
(Forsythe and Toll, 1991), O. vulgaris (Carrasco et al., 2006; De Wolf 

et al., 2011; Iglesias et al., 2004; Itami et al., 1963; Villanueva, 1995) and 

Robsonella fontaniana (Uriarte et al., 2010). Their planktonic phase ranges 

from 3 weeks to 6 months, depending also on species and temperature. 

There are still many questions to be answered in relation to paralarval 

rearing, particularly regarding their feeding, nutrition and husbandry 

requirements. Most information has been obtained from just a few species, 

and the most intense research during recent years has been on O. vulgaris, 
which is the focus of the next section. 

3.3.1 Octopus vulgaris 
No standard rearing technique for this species during the planktonic phase is 

yet available and present knowledge is based on experimental rearings. The 

transfer of paralarvae to their rearing tanks must be carried out with extreme 

care in order to avoid stress or physical damage, with monitoring carried out 

carefully, either by individual counting or by volumetric estimation. Small 

tank volumes (8–50 l) have been used during experimental rearing to con­

centrate natural prey that are difficult to obtain in large quantities, such as 

decapod crab zoeae (Carrasco et al., 2006; Itami et al., 1963; Villanueva, 

1995). When using Artemia as food, larger tanks have been employed. 

Recently, Sánchez et al. (2013) compared survival and growth of paralarvae 

(Figure 1.11) in tanks of 100, 500 and 1000 l, obtaining better results in 

larger tanks. Usually, black tanks have been used but white tanks 

(Carrasco et al., 2006) or tanks with a white bottom and black walls 

(De Wolf et al., 2011) have also obtained settled individuals. 

Both natural and continuous light photoperiods, too, have resulted in 

obtaining settled juveniles. Light intensities used have ranged from 

60 (De Wolf et al., 2011) to 900 lux (Villanueva, 1995) at the water surface. 

Octopod paralarvae (Figure 1.11) show strong positive phototaxis, particu­

larly during the first days after hatching, so light can be used as a tool to attract 

individuals to near the surface or midwater, away from the contact with tank 

walls and bottom to decrease the possibility of skin lesions, a source of mor­

tality in the paralarvae (Vidal et al., 2002a). However, care should be taken 

to create a nearly homogeneous distribution of paralarvae and their prey to 

promote a maximum likelihood for successful interactions between them 

(Vidal et al., 2002a). 

Nutrition seems to be the main problem to solve when rearing these 

paralarvae. Poor paralarval survival has been attributed to the lack of suitable 
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Figure 1.11 Octopus vulgaris. Individuals from hatching to settlement obtained from 
rearing experiments described in Villanueva (1995). Age (days, d) and mantle length 
(ML) of the individuals measured fresh are (A) 0 d, 2.0 mm ML; (B) 20 d, 3.0 mm ML; 
(C) 30 d, 4.3 mm ML; (D) 42 d, 5.9 ML; (E) 50 d, 6.6 mm ML; (F) 60 d, 8.5 mm ML. Octo­
puses from this experiment reared at 21 OC settled between 47 and 54 d. Individuals 
were photographed under anaesthesia (2% ethanol) causing chromatophore contrac­
tion in some cases. Images not to scale. Photos by J. Lecomte (Observatoire 
Océanologique de Banyuls, CNRS); modified from Villanueva et al. (1995). 
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prey, in both quality and quantity, and to their particular feeding require­

ments (Iglesias et al., 2007). High mortality rates occur particularly during 

the transition from yolk absorption to external feeding, due mainly to the 

high metabolic demands of paralarvae (Parra et al., 2000), their inability 

to withstand even short periods of starvation (Vidal et al., 2006) and the 

difficulties of offering prey in adequate quantity and quality. 

To date, the best survival and growth results have been obtained when 

using live crustacean zoeae as single or complementary prey, but it is very 

difficult to obtain them in large quantities (Villanueva, 1994). Artemia is 
readily available but seems to have an unbalanced composition as prey for 

octopus paralarvae, particularly with regard to lipids (Fuentes et al., 2011; 

Monroig et al., 2012a,b; Navarro and Villanueva, 2000, 2003; Viciano 

et al., 2011), amino acids (Villanueva et al., 2004) and some elements such 

as copper (Villanueva and Bustamante, 2006). However, apparently, Artemia 
is not limiting in terms of vitamin A and E content (Villanueva et al., 2009). 

Recently, the lipid quality of Artemia has been improved using different 

microalgae as their food (Seixas et al., 2008, 2010a,b), and better results have 

been obtained when adding the microalga Nannochloropsis to the rearing tank 
as food for Artemia (Fuentes et al., 2011; Hamasaki and Takeuchi, 2000). 

Nevertheless, juvenile Artemia containing higher levels of PUFA was inef­

fective to improve rearing of O. vulgaris paralarvae (Seixas et al., 2010b). 
Experiments using inert food such as fish flakes (Kurihara et al., 2006; 

Okumura et al., 2005) or millicapsules (Villanueva et al., 2002) have not 

produced settled individuals and further research is necessary to design 

balanced diets for these paralarvae. 

In relation to prey size, Iglesias et al. (2006) reported that larger Artemia 
(1.4 mm) was preferred to smaller Artemia (0.8 mm) at first feeding. Prey size 

requirement increases as paralarvae grow and notably when animals are near 

settlement, a delicate period associated with high peaks of mortality. At 

around 40–65 DAH, O. vulgaris paralarvae have between 17 and 20 suckers 
per arm, a mean ML of 6.5 mm and a mean DW of 20 mg (reared at 

20–22 OC), and they change from their initial planktonic habit to a raptorial 

behaviour, fixing themselves to the walls and bottom of the tanks. 

Presettlement individuals (Figure 1.11E) tend to remain attached to the sur­

faces of the tank for most of the time and only swim to capture prey in the 

water column. This behaviour lasts for 2 weeks, before they acquire fully 

benthic behaviour. During the settlement period, several morphological 

changes took place, including positive allometric arm growth; the addition 

of new suckers, chromatophores, iridophores and leucophores; the 
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development of skin sculptural components; and a horizontal pupillary 

response (Villanueva and Norman, 2008). At the same time, the K€olliker 
organs covering the body surface during planktonic life disappear, along 

with the lateral line system and the oral denticles of the beaks. This is a crit­

ical transitional period, which is poorly understood and requires focused 

research. 

3.4. Juvenile phase 
3.4.1 Sepioteuthis lessoniana 
Hatchlings of this species are planktonic but hatch at a large size (4–6 mm 

ML and 44 mg WW; Hanlon, 1990) (Figure 1.12) compared to other 

loliginid squid and thus can be considered juveniles. Rearing from eggs 

has been successful in open sea water systems in temperate and tropical Asian 

countries (Ahmad and Usman, 1997; Choe, 1966a,b; Choe and Ohshima, 

1961, 1963; Ikeda et al., 2003, 2009; Inoha and Sezoko, 1967; 

Nabhitabhata, 1978, 1996; Ohshima and Choe, 1961; Saso, 1979; 

Segawa, 1987, 1990, 1993; Sivalingam et al., 1993; Tsuchiya, 1982; Yu 

and Tung, 1989). Closed recirculating systems have also been used (Ikeda 

et al., 2003, 2009; Lee et al., 1994; Walsh et al., 2002) but these require 

costly upkeep and the addition of trace elements (to replace those lost by 

consumption, water filtration, and protein skimmers). Regarding tank 

design, several types have been used to rear S. lessoniana hatchlings and 

Figure 1.12 Sepioteuthis lessoniana hatchling. Scale bar 1 mm. Original image. 
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juveniles, including small, cylindrical aquaria (Ikeda et al., 2003; Segawa, 

1993) and raceways (Lee et al., 1994; Walsh et al., 2002). 

Hatchlings start feeding just after hatching and, during rearing, have been 

observed to feed actively on live prey, such as juvenile atherinid fish and 

small mysid shrimp (Ikeda et al., 2003; Lee et al., 1994; Walsh et al., 

2002). Ikeda et al. (2003) successfully fed them with frozen shrimp within 

a week of hatching. They have not been observed feeding on small zoo­

plankton such as copepods, as other loliginid hatchlings do, probably 

because S. lessoniana hatchlings are much larger than other loliginid squid 

and prefer prey of their own size or slightly larger (Segawa, 1993). Juveniles 

have also been fed with a frozen diet (Segawa, 1993). 

Feeding activity has been observed to change during early growth. 

Hatchlings and juveniles up to 40 mm ML feed actively during daytime 

mainly on small crustaceans and, as they grow, large juveniles change to noc­

turnal feeding and switch to larger benthic crustaceans and fish, although 

they seem to prefer the latter (Segawa, 1987, 1993). In spite of this pattern, 

feeding activity may also vary depending on prey type and behaviour. 

Cannibalism has been observed at times when a poor diet was provided 

and when individuals of different sizes (up to 4 � larger) were attacking 
the same prey (Segawa, 1993). 

Daily food consumption rates of S. lessoniana reared at 23.5–26 OC and 
33–34.5 psu varied with diet (Figure 1.13A), increasing with size up to 1.0 g 

WW reaching up to 70% (Segawa, 1995). Consumption rates ranged from 

12% to 32% for individuals fed with atherinid fish and up to 72% for indi­

viduals between 0.1 and 1.0 g WW fed with mysids. Hatchling food con­

version rates ranged from 18.6% to 43.8% (Segawa, 1990). Daily growth 

rates seem to be dependent on the diet provided. Hatchlings grow faster 

if fed with atherinid fish (attaining daily growth rates of 12–12.9% WW 

d -1) instead of mysids (5.5–11% WW d -1), but average daily growth rates 

were similar (Figure 1.13B) at around 6.5% WW d -1 for 10 mm ML squid 

(Segawa, 1990). Results from a study on the effects of temperature 

(10–30 OC range) on the oxygen consumption rate of S. lessoniana juveniles 
(�4.0 g WW) indicated a direct relationship between squid metabolism and 

body weight, showing sensitivity of hatchlings and juveniles (Figure 1.14A) 

to environmental temperatures (Segawa, 1995). 

In a study spanning three consecutive generations (Ikeda et al., 2003), it 

was noted that overall squid survival could perhaps have been improved by 

increasing hatchling stocking density (to >150 individuals in tanks of 

0.02–0.05 m 3). However, another study, which spanned seven consecutive 

http:0.02�0.05
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Figure 1.13 Sepioteuthis lessoniana. (A) Daily food consumption rates of juveniles; (B) 
daily growth rates of juveniles maintained between 23.5 and 26 OC from the first months 
of life. Note that daily growth rates decrease with increasing squid weight. 

generations, observed survival rates for the transition from juvenile to grow-

out ranging from 26% to 80%, even with much lower hatchling stocking 

densities (48 individuals in 3 m 3 or 16 individuals m -3 ; Walsh et al., 2002). 

3.4.2 Sepia officinalis 
This species has pelagic–demersal hatchlings of 6–8 mm ML and 950 mg 

WW (Hanlon, 1990) and should be fed on live grass shrimp (P. varians) diet 
for the first 20–30 DAH and thereafter frozen grass shrimp (Sykes et al., 

2006b). After this period, juveniles should have a fully developed digestive 

system and a mean WW of �5 g  (Sykes et al., 2006b). At this stage, they are 

ready to be transferred to tanks with increased bottom area, which can be a 

saline earth pond or an experimental fibre or plastic tank. If kept in tanks, the 
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Figure 1.14 Juveniles. (A) Sepioteuthis lessoniana (original image), (B) Sepia officinalis 
(original image), (C) Octopus maya (original image) and (D) Octopus vulgaris, 120-day-old 
(28 g) juvenile obtained in captivity with the utilization of PVC tubes and pebbles used 
as refuges during the settlement period (Iglesias et al., 2004). Images not to scale. 

sea water systems and conditions used should be similar to those described 

for broodstock (see Section 3.1.2). Settings recommended for hatchlings and 

juveniles are the use of black tanks and low light intensities. At this point, 

new spawners should be selected from fast growers and deployed in outside 

tanks, while the other individuals should remain in the hatchery. For both 

hatchery and new spawner tanks, the number of individuals (up to 10 juve­

niles) and minimum bottom areas (1100 cm2) should be taken into account 

(Sykes et al., 2003). The water height in the tanks should be low (less than 

1 m) in order to favour prey encounters, thus reducing the energy allocated 

to catch prey (Figure 1.14B). Water height might be gradually increased as 

cuttlefish grow, providing increased water volume in the tanks (Forsythe 

et al., 1994). 

If the individuals are to be cultured in ponds, abrupt changes in water 

temperature, salinity and pH must be avoided in order to reduce mortality 

rates associated with the transfer from the hatchery to the ponds. When indi­

viduals are kept in ponds, extensive culture should be used. In this case, live 
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prey should be naturally present or deliberately introduced. Depending on 

the final size needed and the culture temperature, approximately 50–60 d are 

required to obtain individuals of 50 g at 25.0 ± 5.0 OC. Water inlet and out­

let filters of appropriate size should be used to prevent both the entrance of 

predators and the escape of cuttlefish from the ponds. Predation by birds can 

be considerably reduced if a set of netting barriers is used to cover the tanks. 

The use of mechanical water oxygenators is recommended in order to keep 

adequate levels of DO (>80%), particularly during the night-time in the 

warmer months of the year. 

A number of studies have addressed the densities to be used under differ­

ent culturing conditions: closed, semiclosed or open water circulation. 

Forsythe et al. (1994) suggested a density of 20 cuttlefish m -2 in closed sea 

water systems during the juvenile phase but provided no information on 

the bottom area, an important parameter that is associated with culturing 

densities, as recognized by the ones from this paper authors. In a later study, 

Forsythe et al. (2002) suggested a density of 400 cuttlefish m -2 when using 

1800 L circular tanks in a closed water system. These density values, coupled 

with culturing temperatures of around 25 OC, might be on the verge of 

impacting both growth and survival rates due to the increase of cuttlefish bio­

mass in the tanks. Sykes et al. (2003) suggested culturing densities of 120 cut­

tlefish m -2 for 5 g juveniles and a minimum bottom area of around 1083 m2 

when using 10 L raceway tanks in a flow-through water system. These ref­

erence values might be used when culturing cuttlefish juveniles up to 25 g. 

The effects of both density and bottom area on the growth of juvenile 

cuttlefish (Figure 1.14B) when using concrete raceway tanks in an open 

sea water system have been addressed by Domingues and Márquez 

(2010). Results from that investigation suggest that higher densities (33 indi­

viduals m -2 , mean weight of 9.5 g) and broader bottom areas might pro­

mote higher growth and survival rates and, furthermore, that irrespective 

of culture densities, higher survival and growth rates were obtained when 

using tanks with larger bottom areas. These results suggest that bottom area 

seems to be a more significant culturing parameter than density for cuttlefish. 

Thus, irrespective of the rearing/culture water system, density must decrease 

and tank bottom area increase with cuttlefish growth (Domingues and 

Márquez, 2010; Sykes et al., 2003). According to Forsythe et al. (1994), 

no substratum is necessary to obtain adequate growth and survival rates. 

In addition, this practice consistently facilitated cleaning, prevented disease 

and promoted good welfare conditions during cuttlefish rearing and culture 

(Sykes et al., 2012). 
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Culture density and bottom area are particularly important parameters 

when using earth ponds because high growth rates have been recorded 

on a pilot study under these conditions (Domingues, Sykes and Andrade, 

unpublished data). However, the rate of prey intake by cuttlefish can be 

reduced due to the high turbidity and the impossibility of cleaning ponds 

sufficiently, which might result in an excessive increase in nitrogenous com­

pounds and a drop in DO. When coupled with increased carrying capacity, 

this situation could lead to mass mortalities and, eventually, a total loss of 

cuttlefish biomass. 

As feed, live grass shrimp P. varians was used during the first 2 months 

after hatching and frozen Carcinus maenas for the remaining life cycle, with 

no significant effects on cuttlefish fecundity (Domingues et al., 2001b, Sykes 

et al., 2013a,b). However, P. varians was demonstrated to adequately replace 

C. maenas in the diet (Domingues et al., 2002) and a mixture of live 

P. varians, C. maenas and fish (Correia et al., 2005) delivered one of the 
highest individual fecundities ever recorded in the 250 L tanks (834 eggs 

♀-1). The latter result might relate to temperature, cuttlefish density or 

sex ratio rather than to food quality, but this requires confirmation. 

Information recently published by Sykes et al. (2012) provides the 

highest values for individual and overall fecundity (1383 and 16593 eggs, 

respectively) and acceptable individual fertility (72%) after feeding cuttlefish 

on live grass shrimp for the first 20–30 DAH and frozen grass shrimp from 

that period onwards. A hypothesis to explain this optimal result is that the 

use of frozen grass shrimp might influence cuttlefish fecundity by promoting 

lower energy expenditure associated with prey capture and feeding. How­

ever, tanks with increased bottom area were used, so factors other than diet 

might have affected fecundity and further research will be needed to clarify 

these findings. 

3.4.3 Octopus maya 
Like cuttlefish, O. maya hatches as a holobenthic animal with similar gross 

external morphological features as the adult. Nevertheless, it has been 

observed that hatchlings pass through a transition period before they acquire 

all the characteristics of juveniles (Moguel et al., 2010). Newly hatched indi­

viduals have a mean WW of 0.13 ± 0.03 g and a mean DW of 0.03 ± 0.01 g. 
To evaluate hatchling quality, fasting resistance tests are regularly used, 

where 25 hatchlings are isolated and fasted for 10 d at 24 ± 1 OC, 36 psu 
and DO > 5 mg  L  -1. This test assumes that the hatchlings are of high quality 

when their survival rate is higher than 95%, since it means that their internal 
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yolk reserves are sufficient to maintain the animals during this critical period 

(Moguel et al., 2010). 

Juvenile growth is highly variable and influenced by biotic and abiotic 

factors such as temperature, hatchling size, food type and yolk reserves 

(André et al., 2008; Briceño et al., 2010; Leporati et al., 2007; Vidal 

et al., 2002b). Nevertheless, between 5% and 10% of hatchlings are born 

with an external yolk sac (depending on temperature stability), suggesting 

that O. maya passes through a postembryonic transition period during which 

the absorption of external and internal yolk supplies is completed and all the 

characteristics of juveniles are acquired. Histological, enzymatic and behav­

ioural analyses concluded that this external yolk is a common characteristic 

of O. maya hatchlings (Moguel et al., 2010; cf. observations also for 

O. joubini and Enteroctopus megalocyathus; see Boletzky and Boletzky, 
1969; Ortiz et al., 2006). 

Octopus maya hatchlings at 1–4 DAH have the following characteristics: 

(1) necto-benthic behaviour; (2) no response to stimuli from prey; (3) a neg­

ative growth phase (cf. Vidal et al., 2002b); (4) arms proportionally shorter 

than the mantle; (5) reduction in total body lipid concentration, indicating 

that yolk lipids may be used as the main source of energy; (6) presence of 

residual inner yolk sac and immature digestive gland cells; and (7) digestive 

enzymatic activity directed to process internal yolk. At 5–10 DAH, food 

consumption is erratic while octopuses swim inside the tank, spending some 

time on the upper part of artificial grass (15 cm length; Figure 1.14C), which 

is offered as additional refuge during rearing (Rosas et al., 2008). Thus, dur­

ing the first 10 DAH, morphometric studies reveal a phase where no net 

growth takes place, as observed also for loliginid squid (Vidal et al., 

2002b, 2005). 

Histological analysis reveals that digestive gland morphology changes 

with age (Martı́nez et al., 2011), from a simple tubular gland in 2 DAH octo­

puses to a tubulo-acinar and vacuolar structure with digestive cells charac­

terized by vacuoles in 45 DAH octopuses. At 2–3 DAH, attacks are rarely 

seen in response to either visual or both visual and chemical stimuli from 

prey. At 4 DAH, octopuses respond to visual stimuli from crabs and pala­

emonids but do not display any preference in attacking either prey type. 

At 3–5 DAH, the digestive gland has no well-defined cellular and tubular 

structures, but a basement membrane delimits the undifferentiated tubules, 

demonstrating that the remaining yolk is used as the main source of energy in 

this transitional stage (Figure 1.15A). However, the development of the 

digestive system begins with the first feeding (even if some internal yolk 
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Figure 1.15 Octopus maya. Cytological ontogeny of the digestive gland. (A) Three days 
after hatching and (B) seven days after hatching. Scale bar 50 mm. 

remains), and at 6–7 DAH, the subcellular organization pattern of the diges­

tive gland becomes more evident and the lumen opens to accept chyme and 

begin absorption (Figure 1.15B), suggesting that the stimulation for cellular 

differentiation happens at this moment. In addition, digestive enzyme syn­

thesis starts with the digestion and absorption of nutrients from the con­

sumed food (Moguel et al., 2010). Digestive enzyme activity is erratic 

until 14 DAH, after which the activity begins to stabilize. 

All of the above-mentioned characteristics of early O. maya juveniles 
have consequences for culture. Firstly, at 24 OC, immediately after hatching, 

only a half ration of feed should be given, considering that during at least the 

first 7–10 DAH, animals will consume the remaining yolk as their principal 

source of energy. Additionally, during yolk absorption, cannibalism is prac­

tically absent, allowing the maintenance of juveniles in high densities (150 

octopus m -2) without any mortality attributable to cannibalism. Once 

maturity of the digestive gland is complete, the voracity of juveniles will 

increase considerably, intensifying predatory behaviour and cannibalism if 

there is insufficient feed. From that stage, a density of 25–50 octopus 

m -2 is recommended. 

3.4.4 Octopus vulgaris 
Recently settled individuals (Figure 1.11F) show a preference for shade and 

exhibit reclusive behaviour, using refuges provided, such as gastropod shells, 

and capturing food from the bottom of the tank. At this time, a transition in 

diet is needed, and the concentration of Artemia offered should be gradually 
reduced. An inert diet composed of either mussel, crab muscle and sea 

urchin (Iglesias et al., 2004) or frozen mysidaceans (Carrasco et al., 2003, 
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2006) has produced some positive results in passing through the settlement 

period, but in both the studies reported, very high mortality rates were reg­

istered. During settlement, Iglesias et al. (2004) used 500 L square grey PVC 

tanks (1 �1�0.5 m) and provided an artificial habitat made of gravel and 

pebble with small-angled PVC tubes as shelters (Figure 1.14D). However, 

these substrates and diets were only used on an experimental scale and 

focused research is required to understand the morphological, behavioural, 

physiological and nutritional requirements of this critical transitional period 

in the life cycle of O. vulgaris. 
After the settlement period, which takes about 2 weeks, food is gradually 

changed to a thawed diet of 75% crab (C. maenas, Macropipus depurator and 
Polybius henslowii), 20% fish discard (Micromesistius poutassou or Sardina 
pilchardus) and 5% mussel (Mytilus galloprovincialis). The same 500 L tanks 

can be used but shelters consisting of larger PVC tubes should be supplied, 

and the habitat can be changed when cleaning the bottom of the tank is nec­

essary. Under these feeding and habitat conditions and at ambient photope­

riod and temperatures (17–19 OC), juveniles can reach 500–600 g after 
6 months (Iglesias et al., 2004). 

3.5. Grow-out 
3.5.1 Sepioteuthis lessoniana 
Intensive closed water systems can provide the high-quality water required 

for mass culture of this species but maintenance is costly. Lee et al. (1994) had 

grown-out squid in large raceways (6.1 m length, 2.4 m width, 0.9 m depth 

and 15,000 L) and reared early juveniles in a 6.5 m circular production tank 

equipped with a similar filtering system (1.8 m circular filtration tank) used 

for rearing early juveniles. Open water tank systems at shore-based facilities 

are an alternative method for culturing S. lessoniana, as long as good quality 
water is readily available. Floating net cages have also been used successfully 

for culturing this species during relatively short cultivation periods (Ahmad 

and Usman, 1997; Nabhitabhata, 1996; Nabhitabhata et al., 1984; Saso, 

1979; Sugita, 2012). However, damage to squid by stormy weather was 

one of the main problems of the floating cages and Saso (1979) planked 

the sides of the cage to modify the influence of current and wave action. 

Experimental studies undertaken to evaluate the usefulness of keeping 

broodstock and grow-out juveniles in floating cages yielded good results 

using a 4 m 3 net cage (Wada and Kobayashi, 1995) and a 5 m 3 net cage with 

a shielding net to reduce light intensity (Sugita, 2012). 

Adult S. lessoniana show crepuscular feeding activity, with variation 
according to changes in prey type and behaviour, although their main prey 
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item seems to be fish (Segawa, 1993). Based on individual measurements, 

Segawa (1990) estimated daily food consumption rates for squid of >3.0 g 

WW to range from 5% to 36%, being higher when individuals were fed with 

squid hatchlings and lower with a mysid diet. Food conversion rates ranged 

from 15.8% to 43.8%, 18.6% to 35.6% and 25% to 34.1% for diets of atherinid 

fish, mysid and squid hatchlings, respectively. Daily growth rates decreased 

with increasing individual size for both ML and WW measurements, ranging 

from 1% to 3% WW d -1 in squids >50 mm ML and from 1.8% to 4.1% WW 

d -1 in squids weighing 30–50 g WW (Figure 1.13B) (Segawa, 1990). Instan­

taneous growth rates calculated for the entire life cycle have been observed to 

decline with subsequent generations (Lee et al., 1994). 

Juveniles, subadults and adult squids grow fast when fed exclusively on 

live prey. Nevertheless, it has been observed in several studies that older 

individuals will eat frozen/dead food in captivity, which represents an eco­

nomic alternative for mass culture (Ikeda et al., 2003, 2009). Walsh et al. 

(2002) pointed out that, in mass culture (Figure 1.16), there may be a 

trade-off between the high cost and labour-intensive provision of live food 

and the intensive behavioural training required to enable squid to feed suc­

cessfully on freshly dead food. As such, food supply, including the exploi­

tation of artificial diets, is the main bottleneck for the implementation of 

mass culture for S. lessoniana. 

Figure 1.16 Sepioteuthis lessoniana. Grow-out in raceways (6.1 m length, 2.4 m width, 
0.9 m depth and 15,000 L) at the National Resource Center for Cephalopods in 
Galveston, Texas, the United States. Photo courtesy of J. Forsythe. 
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Temperature is one of the most important environmental factors for 

grow-out in this species: higher temperatures result in shorter developmen­

tal times, higher activity, active feeding and higher growth rates within the 

range of suitable water temperature for the species (Ueta, 2000). 

The lifespan of S. lessoniana in captivity has been found to range between 
5.6 and 8.7 months (Lee et al., 1994; Walsh et al., 2002), although strongly 

affected by temperature, as indicated by comparing different studies (Lee 

et al., 1994; Nabhitabhata, 1995; Segawa, 1987; Walsh et al., 2002). It seems 

that laboratory culture may also lengthen the life cycle of this squid species 

(Lee et al., 1994). The maximum size attained in captivity was 360 mm ML 

and 2200 g in 184 d (Hanlon, 1990). Age at first mating was observed as early 

as 130–160 DAH and spawning at 153 DAH at 23–25 OC in the experiments 

by Walsh et al. (2002), over seven consecutive generations (but size at matu­

rity decreased with subsequent generations). Marketable size can be attained 

about 4 months after hatching. 

3.5.2 Sepia officinalis 
Cuttlefish are usually conditioned in open sea water systems due to logistics, 

welfare and economic aspects. Nonetheless, as technology used in closed and 

semiclosed systems is becoming cheaper and aquaculture environmental 

concerns are scaled up, the use of closed sea water systems similar to those 

reported by Hanlon (1990) for cephalopods and recently by Martins et al. 

(2010) for fish is predicted. Recent investigations suggest an ideal tank vol­

ume of 9000 L (Sykes et al., 2013a), cylindrical in shape and made of 

fibreglass, with sufficient airlifts fixed on the tank walls and air stones 

arranged centrally to maintain steady water flow towards the outlet piping 

at the centre of the tank. Since cuttlefish are benthic organisms (Boletzky, 

1983), culture tanks should have maximum base area (Domingues and 

Márquez, 2010; Sykes et al., 2013a). If closed and semiopen systems are used, 

UV sterilization will be necessary to avoid disease (see Section 2.2.7). 

The tank environment should enable cuttlefish to camouflage themselves 

easily; tanks should be kept under low light intensities (<200 lux) and a nor­

mal photoperiod replicating natural geographic conditions during spawning 

in the wild. This may be achieved using a combination of natural or artificial 

light sources and tank colour. If placed outdoors, reduced light intensity can 

be afforded with water-repellent masking nets, which will also prevent pH 

and salinity decline due to rain fall. Temperature should be maintained at 

23 OC with high levels of DO. 

Currently, the grow-out of cuttlefish juveniles uses crustacean feed, 

mainly grass shrimp P. varians (Sykes et al., 2006a). Nonetheless, several 
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different food items have been tested, either solely or as mixed diets 

(e.g. Almansa et al., 2006; DeRusha et al., 1989; Domingues et al., 

2001a,b, 2002; Sykes et al., 2006a). Despite all this effort, it is not yet eco­

nomically viable to produce cuttlefish in large numbers with a grow-out 

based on wild-collected food because the amount of feed biomass required 

is high and availability is too low. Attempts to feed cuttlefish on a prepared 

diet have failed to achieve suitable growth and survival rates (Castro, 1991; 

Castro and Lee, 1994; Castro et al., 1993; Domingues et al., 2005, 2008; 

Ferreira et al., 2010; Lee et al., 1991), so further research is necessary to pro­

duce a well-designed, inexpensive and storable artificial diet for S. officinalis. 
Development time to attain marketable size will greatly depend on the 

product desired. For instance, in some Mediterranean countries, such as 

Portugal and Italy, undersized cuttlefish individuals (5–25 g) are prized 

and their commercial value is higher than that of animals weighing over 

100 g. Time to market will also be dependent on culture conditions, espe­

cially temperature and food. Sepia officinalis is cultured extensively in 
Portugal, Italy and Tunisia, where human action is not involved at the feed 

level, with eggs caught and left in earthen ponds with naturally occurring 

prey, for animals to grow and be collected a few months later on reaching 

marketable size. According to Palmegiano and Sequi (1981), in this type of 

culture, 150–300 g of eggs will produce 800–1200 kg of cuttlefish with a 

mean WW of 40–80 g. The semi-intensive experiments performed in Italy 

in the 1980s obtained fast growth rates: 14.2 g in 60 d at 21–24 OC in ponds, 
25 g in 40 d and 80 g in 100 d at 21–24 OC in concrete tanks (Palmegiano 

and Sequi, 1981, 1984) and 80 kg/Ha in 90 d at 21–24 OC in net cages in 
ponds (Sequi and Palmegiano, 1984). 

Analysis of growth rates obtained during a set of trials using earthen 

ponds (Domingues, Sykes, Andrade, unpublished data) indicates that if 

sufficient food is available and other important conditions are met, cuttle­

fish will grow faster outdoors than indoors, which is in accordance with 

the findings of Domingues et al. (2006). Thus, it is possible to grow indi­

viduals to marketable size in 2–3 months or even less at water tempera­

tures ranging from 23 to 25 OC (Figure 1.17). Market prices for 

S. officinalis are high and the short life cycle will support an easy short-term 

return on investment. In fact, the return on investment can be shortened 

to become more profitable if cuttlefish culture uses integrated aquaculture. 

The increase in nitrogenous compounds originating in the excretion prod­

ucts from cuttlefish metabolism will boost primary production, providing 

an increase in secondary production that will benefit other cultured species 

inside the ponds. 
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Figure 1.17 Sepia officinalis. Growth rates obtained during six consecutive generations 
(F1 to F6), fed with live Paramysis nouveli during the first 15 d after hatching and live or 
frozen Palaemonetes varians from this period onwards. 

3.5.3 Octopus maya 
Juveniles are seeded at a density of 50 individuals m -2 in prefattening dark 

(30 lux cm -2) ponds of 7.5 m2 at 25 ± 1 OC (Figure 1.18). Conch shells 

(Melongena corona bispinosa or Strombus pugilis) are used as refuges because they 
have only one entrance, which reduces the vulnerability of animals under 

attack attempts by other octopuses. 

Temperatures around 24 OC favour growth and the energetic balance of 
O. maya, probably due to several factors acting simultaneously: (1) a reduc­

tion of basal metabolism and consequent reduction in overall activity and (2) 

a reduction of digestion rates and a better assimilation of nutrients, including 

fatty acids, from food (Noyola et al., 2013a,b). It has been shown that high 

ingestion rate and efficient use of fatty acids (as well as other nutrient cate­

gories) occur at lower temperatures, beyond the automatous effect that tem­

perature has on enzyme kinetics. It has also been observed that juveniles 

maintained at a mean temperature of 24.3 OC channel a high proportion 
of ingested energy to biomass production, suggesting that this is the opti­

mum temperature for the growth of O. maya (Noyola et al., 2013b). 

The prefattening production system has been designed to maintain water 

quality using a partially recirculating system in which sea water drains to a 

reservoir where it is filtered through a vertical filter (15 mm), a protein skim­

mer, filter bags (100 mm) and a rotational water filter. A sea water exchange 
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Figure 1.18 Prefattening 7.5 m2 tanks designed to maintain Octopus maya juveniles 
during the first 60 culture days. Conch shells are offered as refuges for the octopuses. 

of 3% d -1 is supplied to compensate for water evaporation and to maintain 

salinity between 36 and 40 psu. Octopuses are weighed and separated into 

groups of similar size at 30 DAH in an attempt to avoid cannibalism, helping 

to maintain survival rates around 60–70%. In general, due to their voracity, 

O. maya juveniles (as other cephalopods) are highly sensitive to lack of food 
(see Vidal et al., 2006). Cannibalism is enhanced under culture conditions 

when the quality or quantity of food does not satisfy their basic requirements 

(Aguila et al., 2007; Domingues et al., 2007; Rosas et al., 2011). For that 

reason, O. maya juveniles are fed with a daily ration of 90–100% of their 
WW, divided into three portions. When this ration is not offered, the inci­

dence of cannibalism increases and survival can be lower than 5% per tank, 

producing few but larger octopuses. 

After the prefattening period (60 d), octopuses are placed in 6 m diameter 

outdoor ponds coupled to a system of recirculating sea water and protected 

with masking net to reduce the intensity of the ambient light (Figure 1.19A). 

Airlifts are used for aeration to avoid problems with bubbles, which arise if 

direct aeration is supplied. In ponds where aeration is supplied only with air 

stones, air bubbles can be trapped by the interbrachial membrane, producing 

serious injuries to the octopuses. When airlifts are used, this problem is elim­

inated and, at the same time, a better water circulation can be obtained 

(Figure 1.19B). 
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Figure 1.19 Outside ponds used for Octopus maya culture. (A) Black liner; (B) grey liner. 
Note the airlift system placed either laterally (A) or at the centre of the pond (B). 

Animals of approximately 1.5–3 g WW are placed in outside ponds at a 

density of 28 individuals m -2 and maintained in these ponds for another 60 d 

until harvest. During this period, octopuses are weighed every 30 d and sep­

arated according to weight to avoid cannibalism. In the Yucatán Peninsula 

where O. maya is cultured, the temperature in the ponds fluctuates annually 

between 22 and 30 OC and the best growth results have been obtained 
between 24 and 26 OC (Domingues et al., 2012). 

During the prefattening period in the outside ponds, octopuses are fed 

with a paste made with a combination of fresh squid and crustacean meat, 

vitamins and minerals, which is placed into bivalve shells for support 

(Figure 1.20A) and stored frozen. 

Three refuges per individual are provided, reducing interaction, and 

consequently cannibalism, among juveniles. Survival in the outdoor culture 

is usually 50% at harvesting, when animals reach 120 g WW. Typical growth 

rates for the first 120 DAH are around 6.8% WW d -1, when octopuses are 

cultivated at a density of 28 individuals m -2 in outdoor ponds at 28 ± 2 OC 
(Figure 1.21). 

At present, the wives of fishermen belonging to the Moluscos del Mayab 
cooperative are cultivating O. maya juveniles in a semipilot-scale facility in 

Yucatán, Mexico (Figure 1.20B). The cooperative operates the entire grow-

out system successfully, demonstrating that culturing this species can be used 

to improve the quality of life of economically constrained coastal 

communities. 

Octopus maya production is currently channelled to gourmet markets 

where chefs have been testing the product. In the local gourmet market, 

the price of cultured O. maya juveniles reaches values around E 27 kg -1 , 

with production costs of E 18.75 kg -1 in land-based tanks on a semipilot 
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Figure 1.20 (A) Bivalve shells with paste to feed Octopus maya juveniles. (B) The shells 
with feed are prepared by the fishermen's wives of Sisal, Yucatán, Mexico. 

Figure 1.21 Octopus maya. Growth curve when cultivated at a density of 28 individuals 
m -2 in outdoor ponds at 28 ± 2 OC (N ¼ 300). 

experimental level. Although this small-scale production cannot be trans­

lated to industrial levels, the figures are a reasonable enough estimate to dem­

onstrate that industrial production of O. maya in land-based tanks could be 
profitable. 
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3.5.4 Octopus vulgaris 
Industrial production of O. vulgaris subadults in Galicia (NW Spain) began in 

1996 after information on growth rates was published by Iglesias et al. (1997) 

and Rama-Villar et al. (1997). In 1997, 12 t of octopus was produced in 

Galicia, increasing to 15 t in 2000. At present, however, only one company 

is in the market, with annual production at 8–10 t. The ongrowing produc­

tion system consists of small metallic sea cages (3–8 m -3 ; Figures 1.22 and 

1.23) suspended in the traditional mussel rafts of the Galician Rı́as 

(Figure 1.22). Fishermen grow O. vulgaris subadults of 0.8–1.0 kg up to 
2.5–3.0 kg in a period of 3–4 months at temperatures of 12–19 OC. Initial 
density is 10 kg m -3, yielding 40 kg m -3 after the 3–4 month period 

(Rey-Méndez et al., 2003). Survival is higher in winter than in summer, 

and under optimal environmental conditions (autumn), it is possible to attain 

80% survival. 

Depending on water temperature range and variation, from one to two 

fattening cycles may be carried out per year in the Mediterranean and up to 

three in the open sea on the Atlantic Coast. However, Aguado Giménez and 

Garcı́a Garcı́a (2002) had pointed out that mortality can increase consider­

ably in the Mediterranean area if temperatures rise above 22 OC. The 
Galician octopus grow-out model was tested by Rodrı́guez et al. (2006) 

Figure 1.22 Facilities for ongrowing Octopus vulgaris used in NW Spain, consisting of 
8 m3 metallic sea cages suspended from traditional mussel rafts in the Galician Rías, 
Spain. Original image. 
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Figure 1.23 Detail of the octopus refuge arrangement inside a 3-m3 sea cage 
suspended in the Galician Rías, Spain. Photograph courtesy of J. Sánchez and J. Iglesias. 

on the northern coast of Spain and by Estefanell et al. (2012b) in the Canary 

Islands, comparing the performance of benthic cages versus floating cages. 

Both studies obtained similar growth and survival results. 

The diet used by fishermen during grow-out is composed of fisheries dis­

cards, mainly crustaceans and fish, and occasionally mussels (Chapela et al., 

2006). Garcı́a Garcı́a and Cerezo Valverde (2006) demonstrated that the best 

combination of food is 50% Carcinus spp. and 50% bogue (Boops boops). 
Estefanell et al. (2012a) also found the best growth results using B. boops dis­
carded from fish farms (40%) combined with blue crab (60%). Recent 

research on the elaboration of octopus artificial feeds has been reported 

by Cerezo Valverde et al. (2008), Quintana et al. (2008) and Estefanell 

et al. (2012a), who developed formulated feeds in a form acceptable to octo­

pus, obtaining good growth rates (0.7–1.5% WW d -1). These feeds use a 

paste containing fish, crustaceans or molluscs mixed with different binders 

(alginates or gelatins), producing a moist feed (>70% water) with a texture 

suitable for manipulation and ingestion by octopus. Gelatine was found to be 

more suitable than alginates for elaborating feeds because of its better accept­

ability and digestibility. 
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Recent economic analysis of profitability in the Mediterranean (Garcı́a 

Garcı́a and Garcı́a Garcı́a, 2011; Garcı́a Garcı́a et al., 2009) found that 

production costs for land-based tanks (E 8.97 kg -1) are noticeably higher 

than for open sea cages (E 6.61 kg -1), a difference attributable to the 

energy cost required for pumping water and the necessary maintenance 

of land-based facilities. To decrease production costs, it was suggested that 

octopus fattening could be integrated as a complement to fish farming, 

such as gilthead bream, sea bass or tuna, particularly during winter when 

low temperatures cause a decrease in the feeding rates of these species, 

which is perhaps the most important economic variable in the fish grow­

ing process. 

According to the octopus-producing companies consulted, obtaining 

subadults and their feed is the main problem impacting the profitability of 

the ongrowing process, as it is also dependent on the large annual catch fluc­

tuations of the fishery. Consequently, securing massive production of sub-

adults from hatcheries and the provision of a commercial feed rendering high 

performance in terms of growth, conversion and survival rates are the future 

aims for the O. vulgaris fattening industry. 

4. WELFARE AND ETHICS WHEN WORKING WITH LIVING 
CEPHALOPODS IN THE LABORATORY 

It has recently become generally accepted institutionally that cephalo­

pods, and indeed other invertebrates, should be accorded the respect and 

treatment required for vertebrate animals in assessing appropriate standards 

and protocols for keeping them, performing experiments on them and kill­

ing them. The topics of welfare and ethics concerning cephalopods have 

received much recent attention because it is only relatively recently that they 

have been considered overtly (e.g. Mather and Anderson, 2007). Legislative 

changes, particularly in Europe, have focussed attention on these important 

issues and the research community has been quick to recognize and respond 

to the necessity of compiling appropriate guidelines. With reference to some 

of these guidelines (particularly the extensive review by Moltschaniwskyj 

et al., 2007), this section summarizes the main points. 

The species chosen for this chapter are the best known and understood, 

so using these species satisfies the ethical requirement for refinement (i.e. using 
species for which the details of handling and feeding are well known and 

controllable; so the chances of animals suffering or dying through lack of 

information about how to care for them should be minimal). The other 
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two of the three “R’s” (see, e.g. Moltschaniwskyj et al., 2007) are replacement 
(of animals for experimentation; e.g. by substituting appropriate cell culture 

preparations or computer models where feasible) and reduction (paring back 
the absolute number of individual animals required for a given experiment). 

A basic ethical tenet for considering animal welfare is “do as you would 

be done by”—to treat animals with respect and ensure that they are not 

exposed to conditions that would cause pain, distress or suffering if the ani­

mal were a human in similar circumstances. This rule of thumb is useful 

because the inability of most animals to communicate their state of being 

to humans can make it extremely difficult to gauge the extent of suffering 

that they might be experiencing. 

Appropriate ethics therefore require that the level of possible suffering 

during experiments is considered and alternative ways to reduce suffering 

are sought. For example, daily intramuscular injections of a drug are very 

traumatic for the animals concerned, but trauma can easily be avoided if 

the animals are first anaesthetized (e.g. by immersion in sea water containing 

a suitable anaesthetic, such as magnesium chloride or ethanol; Gleadall, 

2013a; Gleadall et al., 1993). 

The term “welfare” encompasses the entire range of human contact with 

animals, including the manner of their capture and transportation, housing, 

feeding, well-being, their use in experiments, and finally humane killing at 

the end of terminal experiments or in preparation for use as food (Andrews 

et al., 2013; Buchanan et al., 2013; Crook and Walters, 2011; Harvey-Clark, 

2011; Leary et al., 2013; Mather, 2011; Mather and Anderson, 2007; 

Moltschaniwskyj et al., 2007). Recommended capture methods include pots 

for octopuses, jigs for squid and hand nets for small cephalopods and sepiolids 

(Moltschaniwskyj et al., 2007). Transportation and suitable accommodation 

are dealt with in other parts of this chapter. This section considers the 

remaining aspects of welfare relevant to culturing cephalopods. For further 

breadth and depth, see the references just mentioned. 

It is also necessary to consider factors of the life of cephalopods that are 

less obvious to us because of the requirement for living in sea water. Thus, 

welfare includes ensuring that aquaria are clean and contain sea water in 

good condition: Small deviations from normal temperature, pH, salinity, 

light intensity and dissolved organic and inorganic substances can cause 

stress; and large deviations can result in suffering and death. Ink released dur­

ing startle responses must be efficiently removed by the system; otherwise, it 

can be inhaled and will fatally interfere with the respiratory functioning of 

the gills. 
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Checking on captive animals regularly is also important, to ensure that 

they are not sick or injured: for example, checking for skin lesions, which 

can indicate a number of different problems that might not be observed 

directly, such as aggressive behaviour, physical manifestation of stress or dis­

ease through gnawing their own arms or desperate attempts to escape the 

confines of the aquarium where an animal may repeatedly dash itself against 

the aquarium wall. Since they are soft-bodied creatures (basically shellfish 

without a shell), keeping cephalopods in featureless aquaria in large numbers 

is in itself stressful, so provision of individual refuges (such as suitably sized 

pots or pieces of nontoxic plastic tubing, well in excess of the number of 

animals present) is a minimum requirement for the comfort and security 

of octopuses; and patches of real or artificial sea grass can provide a refuge 

zone for squid or cuttlefish. 

Provision of ample suitable food is very important not only to maintain 

health but also to discourage cannibalism. Feeding should not be excessive, 

however, as food that is not eaten will quickly affect water quality. Strategies 

must be in place for dealing with egg masses laid in captivity, as these can 

be another source of pollution if they do not hatch; and if they are to 

remain, the system must be able to retain young animals in the aquarium 

rather than submitting them to suffering and unintentional death within 

filtration units, and unintentional death within filtration units and equip­

ment such as protein skimmers. 

Abnormal behaviour (e.g. stereotyped behaviour, such as continuous 

swimming back and forth) may indicate stress at merely being in the cap­

tured condition, so it is important to find ways to overcome this stress 

through consideration of appropriate forms of enrichment (such as provid­

ing interesting objects that animals can play with, novel ways for the animals 

to obtain food or even just presenting food items at different times of day; 

see, e.g. Anderson and Blustein, 2006; Anderson and Wood, 2001). 

Finally, the death of cephalopods is another important consideration. 

Frequent inspection of cephalopod aquaria (at least twice a day) is crucial 

to ensure that dead animals are quickly recognized and removed before they 

can pollute the system, as this can quickly result in the death of all system 

occupants. Cephalopod flesh decomposes extremely quickly and is a poten­

tial health hazard, so carcasses should be frozen and stored until appropriate 

hygienic disposal, preferably by incineration. Animals destined for market 

should be free of disease and swiftly and humanely killed. Rapid freezing 

is one practical method (e.g. Badiani et al., 2013), and another is humane 

killing by destroying the brain with a cut between the eyes that also severs 
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the cephalic artery and major nerves to the body. Recognizing that suffering 

and stress also result in inferior quality of seafood products, a procedure now 

routine in many companies specializing in the supply of high-quality fresh 

squid in Japan is a brain-destroying coup de grâce by swift insertion of a spike 

into the mouth, up through the beaks and buccal mass into the head (Masami 

Abe, personal communication). This procedure also leaves the animals out­

wardly intact, maintaining a high market value. Further processing should 

follow standard Hazard Analysis and Critical Control Point (HACCP) 

guidelines (e.g. FAO, 2009). 

5. CURRENT LIMITATIONS 

As can be understood from the preceding account, there has been sig­

nificant progress in cephalopod culture methods and it is now possible to 

maintain many species for relatively long periods in laboratories and aquar­

ium facilities. However, the more rigorous demands required for aquacul­

ture mean that for many species, there are still some major obstacles to 

overcome before it becomes possible to sustain them throughout multiple 

life cycles to a level of production that is industrially stable and economically 

viable. This section emphasizes the major obstacles defining the current lim­

itations on developing cephalopod aquaculture into an industrial-scale 

enterprise. 

Basic culture system design for cephalopod aquaculture has progressed 

from rectangular–cubic to circular–cylindrical designs, populated with 

simple pipe-based housing units for octopuses arranged more or less at ran­

dom but yet to take full advantage of the available three-dimensional water 

volume. Feed delivery in large aquaria is generally by hand and random, 

with a few animals tending to dominate feed reception, resulting in variable 

growth rates and consequently a broad size range at the end of each 

production cycle. 

Water quality requirements raise the risks for large-scale (particularly land-

based) aquaculture in the absence of an open sea water system that is stable in 

composition over the long term, and of high quality, since all cephalopods are 

highly vulnerable to natural and man-made pollutants and to sudden changes 

in parameters such as temperature, salinity, pH and concentrations of various 

solutes. It is therefore necessary to budget for sufficient monitoring, particu­

larly regular measurement of pH and the content of nitrogenous compounds 

as the cultured biomass increases, taking care that the capacity of the system is 

not exceeded. Seeding aquaculture systems requires that temperatures are kept 
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close to those of the source population (Boyle, 1991), which demands careful 

budgeting of the energy requirements for cooling and heating if local and 

source temperatures are significantly different. 

One of the greatest bottlenecks to culture is the production of sufficient 

quantities of quality offspring. This is directly related to the control of repro­

duction that remains as a cornerstone for the development of cephalopod 

aquaculture. The quality and quantity of eggs and hatchlings produced will 

be reliant on the environmental influences during the maturation process 

and during embryonic development. It has been shown that egg viability 

is reduced after several culture generations due to inbreeding (e.g. Walsh 

et al., 2002); thus, control over reproduction is necessary to achieve mass 

production. The paralarval phase and the settlement period found in a num­

ber of small-egged species have proven to be critical bottlenecks: thus far, all 

species with a paralarval phase can only be raised experimentally in numbers 

too small to be commercially viable. 

Nutrition is a problem common to culturing most species and many 

phases and stages in the life cycle because little is known about (1) what 

cephalopods at different life stages eat in the wild, (2) their nutritional phys­

iology and (3) how and when to present them with appropriate food 

items in an enclosed system. Advances have been made in artificial feed 

formulations but there are still no available routine methods for rearing 

and providing suitable living prey items to paralarvae on a commercial basis 

and for relating this impact on profitability as there is yet no completely 

reliable artificial feed available for any cephalopod. The main limitations 

here are that cheap carbohydrate sources of feed cannot be used for ceph­

alopods, which require high-protein diets fortified with certain lipids. 

There is ample evidence for different quantitative (as well as qualitative) 

requirements at different life stages, particularly during the posthatching 

period when the presence of yolk can delay the start of predatory responses 

to food items. Consequently, incomplete information about the timing of 

feed introduction and the appropriate amounts to introduce is therefore 

another limiting aspect for several species. 

The extraordinarily high intelligence of cephalopods has led to the rec­

ognition of the importance of enrichment (e.g. Wood and Wood, 1999), 

such as play and other forms of stimulation that might provide distraction 

from negative behavioural traits such as cannibalism (Budelmann, 2010). 

The absence of opportunities for enrichment in the captive environment, 

particularly for octopuses, may detract from optimum health and therefore 

from the optimum growth required for commercial aquaculture. 
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In terms of possible future limitations, the value of polyculture (to over­

come limitations of yield per unit water volume) at the commercial level has 

yet to be investigated. Algae have been used as part of in-series filtering dur­

ing water reprocessing in closed circulations (see, e.g. Yang et al., 1989), but 

polyculture in terms of attempts to raise scavengers on waste and uneaten 

food from octopus culture systems is largely unexplored (cf. Al-Hafedh 

et al., 2012; Martı́nez-Porchas et al., 2010). 

The ethical dilemma of culturing such intelligent animals as cephalopods 

as a food source has yet to be explored as a possible limitation. There is the 

potential for groups in some countries to shun the aquaculturing of octo­

puses, in particular, in ways that parallel taboos against the use of certain ver­

tebrate animals as a food source for human consumers. 

6. CONCLUSIONS AND RESEARCH PRIORITIES 

While there has been significant progress in cephalopod culture 

methods, particularly during the last three decades, much remains to be 

done. This section explores the research priorities critical to advancing 

efforts to culture cephalopods according to the current limitations identified 

in the previous section and presents the main conclusions of this chapter. 

There is no commercial-scale culture of cephalopods but some species, 

such as the four biological models discussed here, may represent the bulk of 

mass-cultured cephalopods in the near future. These species were selected 

for their very attractive aquaculture characteristics, such as high rates of 

growth and food conversion, which for aquaculture translates into short cul­

ture cycles, high ratios of production to biomass, high cost-effectiveness and 

well-established markets. The scientific objectives of laboratories actively 

working with live cephalopods around the world determine the target 

species selected for experiments, which usually correspond to local coastal 

species easily adapted to water systems in captivity. 

From current knowledge, it is known that water quality is of critical 

importance and should be closely monitored according to each species 

and developmental stage. Water quality should be maintained during hous­

ing and transportation to ensure optimal survival and to avoid diseases. 

Studies on the behaviour and neurophysiology of cephalopods have under­

scored their highly developed nervous system, the most advanced among 

invertebrates. Indeed, their highly developed sensory capacity also stands as 

a clear indication of their capability to suffer pain. Accordingly, in recent 

years, it has become generally accepted that cephalopods should be 



76 Erica A.G. Vidal et al. 

maintained under approved ethical and welfare conditions similar to those 

required for fishes in relation to maintenance, anaesthesia and killing 

humanely with suitable techniques (Fiorito et al., 2014; Moltschaniwskyj 

et al., 2007). 

One of the main bottlenecks for the culture of cephalopods and that 

should be ranked as a high-priority research topic is the control of reproduc­

tion. Research on methods to optimize broodstock efficiency, including 

accelerating or decelerating sexual maturity and inducing or delaying 

spawning, will help advance efforts to culture these animals. Genetic selec­

tion or manipulation of cephalopod species for aquaculture suitability is 

largely unexplored (cf. Benzie, 2009; Gjedrem, 2010; Guo, 2009; 

Nguyen et al., 2009). For instance, the hormone progesterone is thought 

to regulate vitellogenesis in Octopus, as its application to immature ovary ini­

tiates the process (Di Cristo et al., 2008). As a steroid, it is likely that pro­

gesterone is bound by a nuclear receptor and acts as a transcription factor to 

regulate gene expression after ligand binding (Bain et al., 2007). Thus, anal­

ysis of the nuclear receptor of progesterone in Octopus ovary could be used to 
identify the set of genes indirectly targeted by progesterone during vitello­

genesis. The use of genetic improvement in broodstock selection to main­

tain genetic diversity may also help to sustain cultured populations through 

multiple generations. Current efforts to achieve this goal initially succeed, 

but after several generations, offspring are typically smaller and less healthy, 

and without outcrossing to wild-caught individuals, the population eventu­

ally dwindles (Sykes et al., 2006b; Walsh et al., 2002). This problem of 

reduced viability of eggs over several generations has yet to be resolved, 

especially in comparison with the success obtained from culture over several 

generations for some aquacultured fishes and crustaceans. 

Further research into the aspects of embryonic development will also be 

important in improving cephalopod husbandry. Defining parameters to 

describe egg, embryo and hatchling quality is necessary in order to correctly 

evaluate the health of the population and the culturing methods being used 

and may provide insights into variability between experiments and individ­

ual variation between siblings, thereby optimizing culture methodologies. 

Developing reliable methods of artificial incubation for small-egged species 

such as O. vulgaris is necessary to take full advantage of their high fecundity. 
Recent studies on the aptitude for embryonic learning in the cuttlefish 

S. officinalis have demonstrated the impact of different environmental stimuli 

on embryos (Darmaillacq et al., 2006, 2008; Guibe et al., 2012). These 

poorly known embryo capabilities have potential for use in conditioning 
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the prey preferences of hatchlings for paralarval and juvenile rearing, an as 

yet unexplored research topic. 

Life stage and phase transitions are points where populations maintained 

in artificial settings are prone to collapse. Developing techniques to facilitate 

transitions of the embryo to hatching, paralarva to settlement, juvenile to 

subadult and subadult to adult will be important advances in the effort to 

culture cephalopods. At present, all 21 species for which paralarval develop­

ment has been described can be raised only at the experimental level: none 

has yet been raised on a commercially viable basis. Another critical transition 

is the settlement period in Octopus species with a paralarval phase. Little 
attention has been directed towards understanding the high mortality rates 

and the major morphological changes that are associated with this transition. 

The development of culturing systems designed specifically to accommodate 

paralarvae through their planktonic phase with higher survival rates will be 

required to optimize the transition from paralarvae to juvenile and to make 

culturing of these species possible. Presently, the directly developing 

O. maya is the most advanced example of attempts at commercially sound 

cephalopod aquaculture, but even for this species, it has been necessary to 

rely on targeting a specialized gourmet-level market and cannot yet compete 

directly with the common wild-captured product. 

Another topic that should be categorized as top priority for research is 

nutrition at all phases of the life cycle. The lack of a formulated feed for ceph­

alopods limits industrial production due to their feeding habits and consump­

tion of large quantities of feed particularly in the early stages of development. 

Paralarval nutritional requirements are still poorly understood, and providing 

appropriate diets (artificial, live prey or mixed) remains an important chal­

lenge. Research into the feeding behaviour of paralarvae and on the diet 

of wild paralarvae (Roura et al., 2012) will provide insights into their require­

ments in artificial settings. Continued efforts to understand the requirements 

for the juvenile and grow-out phases will also contribute greatly to efforts 

to enhance cephalopod culture techniques. The basic lipid and protein 

requirements at each stage are still incompletely understood (cf. also 

Glencross, 2009); and the effects of different feeds on feed-to-body mass con­

version on the gut microbiota have yet to be explored (cf. Askarian 

et al., 2013). 

Due to environmental concerns and with fisheries resources in decline, 

the use of high quantities of protein and high-quality lipids obtained mostly 

from marine resources to feed this group of voracious carnivores is a serious 

and costly problem. Thus, the challenge will be to obtain a sustainable, 
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environmentally friendly artificial feed independent from fisheries products 

and formulated from vegetarian sources, as has been achieved recently for 

some marine carnivorous fishes (Watson et al., 2013). To help accomplish 

this task, cephalopod digestive physiology should be investigated in depth, 

since still there are considerable gaps in our knowledge of the digestion and 

absorption mechanisms of cephalopods. This information combined with 

genome sequencing of distinct regions of the digestive tract would make 

possible to identify enzymes in the gut during feeding under different feed­

ing regimes and at different life stages to advance optimization of dietary 

requirements and formulated feeds. Availability of subadults and their feed 

are the main constraints influencing the profitability of the O. vulgaris 
ongrowing process. Thus, mass production of subadults from hatcheries 

and the provision of a commercial feed promoting high growth and survival 

rates are future priorities for the octopus fattening industry. 

The remarkable learning activity of cephalopods also has yet to be 

explored in terms of improving feeding methods, while adequate culturing 

procedures to limit stress are essential to reduce pathologies. 

The effects of parasites and disease remain poorly understood but they can 

greatly influence growth, reproduction and survival. Treatments for cephalo­

pod diseases and pathogens are rare and may be a key tool in maintaining and 

culturing cephalopod populations. The study of infectious diseases during the 

culture of marine species has led to important advances in recognition and diag­

nosis of the causative agents and a better understanding of infection processes. 

A better understanding of the cephalopod immune system and its interaction 

with the confined culture environment is also necessary. Several studies have 

shown that the hemocytes of cephalopods have the capacity to engulf and neu­

tralize foreign cells and are involved in radical production, inflammatory pro­

cesses and regeneration of wounds (Beuerlein et al., 2002; Castellanos­

Martı́nez and Gestal, 2013; Collins et al., 2012; Féral, 1988; Ford, 1992; 

Rodrı́guez-Domı́nguez et al., 2006). Although considered as central in the 

invertebrate immunity response (Soudant et al., 2013), there have been few 

descriptions of cephalopod hemocytes and their efficiency to prevent infec­

tions. As immune humoral components, the agglutinating activity of lectins 

in cephalopod plasma has been described (Fisher and DiNuzzo, 1991; 

R€ogener et al., 1985), but their exact effects on pathogens remain to be 

determined. 

Finally, the continued identification of new potential species for com­

mercial production or for research models will continue to be an important 

research topic. This ongoing effort not only may yield insight into the care 
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and rearing of existing species but also may result in finding species that are 

particularly well suited to aquaculture and experimentation. In addition, the 

maintenance of deep-sea, cold water and oceanic cephalopods in the labo­

ratory would represent a considerable achievement towards understanding 

their biology and life cycle, providing new cephalopod species as models 

for research to many new areas of study, including toxicology, biomimetics 

and symbioses. Surely, new methods will be required to transport and rear 

species from these very unusual environments, an opportunity to meet new 

challenges in culturing. 
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Boletzky, S.V., 1974. E ´ levage de céphalopodes en aquarium. Vie Milieu 24 (2), 309–340. 
Boletzky, S.V., 1975. A contribution to the study of yolk absorption in the Cephalopoda. 

Z. Morphol. Tiere 80, 229–246. 
Boletzky, S.V., 1983. Sepia officinalis. In: Boyle P.R. (Ed.), Cephalopod Life Cycles, Vol­

ume I—Species Accounts. Academic Press, London, pp. 31–52. 
Boletzky, S.V., 1987. Embryonic phase. In: Boyle P.R. (Ed.), Cephalopod Life Cycles, Vol­

ume II—Comparative Reviews. Academic Press, London, pp. 5–32. 
Boletzky, S.V., 2003. Biology of early life stages in cephalopod molluscs. Adv. Mar. Biol. 

44, 143–203. 

Boletzky, S.V., 2004. A brief survey of cephalopod culture techniques. In: Oztü rk B., €
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Muñoz, J.L., Okumura, S., Roo, J., van der Meeren, T., Vidal, E.A.G., Villanueva, R., 
2007. Rearing of Octopus vulgaris paralarvae: present status, bottlenecks and trends. 
Aquaculture 266, 1–15. 

Iglesias, J., Fuentes, L., Villanueva, R., (Eds.), 2014. Cephalopod Culture. Springer, 
Netherlands. 494 p. ISBN 978-94-017-8647-8. 

Ikeda, H., 1933. Sex-correlated marking in Sepioteuthis lessoniana Férussac. Venus 3, 324–329. 
Ikeda, Y., Sakurazawa, I., Sakurai, Y., Matsumoto, G., 2003. Initial trials of squid rearing, 

maintenance and culture at the Brain Science Institute of RIKEN. Suisan Zoshoku 
51 (4), 391–400. 

Ikeda, Y., Ueta, Y., Sakurazawa, I., Matsumoto, G., 2004. Transport of the oval squid 
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Abstract 

Cephalopods are a relatively small class of molluscs (�800 species), but they support 
some large industrial scale fisheries and numerous small-scale, local, artisanal fisheries. 
For several decades, landings of cephalopods globally have grown against a back­
ground of total finfish landings levelling off and then declining. There is now evidence 
that in recent years, growth in cephalopod landings has declined. The commercially 
exploited cephalopod species are fast-growing, short-lived ecological opportunists. 
Annual variability in abundance is strongly influenced by environmental variability, 
but the underlying causes of the links between environment and population dynamics 
are poorly understood. Stock assessment models have recently been developed that 
incorporate environmental processes that drive variability in recruitment, distribution 
and migration patterns. These models can be expected to improve as more, and better, 
data are obtained on environmental effects and as techniques for stock identification 
improve. A key element of future progress will be improved understanding of trophic 
dynamics at all phases in the cephalopod life cycle. In the meantime, there is no routine 
stock assessment in many targeted fisheries or in the numerous by-catch fisheries for 
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cephalopods. There is a particular need for a precautionary approach in these cases. 
Assessment in many fisheries is complicated because cephalopods are ecological 
opportunists and stocks appear to have benefited from the reduction of key predator 
by overexploitation. Because of the complexities involved, ecosystem-based fisheries 
management integrating social, economic and ecological considerations is desirable 
for cephalopod fisheries. An ecological approach to management is routine in many 
fisheries, but to be effective, good scientific understanding of the relationships between 
the environment, trophic dynamics and population dynamics is essential. Fisheries and 
the ecosystems they depend on can only be managed by regulating the activities of the 
fishing industry, and this requires understanding the dynamics of the stocks they exploit. 

Keywords: Cephalopods, Population dynamics, Environment, Fluctuations, Stock 
assessment, Forecasting, Management, Governance 

1. INTRODUCTION 

There around 800 species of cephalopods living today. Fishery exploi­

tation is mainly confined to coastal species of squid, cuttlefish and octopus 

and those oceanic squids whose migration routes regularly bring them 

within range of commercial fleets (see Fries, 2010). 

Like most cephalopods, the exploited species typically live only 1 or 

2 years, living fast and dying young. Their short life cycles, high metabolic 

rates and fast growth are associated with high plasticity in life history char­

acteristics and marked sensitivity to environmental variation, reflected in 

large year-to-year fluctuations in population abundance. Cephalopod pop­

ulation dynamics are surprisingly poorly understood. 

Empirical relationships between distribution or abundance and environ­

mental conditions are widely documented (see Pierce et al., 2008 for a 

review), and some of these empirical relationships appear to be sufficiently 

predictable to be used for fishery forecasting (see Otero et al., 2008; Sobrino 

et al., 2002; Waluda et al., 2001a). However, caution is necessary before rec­

ommending such approaches. As Solow (2002) observed, relationships 

between time series have a habit of unravelling when longer time series 

become available. In short, there is no substitute for understanding the 

underlying mechanisms, in relation both to population dynamics and to 

how environmental variation effects change in dynamics. 

Some authors (e.g. Pauly, 1998) have drawn attention to parallels with 

small pelagic fish, but many researchers working on cephalopods highlight 

the difference between fish and cephalopods (e.g. Boyle and Knobloch, 

1983). It is, however, difficult to draw clear conclusions since cephalopods 

display a complex mixture of r- and k-selected traits, the balance varying 
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between species (see Caddy, 1996). Some cephalopods produce relatively 

small numbers of eggs, for example, around 2500 eggs in Eledone cirrhosa 
(Regueira et al., 2013) and up to 8000 in Sepia officinalis (Laptikhovsky 
et al., 2003). In other species, tens or hundreds of thousands of eggs are pro­

duced: up to 74,000 eggs in Loligo vulgaris (Laptikhovsky, 2000), up to around 
550,000 in Octopus vulgaris (Cuccu et al., 2013) and up to 800,000 in Illex 
coindetii (Laptikhovsky and Nigmatullin, 1999). Some species brood the eggs 

until hatching (e.g. O. vulgaris and Gonatus onyx) (Mangold and Boletzky, 

1973; Seibel et al., 2000). All cephalopods lack true larval stages, but some 

have planktonic paralarvae, while in others, the hatchlings both are extremely 

similar in form to the adults and live in the same habitats. 

Cephalopods can occupy similar trophic niches to fish, all commercial 

species being active predators, and they are also important prey of higher 

trophic levels, their significance accentuated by the high production to bio­

mass ratio—see the series of reviews by Clarke (1996), Croxall and Prince 

(1996), Klages (1996) and Smale (1996), as well as many other papers by the 

late Malcolm Clarke. Recently, ecological modelling work has highlighted 

the fact that cephalopods can be keystone species (e.g. Gasalla et al., 2010). 

1.1. Fisheries 
The importance of cephalopods as fishery resources has risen dramatically 

since 1950. World cephalopod landings rose from around 500,000 t annu­

ally to a peak of over 4 million t in 2007. The most recent annual total (for 

2010) is around 3.5 million t, an apparent decrease that is evident in trends 

from several regions (FAO, 2011). There are three main types of cephalopod 

fisheries: large-scale directed fisheries (e.g. jig fishing for ommastrephid 

squid), by-catch fisheries (e.g. a substantial proportion of landings of 

loliginid squids arise as by-catch from demersal trawling) and small-scale 

directed fisheries that use a range of gears to catch squid, cuttlefish and octo­

pus. Cephalopods vary in their importance as fishery resources in different 

global regions and remain less important in the northeast Atlantic than in 

many other regions (see Caddy and Rodhouse, 1998; Hunsicker et al., 

2010). Globally, the most important fisheries have been those for 

ommastrephid squid; while some are relatively stable, others (e.g. for Dosi­

dicus gigas on the Pacific coast of the Americas) seem to be characterized by 

boom and bust dynamics. 

Many cephalopod fisheries are regulated; again, Europe is something of 

an exception, with no routine assessment and no management specified by 
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the Common Fisheries Policy, although local and regional regulatory sys­

tems are in place for some artisanal fisheries. Although biological character­

istics such as the short life cycle and fast and variable growth rate, plus the 

difficulty of obtaining accurate age estimates, mean that some approaches 

to stock assessment (e.g. age-based methods) are unsuitable, a range of 

approaches, including in-season depletion methods, boat-based surveys 

and even production models, have been successfully applied (see Pierce 

and Guerra, 1994) and at least some cephalopod fisheries are routinely 

(and well) managed. 

Particular issues arising in relation to assessment and management include 

stock identification, variability in abundance (and how to predict it) and pre­

vention of damage to spawning areas. Globally, the comparatively fluid state 

of cephalopod taxonomy, as new molecular studies challenge (or sometimes 

support) traditional taxonomic units, and relatively slow progress of genetic 

stock identification studies also create challenges, compounded in many 

regions by a systemic failure to record fishery landings to species level. 

We have already highlighted the environmental sensitivity of cephalo­

pods and the fact that many if not all species show wide fluctuations in abun­

dance and that this is most evident in the oceanic squid. For the demersal and 

benthic species that attach their eggs to the seabed or structures thereon, pro­

tection of spawning areas and eggs is critical. The use of fixed gear in 

spawning areas can be problematic in both squids and cuttlefish, with sub­

stantial losses of eggs when the gear is hauled, as seen for cuttlefish that lay 

eggs on cuttlefish traps in the English Channel and loliginid squids that lay 

their eggs on gill nets off western Portugal. 

Management also presents particular challenges. Essentially, the main 

biological issue is one of escapement. In short-lived species, especially those 

with nonoverlapping generations, there is no buffer against recruitment fail­

ure (Caddy, 1983). In practice, cephalopods usually show nonsynchronous 

spawning and recruitment, which may help protect against total loss. The 

flip side of this coin is that cephalopod stocks are generally seen as resilient, 

rapidly bouncing back after overexploitation. However, it is also possible 

that the large natural fluctuations have obscured collapses caused by over-

fishing, even (or perhaps especially) in the ommastrephids. 

There are also clear technical, social and economic challenges. Where 

cephalopods are taken as a by-catch of multispecies fisheries for demersal 

fish, regulating fishing mortality is difficult. In the case of the large-scale 

directed fisheries and indeed the small-scale directed fisheries, contingency 

plans are needed for low abundance years. Small-scale fisheries are probably 
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more adaptable, since they routinely exploit a range of target species—but 

the social cost of failure is high due to the dependence of many small coastal 

communities on cephalopod fishing. 

These challenges are increasingly relevant, not least because global fish­

ery data (FAO, 2011) suggest that cephalopod fishery landings peaked in 

2007 and overexploitation of cephalopod stocks may already be taking place. 

1.2. Future challenges and the rationale for a new review 
While nowadays cephalopods are routinely fished in coastal waters of most 

regions of the world, our knowledge of many aspects of their taxonomy, 

biology and ecology remains limited. The need to manage those cephalopod 

fisheries that are presently unregulated is becoming increasingly apparent; it 

is also evident that the toolbox of assessment methods and management 

measures—and even governance systems, traditionally used to ensure sus­

tainability, needs to be updated to accommodate cephalopods. 

An additional driver, which is already changing the way we manage fish­

eries, certainly in the European Union (EU), is the adoption of the so-called 

ecosystem approach, enshrined in the EU’s revised Common Fishery Policy 

and supported by a range of other marine-related legislations including the 

(EU) Marine Strategy Framework Directive. The new paradigm includes 

the following: 

1.	 Evaluation of effects of fishing on nontarget species and the wider 
ecosystem 

2.	 Explicit consideration of social and economic consequences of possible 

management actions and accounting for implementation issues 

3.	 Placing fisheries in the broader content of integrated marine manage­

ment, for example, recognizing the impacts of multiple stressors on 

marine ecosystems, evaluating their effects on ecosystem function and 

ecosystem services and assessing the status of marine ecosystems through 

the Integrated Ecosystem Assessment, definition of Good Environmen­

tal Status and development of monitoring and management systems to 

deliver action 

Such considerations are central to the new Science Plan (due in 2014) of the 

International Council for the Exploration of the Sea (covering the North 

Atlantic and its fisheries) but to a greater or lesser extent are also achieving 

global recognition. 

Finally, we must consider the background of global climate change and 

the ever-rising human population of the world. Well-managed fisheries 
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represent just one component of food security. Fisheries must currently pro­

vide both protein for direct human consumption and the base of much of the 

world’s aquafeed, although the latter challenge falls beyond the scope of this 

chapter. While still a small component of global fisheries production, ceph­

alopods are likely to be increasingly targeted unless overexploited finfish 

stocks are allowed to recover. Even in the relatively well-managed fisheries 

of the eastern North Atlantic, the collapse of traditional stocks like hake or 

cod is leading fishermen to target squid. 

The warming and acidification of the oceans, falling salinity due to melt­

ing ice, shoaling of the oxygen minimum layer and changes in current sys­

tems are expected to have profound effects on marine ecosystems. As 

environmentally hypersensitive species, cephalopods may be seen as senti­

nels of future change. As fast-growing molluscs with calcareous statoliths 

and a high demand for oxygen, the effects of acidification and ocean 

warming may be significant, as a range of studies are already beginning to 

suggest (e.g. Rosa and Seibel, 2008). 

This chapter arises from a workshop held at the 2012 CIAC 

(Cephalopod International Advisory Council) conference on population 
dynamics, environmental effects, stock assessment and management. The purpose 
of the workshop and review was to synthesize the state of the art, identify 

knowledge gaps and look forwards to the future of cephalopod fisheries, tak­

ing into account the many and demanding challenges that lie ahead. 

2. POPULATION DYNAMICS 

Currently, population dynamics mainly uses large-scale field observa­

tions and laboratory data, often from rodents (Turchin, 2003) or insects 

(e.g. Drosophila and Tribolium; Mueller and Joshi, 2000) or from fisheries 

stock assessment research (Quinn and Deriso, 1999). Spatial aspects of 

population dynamics are rarely considered in fisheries science (Quinn and 

Deriso, 1999). 

Turchin (2003) defined a population as a group of individuals of the same 

species living together in an area of sufficient size to permit normal dispersal 

and migration behaviour and in which population changes are largely deter­

mined by births and deaths. This definition stems mainly from experience 

with terrestrial animals and does not provide much information on how 

to differentiate between populations. “Living together” in the context of 

mobile marine animals might imply a high probability of reproducing 

together and being together for important large-scale events (e.g. feeding 
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and migration). Population dynamics is thus “the study of how and why 

population numbers change in time and space, documenting empirical pat­

terns of population change and attempting to determine the mechanisms 

explaining the observed patterns” (Turchin, 2003), including consideration 

of population numbers and structure, population stability, temporal change, 

spatial change and demographic and genetic effects. 

2.1. Population dynamics theory 
Population dynamics research requires comparable and standardized data 

collection over many subsequent generations and long time series, which 

are not always available in a fisheries context. 

A central point in population regulation is the realized per capita rate of 

population change, rt ¼ ln(Nt/Nt�1), where ln(Nt) is the natural logarithm of 

population density at time t. Change is inversely related to population den­

sity and/or time-lagged density, but this function may be complex and 

nonlinear. Analogous to chemical reactions, population growth can be 

viewed as a zero-order (exponential), first-order (logistic) or second-order 

(cyclic, e.g. Lotka–Volterra-type equations) process (see Quinn and 

Deriso, 1999; Turchin, 2003). 

Stability and oscillations in nature (a cornerstone of population dynamics 

science, representing two sides of the same coin) are invariably linked to tro­

phic interactions: specialist predation is considered to be the most frequent 

cause of second-order oscillations in natural populations, with the second 

being food availability. Nevertheless, within this basic framework, there is 

no universal mechanism underlying population cycles. 

Common questions in population dynamics (quoted from Mueller and 

Joshi, 2000) include the following: 

•	 Are generations discrete or overlapping? If the latter, are cohorts segre­

gated in space? 

•	 What kinds of interactions exist among life stages? Which life stages are 

likely to be the triggers of density-dependent regulatory mechanisms? 

Often, the trigger stage is the primary consumer of resources. 

•	 Which life stages are the likely targets of density-dependent regulatory 

mechanisms? If the target is the first juvenile stage, does the regulatory 

mechanism act primarily through fecundity or mortality? 

•	 How do the trigger and target map onto the ontogeny, especially in the 

context of whether cohorts are spatially segregated? What are the time 

delays between the triggering of a regulatory mechanism and its effect 
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on the target and between the effect on the target and its final effect on 

the triggering life stage? 

•	 If fecundity and mortality are density-independent, what is the magni­

tude of each? 

•	 What is the census life stage? If this stage is not the trigger life stage, how 

does it map onto the ontogeny, relative to the trigger life stage, and the 

first juvenile stage to which recruitment is governed through fecundity? 

Models and empirical studies of Drosophila populations suggest that the rel­
ative levels of food given to larval and adult stages are crucial for the ultimate 

stability of the populations. High levels of food for larvae and low levels of 

food for adults favour stability; the reverse situation leads to cycles and other 

departures from stable-point equilibriums. Model results show that time 

delays in density dependence destabilize populations when generations 

overlap (Mueller and Joshi, 2000). 

Because of its commercial and applied significance, the study of fish pop­

ulation dynamics has developed a huge literature and a multitude of 

approaches. However, much of this research focuses on harvesting, and 

indeed fisheries management goals and policies’ impact on the research 

approach. This is unfortunate, because trophic relationships, the dominant 

issue of theoretical ecology (see above, in third chapter of this section), are 

more often than not ignored. An exception is the multispecies approach, 

which is however generally regarded as too complicated and parameter-

hungry for most practical applications (Quinn and Deriso, 1999). The recent 

consideration of trophic relationships in modelling of harvesting options 

(Overholtz et al., 2000, 2008; Tyrrell et al., 2008, 2011) is a step in the right 

direction although it also suffers from a weak link to theoretical ecology. 

2.2. Recruitment 
In fisheries science, the use of the term “recruitment” is often at odds with its 

usual meaning in ecology. While some authors propose purely biological 

definitions, for example, “an addition of new fish to the vulnerable popu­

lation by growth from among smaller size categories” (Ricker, 1975; see also 

Boletzky, 2003; Quinn and Deriso, 1999), others acknowledge the reality 

that recruitment in fisheries is measured in a way that depends on gear selec­

tivity: new recruits will be the smallest fish taken by a particular gear. Thus, 

Bloor et al. (2013a) defined recruitment as the renewal of harvestable stages 

in a population. O’Dor (1998a,b) noted that “from a fisheries perspective 

recruitment is quantitative, but from a population perspective it is also 
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qualitative. All genes are not of equal value in all environments”. Recruit­

ment may in principle refer to the first or repeated appearance (i.e. at a 

moment in time linked to the value or characteristics of a given parameter) 

of a specific life stage, size, weight, age or maturity stage—or indeed when an 

animal with a specific gene enters the population. 

A further theoretical challenge lies in the relationship, if any, between 

recruitment and spawner abundance. For some short-lived animals, 

stock–recruitment relationships have been found (e.g. shrimps; Ye, 2000). 

However, in schooling marine animals, due to density-dependent popula­

tion regulation, the spawning biomass of a cohort is not necessarily propor­

tional to the numbers recruited (Rochet, 2000). 

In the cephalopod literature, there is an emphasis on strong links between 

recruitment and favourable oceanographic regimes (e.g. temperature, water 

masses and winds; see review by Pierce et al., 2008). Dawe and Warren 

(1993) and Dawe et al. (2000) found that Illex illecebrosus recruitment was pos­

itively related to negative values of the North Atlantic Oscillation index, high 

water temperatures off Newfoundland and a southward shift in the various 

water masses associated with the Gulf Stream. Models derived from such 

empirical relationships (see also Challier et al., 2005b; Garofalo et al., 

2010; Nevárez-Martı́nez et al., 2010; Roberts and van den Berg, 2002; 

Waluda et al., 1999, 2001a) often have good predictive capability, at least 

in the short term—although Solow’s (2002) warning about the transience 

of relationships between short time series should be heeded. Links between 

the recruitment and the trophic relationships are rarely addressed, although 

Moustahfid et al. (2009) included predation mortality in a surplus production 

model; see also the very general approach of Gaichas et al. (2010). 

2.3. Defining populations: Concepts 
The most comprehensive summaries of the population ecology of cephalo­

pods are those by Boyle and Boletzky (1996) and Boyle and Rodhouse 

(2005). Saville (1987) and Lipinski et al. (1998a) discussed ecological differ­

ences between fish and cephalopods related to fisheries. These accounts offer 

general, descriptive reviews of questions, approaches and difficulties. Out of 

around 750–800 cephalopod species, of which some are not yet described, 

59 have been researched relatively well and are therefore suitable candidates 

for the analysis of population dynamics (Table 2.1). An assessment of the 

current level of knowledge of trophic and environmental relationships, sum­

marized by family, appears in Table 2.2. 



Table 2.1 Species of cephalopods with sufficient data accumulated to be suitable for population dynamics analysis 
(1) Taxonomic 
issues (2) Exploitation level (3) Fishery (4) Ecological information 

Family name Species name Yes No FAO db Nat. db Regulated? Pop. ID Review Envir. Trophic 

Nautilidae (29%) Nautilus pompilius x No/yes A, Pa, Ph No Yes Yes Yes Yes 

Nautilus x No/no A, Pa, Ph No Yes Yes Yes Yes 

macromphalus 

Sepiidae (6%) Sepia apama x No/yes A Partial Yes Yes Yes Yes 

Sepia australis x No/yes SA No No Yes Yes Yes 

Sepia elegans x No/yes EU Partial No No No No 

Sepia officinalis x Yes/yes EU, M Partial Yes Yes Yes Yes 

Sepia orbignyana x No/yes EU Partial No No No No 

Sepia esculenta x No/yes J, Ch No No No No Yes 

Sepia pharaonis x No/yes A, J, Ch Partial No No No No 

Sepiella inermis x No/yes I, Th No No No No No 

Sepiolidae (5%) Sepietta oweniana x No/yes EU Partial No No No Yes 

Rossia pacifica pacifica x No/yes Nonea No No No No No 

Heteroteuthis dispar x No/yes Nonea No No No No Yes 

Continued 



Table 2.1 Species of cephalopods with sufficient data accumulated to be suitable for population dynamics analysis—cont'd 
(1) Taxonomic 
issues (2) Exploitation level (3) Fishery (4) Ecological information 

Family name Species name Yes No FAO db Nat. db Regulated? Pop. ID Review Envir. Trophic 

Loliginidae (20%) Loligo vulgaris x No/yes EU Partial No Yes No Yes 

Loligo forbesii x No/yes EU Partial Yes Yes No Yes 

Loligo reynaudii x No/yes SA Yes Yes Yes Yes Yes 

Alloteuthis media x No/yes EU Partial No No No No 

Alloteuthis subulata x No/yes EU No No No No No 

Doryteuthis plei x No/yes B? No No No No No 

Doryteuthis gahi x Yes/yes FI, Ar Yes Yes Yes Yes Yes 

Doryteuthis opalescens x No/yes United States Yes Yes Yes Yes Yes 

Doryteuthis pealeii x Yes/yes United States Yes Yes Yes Yes Yes 

Doryteuthis x No/yes B, Ar No No Yes No Yes 

sanpaulensis 

Heterololigo bleekeri x No/yes J Yes Yes Yes Yes Yes 

Lolliguncula brevis x No/no United States No No Yes Yes Yes 

Loliginidae (20%) Sepioteuthis sepioidea x No/yes United States No No Yes No No 

Sepioteuthis australis x No/yes A No Yes No Yes Yes 

Sepioteuthis lessoniana x No/yes J, A, Th Partial Partial No Yes Yes 

Uroteuthis edulis x No/yes Ch, A, J Partial Partial No Yes Yes 

Uroteuthis duvauceliib x No/yes I, Th, A No Partial No No Yes 



Gonatidae (10%) Berryteuthis magister x No/yes R No Yes Yes No Yes 

Gonatus fabricii x No/yes Nonea No No No No Yes 

Lycoteuthida e (17%) Lycoteuthis lorigera x No/no Nonea No No No No No 

Ommastreph idae Illex illecebrosus x Yes/yes C, United States Yes Partial Yes Yes Yes 

(62%) 
Illex argentines x Yes/yes FI, Ar Yes Partial Yes Yes Yes 

Illex coindetii x No/yes EU, M No No Yes No Yes 

Ommastrephes x No/yes J, R, Ch Partial Partial Yes Yes Yes 

bartramiib 

Dosidicus gigas x Yes/yes Me, United Partial No Yes Yes Yes 

States, J 

Ornithoteuthis x No/yes Nonea No No No No Yes 

antillarum 

Sthenoteuthis x No/no Nonea No No Yes No Yes 

oualaniensis 

Sthenoteuthis x No/yes Nonea No No Yes No Yes 

pteropus b 

Todarodes sagittatus x No/yes EU, No Partial No No No Yes 

Todarodes pacificus x Yes/yes J, R, Ch Yes Yes Yes Yes Yes 

Nototodarus sloanii x Yes/yes NZ Yes No Yes No Yes 

Nototodarus gouldi x No/yes A, NZ Yes No No No Yes 

Todaropsis eblanae x No/yes EU, SA No Yes No No Yes 

Thysanoteuthi dae Thysanoteuthis x No/yes J Yes No Yes No Yes 

(100%) rhombus 

Continued 



Table 2.1 Species of cephalopods with sufficient data accumulated to be suitable for population dynamics analysis—cont'd 
(1) Taxonomic 
issues (2) Exploitation level (3) Fishery (4) Ecological information 

Family name Species name Yes No FAO db Nat. db Regulated? Pop. ID Review Envir. Trophic 

Eledonidae (33%) Eledone cirrhosa x No/yes EU Partial No Yes Yes Yes 

Eledone moschata x No/yes EU Partial No No No Yes 

Enteroctopodidae Enteroctopus dofleini x No/yes United States Yes No No No Yes 

(7%) 
Enteroctopus x No/yes Ar, CE No No No No Yes 

megalocyathus 

Octopodida e (7%) Octopus vulgaris x Yes/yes World Variable Partial Yes Yes Yes 

Octopus maya x No/yes Me Yes No Yes Yes Yes 

Octopus pallidus x No/no A No No No No Yes 

Octopus bimaculatus x No/no United States No No No No Yes 

Octopus cyanea x No/no A No No Yes No Yes 

Octopus tehuelchus x No/yes Ar No No No No Yes 

Octopus insularis x No/no B No No No No Yes 

Octopus mimus x No/no CE No No No No Yes 

aNo existing fisheries or by-catch or subsistence (small-scale); therefore, future modelling attempts must be based on research data.
 
bSpelt differently in the FAO aquatic species list (e.g. Uroteuthis duvauceli, Ommastrephes bartrami and O. pteropus).
 
Percentages in the first column refer to the number of species listed for each family as a percentage of the total number of species in that family. Results on availability of
 
information about each topic are then given by species as follows: (1) The existence of issues with taxonomic status is indicated by yes/no (no ¼ no issues). (2) Availability
 
of information on exploitation level in (a) the Food and Agriculture Organization of the United Nations two databases (FAO db) (yes/no) and (b) national databases (Nat.
 
db). Countries: A, Australia; B, Brazil; CE, Chile; Ch, China; Ar, Argentina; FI, Falkland Islands; M, Morocco; SA, South Africa. (3) Existence of fishery regulation (yes/
 
no/partial). (4) Ecological information: the existence of studies is scored as yes/no. Pop. ID ¼ population identity researched and recognized; Review ¼ broad ecological
 
review published; Envir. ¼environmental relationships studied; Trophic ¼ trophic relationships studied. Main source of information: FAO, in particular Jereb and Roper
 
(2005, 2010) and references therein, also FAO Aquatic Species Fact Sheets (www.fao.org/fishery/species/search/en) and FAO Aquatic Species Portal (http://termportal.
 
fao.org/faoas/main/start.do).
 

http://www.fao.org/fishery/species/search/en
http://termportal.fao.org/faoas/main/start.do
http://termportal.fao.org/faoas/main/start.do
http://termportal.fao.org/faoas/main/start.do


Table 2.2 Level of basic knowledge of trophic and environmental relationships for all cephalopod families 
(1) Number of species (2) % of species well investigated 

(3) Commercial 
Family name Common Rare Undetermined Trophic Environmental Others value/potential (4) Ecological role 

Nautilidae 2 3 2 14 14 14 8 4 

Spirulidae 1 0 0 0 0 100 1 2 

Sepiidae 55 22 32 3 4 50a 10 10 

Sepiolidae 37 10 16 5 3 24a 4 6 

Sepiadariidae 3 4 0 29 0 29a 1 2 

Idiosepiidae 1 0 7 12 12 12a 1 2 

Loliginidae 47 0 0 36 26 47a 10 10 

Australite uthidae 0 1 0 0 0 0 1 2 

Gonatidae 14 0 6 40 10 50 5 8 

Octopote uthidae 2 0 6 12 0 25 1 5 

Pyroteuthida e 2 0 4 0 0 33 1 5 

Ancistrochei ridae 1 0 0 0 0 100 1 3 

Enoploteut hidae 11 0 32 1 1 2 5 8 

Onychoteuthi dae 9 0 6 53 0 60 7 10 

Pholidoteu thidae 2 0 0 100 0 100 2 6 

Lepidoteuthidae 1 0 0 100 0 100 2 4 

Continued 



Table 2.2 Level of basic knowledge of trophic and environmental relationships for all cephalopod families—cont'd 
(1) Number of species (2) % of species well investigated 

(3) Commercial 
Family name Common Rare Undetermined Trophic Environmental Others value/potential (4) Ecological role 

Chtenopt erygidae 1 2 0 0 0 0 1 3 

Batoteuthida e 0 0 1 0 0 0 1 2 

Brachioteuthi dae 3 ?b 5c 0 0 0 1 6 

Lycoteuthida e 1 3 2 0 0 17 3 7 

Histioteuth idae 5 0 12 18 0 18 2 8 

Bathyteuth idae 1 0 2 0 0 33 1 3 

Psychroteut hidae 1 0 0 100 0 100 3 5 

Neoteuthida e 1 0 3 25 0 25 1 5 

Architeuthid ae 1 0 0 100 0 100 1 7 

Ommastreph idae 21 0 0 86 24 90 10 10 

Thysanoteuthi dae 1 0 0 100 100 100 10 7 

Chiroteuth idae 1 7 8 0 0 0 1 2 

Mastigoteuthi dae 4 0 14 0 0 0 1 3 

Joubiniteut hidae 0 1 0 0 0 0 1 1 

Magnapinn idae 0 0 3 0 0 0 1 3 

Cycloteuthida e 0 0 4 0 0 0 1 2 



Promachot euthidae 0 5 0 0 0 0 1 1 

Cranchiidae 19 1 10 7 0 13 2 10 

Vampyrote uthidae 1 0 0 100 0 100 1 3 

Cirroteuthi dae 0 0 3 0 0 33 1 3 

Stauroteuth idae 0 0 2 0 0 0 1 1 

Alloposidae 1 0 0 100 0 100 1 4 

Tremoctopodidae 1 0 3 0 0 25 1 4 

Argonautidae 2 0 2 0 0 50 1 6 

Ocythoid ae 1 0 0 0 0 0 1 3 

Eledonidaeb 6  0  0  33  33  33  7  10  

Octopodida eb 24 0 95 8 8 20 10 10 

Enteroctopodidae 4 0 25 3 3 3 7 10 

Bathypolypo didae 2 0 4 0 0 17 2 6 

Megaeledon idae 6 0 24 0 0 10 5 10 

Amphitre tidae 3 0 2 0 0 0 1 3 

aNote: includes species investigated for trophic and environmental relationships.
 
bThe number of undescribed species is high.
 
cUnder revision.
 
(1) Number of species refers to the described species only, categorized according to their abundance (common, rare and undetermined). (2) The percentage of species 
well investigated is given in relation to knowledge of trophic relationships, environmental relationships and other studies. The last two columns indicate the (3) likely 
commercial value or potential and (4) the ecological importance of the species, in both cases on a scale of 1–10 where a score of 10 indicates the highest potential or 
importance. Based on Jereb and Roper (2005, 2010). 
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Boyle and Rodhouse (2005) stated that “The life cycle characteristics and 

ecology of the oceanic and mesopelagic cephalopod fauna, in particular, 

need to be established before current estimates for global cephalopod bio­

mass can be reconciled with their biological productive capacity and that 

of the marine ecosystem in total. We must begin to understand whether 

the life cycle features established for the coastal species represent special 

cases, or the degree to which they may be generalised to the much greater 

oceanic and deepwater fauna”. It might be expected that species exploited 

commercially on a large scale would be the best candidates for population 

dynamics analysis. However, of the three dominant species in the world fish­

eries, arguably only one (Todarodes pacificus) has been researched well enough 
to meet the standards described in the preceding text (see Table 2.1). 

Previous reviews identified limitations to understanding of cephalopod 

population ecology. Boyle and Boletzky (1996) stated that “the study of 

cephalopod populations currently lacks the means to define populations ade­

quately and to resolve basic systematic confusions”, while Boyle and 

Rodhouse (2005) indicated that “no cohesive description of cephalopod 

population ecology is yet available. (. . .) Modelling of population ecology 

for fisheries purposes is confounded by a lack of consensus among workers 

as to the form of the growth model to be applied, and also by a lack of data to 

define populations”. However, for a number of families and species 

(Tables 2.1 and 2.2), systematic problems have been largely resolved over 

the last 20 years, and a wealth of life cycle and ecological data have accumu­

lated as a result of fisheries, fisheries research and biological projects. 

Furthermore, Turchin’s (2003) definition of the population requires 

only that the animals “live together in an area of sufficient size to permit nor­

mal dispersal and migration behaviour”, which can be easily investigated 

(e.g. Augustyn et al., 1992, 1994; Sauer et al., 1992, 2000), and “in which 

population changes are largely determined by birth and death processes”. 

The latter statement implies exclusion of situations in which exchange of 

animals with other areas is known but suggests that useful work could be 

done even in the absence of stock identification based on comprehensive 

genetic analysis. However, fine-tuned understanding of population identity 

and stock structure is possible only by combining multilevel ecological 

research, well-thought out molecular biology research and modelling. Such 

research is under way, setting standards (O’Dor, 1998a) for sustainable uti­

lization of these resources. 

In the past, there has been limited interest in cephalopods by theoretical 

ecologists. For example, the degree of overlap between consecutive 
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generations, crucial in population dynamics analysis, was poorly understood 

even in the better-known families (e.g. Melo and Sauer, 1999, 2007). In 

practice, the only biological feature that results in nonoverlapping genera­

tions is strict semelparity, when an animal produces offspring and dies before 

the hatching of its progeny. In most cephalopods (especially squid, not octo­

pods), the spawning period for an individual female can be quite prolonged; 

certainly, multiple modes in egg size distributions in the ovary suggest that 

eggs may be spawned in several batches (although it is not certain that all eggs 

present in the ovary are finally spawned). However, in colder regions, the 

embryonic phase may be relatively protracted, reducing the likelihood of 

overlap. 

In addition, the lack of synchrony between spawning in different indi­

viduals can lead to protracted spawning seasons, evidenced by the existence 

of several microcohorts, and there may also be multiple spawning seasons, 

blurring the distinction between different generations (even if individuals 

do not overlap with their own progeny). This contrasts with the usual sit­

uation in fish and other iteroparous organisms, in which overlapping gen­

erations are also created by the occurrence of multiple discrete spawning 

events, often over a period of several years: parents thus coexist with their 

progeny over an extended period. 

In their review, Boyle and Rodhouse (2005) discussed the problem of 

finding and researching separate populations of the same species, listing 

31 species for which some information is available. They mentioned the 

use of molecular biology, morphometrics and parasite tags, as well as knowl­

edge of “timing and location of breeding or the recruitment of young” (e.g. 

in T. pacificus, O. vulgaris, Sthenoteuthis oualaniensis and I. illecebrosus) and 
information on population structure, particularly emphasizing size and age. 

Some authors (e.g. Yeatman and Benzie, 1993) have questioned the 

validity of separating populations using a morphological approach such as 

the one used by Nesis (1993), but see Vidal et al. (2010a). This may be even 

more relevant for cephalopods than other organisms (especially long-living 

fish), because of the importance of spatial considerations linked to survival of 

consecutive generations nski, 1998; Lipinski al., 1998b; O’Dor, (Lipih et 

1998a,b; Ranta et al., 1997). O’Dor (1998a) felt that “management of squid 

stocks according to the ‘Precautionary Principle’ requires defining individ­

ual microcohorts genetically, temporally and spatially”. This requirement 

lies at the base of any rigorous ecological testing in the field and in the lab­

oratory. What gives even more credence to this statement is the fact that, in 

cephalopods, there is a possibility to mistake different (time-, space- or 
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temperature-wise) groups (broods) for biologically and/or genetically sepa­

rate populations—see discussions in Boyle and Rodhouse (2005) and 

Forsythe (1993, 2004). This can arise as a result of intertwined generations 

with different biological characteristics, either alternating generations, as 

hypothesized by Mesnil (1977), or when individuals of the same cohort 

breed at two (or more) different times. This pattern is well documented 

in the genus Sepia (Boletzky, 1983; Hall et al., 2007; Le Goff et al., 

1998), in which the only certain method to separate populations is by molec­

ular biological methods, for example, Pérez-Losada et al. (2007). Therefore, 

simple indicators in isolation (especially length–frequency) are not good 

enough to diagnose separate populations of cephalopods. Also, while it 

may be easy to generate consecutive generations in a model (indeed, this 

is frequently done), it is difficult to identify them in the wild. 

2.4. Defining populations: Examples 
Yatsu et al. (1998), Nagasawa et al. (1998) and Chen (2010) have provided 

fisheries and biological evidence, collected over vast area during more than 

20 years of exploitation, indicating that Ommastrephes bartramii from the 

northern Pacific comprises four groups. At least two of these groups are 

clearly distinct populations (eastern and western), as confirmed by 

Katugin (2002). Discriminating factors included hatching time and area, 

length–frequency data, maturities, paralarval occurrence, parasitic infesta­

tion, fleet operations and environmental factors. However, it is still not pos­

sible to distinguish different generations. 

On the other hand, numerous studies on three exploited species of squids 

(Nototodarus gouldi, N. sloanii and D. gigas) revealed no clear differentiation 
into separate populations, because of the complexity of their distribution and 

biological characteristics ( Jackson et al., 2005; Keyl et al., 2011; Masuda 

et al., 1998; Uozumi, 1998; Zavala et al., 2012). D. gigas has relatively 
recently expanded its distribution northwards, probably due to a combina­

tion of favourable environmental conditions and fishery impacts (Keyl et al., 

2008) interacting with physiological mechanisms (e.g. related to oxygen 

debt; Rosa and Seibel, 2010). 

T. pacificus is one of the best-studied squids in the world. There is 
evidence (Katugin, 2002; Kidokoro et al., 2010) that this huge resource 

comprises a distinct autumn-spawning population and less distinct non-

autumn-spawning population that is dominated by the winter cohort. Both 

these populations migrate between spawning grounds in the south and 
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feeding grounds in the north. The biology of the more diverse “non­

autumn-spawning population” is especially interesting as it sheds light on 

how, when and where various splinter cohorts and microcohorts make 

up one large population, with complicated structure, variable life cycle 

parameters, long migration pathways and large fluctuations in abundance 

(Nakata, 1993; Song et al., 2012; Takayanagi, 1993). It is believed that it 

is possible to track consecutive generations of the winter population by 

research in the Tsugaru Strait between Honshu and Hokkaido during years 

of high yield (Takayanagi, 1993). Indexes of maturity may be used for this 

purpose. In two consecutive years, maturity indexes of the winter popula­

tion were similar, which indicates stability during which generations may be 

identified and compared (Figure 2.1). 

I. illecebrosus was intensely exploited in the northwest Atlantic in the 
1970s, with a subsequent stock collapse, and has never regained its former 

numbers. Nevertheless, it is one of the best-researched ommastrephid squids 

Figure 2.1 Frequency distribution of gonad index (GI; males only) by mantle length 
class in Todarodes pacificus. Data from two consecutive years of high abundance. 
Numbers in parentheses refer to the number of squid examined. After Takayanagi 
(1993). 
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in the world (O’Dor and Dawe, 1998). Dawe and Hendrickson (1998) and 

Hendrickson (2004) provided evidence that there is a single population of 

I. illecebrosus extending over a wide area (from Cape Hatteras to Newfound­

land). This stock is however very variable and its structure is complicated, so 

it would be difficult to track consecutive generations in this species. 

Illex argentinus is one of the three most abundant squids in the world. It is 

relatively well researched (Arkhipkin, 1993, 2000; Brunetti et al., 1998; 

Haimovici et al., 1998; Sacau et al., 2005; Uozumi and Shiba, 1993). It is 

distributed over a large area and has a complicated population structure with 

many and variable microcohorts. At present, two populations are recog­

nized: winter spawning and summer spawning; differentiation criteria are 

temporal, spatial and biological (Sacau et al., 2005). However, such divisions 

may be transient, and recent work by Crespi-Abril and Baron (2012) and 

Crespi-Abril et al. (2013, 2014) suggests inshore spawning of I. argentinus 
over a wide area year round. This would most likely create one large pan­

mictic metapopulation. Thus, as in I. illecebrosus, it would be difficult to track 
subsequent generations in I. argentinus. 

Todaropsis eblanae is an ommastrephid that is bottom-dwelling and not so 

heavily exploited. Nevertheless, it is relatively well studied (Dillane et al., 

2000, 2005; Hastie et al., 1994; Lordan et al., 1998; Rasero et al., 1996; 

Zumholz and Piatkowski, 2005). Based on the analysis of one minisatellite 

and four microsatellite loci, Dillane et al. (2005) concluded that there are at 

least three genetically isolated populations in the east Atlantic. Again as in 

Illex, there is no immediate prospect of tracking consecutive generations 

in this species. 

Berryteuthis magister from the northern Pacific has been well studied, 

mainly by Russian scientists—see Jelizarov (1996) and Katugin (2002). It  

is a bottom-dwelling squid, abundant and targeted by a bottom trawl fishery; 

there are three subspecies and population structure is complicated. One sub­

species, B. magister magister, has been the object of detailed ecological and 
genetic analysis and appears to comprise three populations, occurring in 

the Alaskan Gyre system, the western subarctic gyre and the Sea of Japan, 

respectively. Variability is clinal (Katugin, 2002). As in the Illex spp. and 
T. eblanae, there is no immediate prospect of tracking consecutive genera­

tions in this species. 

Some squids from the family Loliginidae have also been intensively stud­

ied. Accounts of a few of the best known are given in the following text. 

Doryteuthis gahi is an unusual loliginid, thriving in cool and relatively 
deep waters. It is heavily exploited and researched well in a fairly narrow 
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area around the Falkland Islands (Agnew et al., 1998a,b; Hatfield, 1996; 

Hatfield and des Clers, 1998; Hill and Agnew, 2002; Patterson, 1988; 

Shaw et al., 2004). There is one population and at least two cohorts (based 

on seasonal appearances on the fishing grounds but with inferred separate 

spawning and recruitment). It is a good candidate for tracing consecutive 

generations. In fact, a model of optimal harvest strategy proposed by Hill 

and Agnew (2002) assumes a single generation each year, which undergoes 

continuous depletion due to natural mortality. The main equation of this 

model is Cy/Cx ¼ (1 + aT)e�MT, where Cy and Cx are catch weights at spe­

cific points in time, a is growth rate, T ¼y � x (in weeks) and M is natural 
mortality. Figure 2.2 illustrates how this model works. Rates of immigration 

and emigration are also incorporated in the model. 

Doryteuthis opalescens is heavily exploited off California (Fields, 1962; 
Recksiek and Frey, 1978; Zeidberg et al., 2006). Initial investigations con­

cerning population structure were inconclusive (Ally and Keck, 1978; 

Christofferson et al., 1978; Kashiwada and Recksiek, 1978). Population 

structure in this species has also been studied by Jackson (1998), 

Vojkovich (1998), Jackson and Domeier (2003), Reiss et al. (2004), 

Macewicz et al. (2004), Maxwell et al. (2005), Brady (2008), Warner 

et al. (2009) and Dorval et al. (2013) and appears to be complex. A study 

of microsatellite loci by Reichow and Smith (1999, 2001) concluded that 

there is a single large, possibly panmictic, population. However, further 

analysis of local “cohorts” over consecutive spawning cycles would still 

be useful. Because of the complex population structure, despite the fact that 

population is apparently genetically uniform, tracing consecutive genera­

tions in this species may be difficult. 

Loligo vulgaris is one of the most-studied loliginids, but its population 

structure is still imperfectly known. Most research has focused on particular 

regions within its distribution (e.g. Coelho et al., 1994; Guerra and Rocha, 

1994; Krstulović Šifner and Vrgoč, 2004; Marques Moreno, 2012; Moreno 

et al., 1994, 2005; Vila et al., 2010). The only large-scale synthesis was that 

by Moreno et al. (2002), which, by using multivariate analysis of biological 

indexes, demonstrated significant differences between regions. Existing 

evidence suggests that these differences may be ascribed to large-scale envi­

ronmental phenomena. Despite the large number of studies, population 

structure cannot be confidently described for this species. 

Loligo forbesii, another large European loliginid, is probably better studied 
than L. vulgaris. Several studies on both species appeared in a special volume 

of Fisheries Research (Boyle and Pierce, 1994). Shaw et al. (1999) 
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Figure 2.2 (A) A population consisting of a single generation and experiencing con­
stant natural mortality (dotted line). The solid line shows the population vulnerable 
to fishing, where 100% of the population is resident (between points x and y). 
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demonstrated the possible existence of three populations: the Azores popu­

lation (see also Brierley et al., 1993, who considered it might be a separate 

subspecies), a population inhabiting NE Atlantic offshore banks such as 

Rockall and Faroe, and the shelf population. Papers that discuss various 

aspects of its population structure include Holme (1974), Martins (1982), 

Collins et al. (1995, 1997, 1999), Pierce et al. (1998, 2005), Bellido et al. 

(2001), Pierce and Boyle (2003), Young et al. (2004), Challier et al. 

(2005a) and Chen et al. (2006); as in other squids, winter and summer 

breeders and varying numbers of different microcohorts have been docu­

mented. The identification of consecutive generations in this species is most 

likely to be successful in the isolated parts of the range (e.g. Azores). 

Loligo reynaudii is one of the best-studied loliginids in the world. Popu­
lation structure of this species was reported in a number of studies 

(Augustyn, 1989; Augustyn et al., 1992, 1993, 1994; Lipinski et al., 

1998b; Martins et al., 2014; Olyott et al., 2006, 2007; Roberts, 2005; 

Roberts and Sauer, 1994; Roberts and van den Berg, 2002; Roel, 1998; 

Sauer, 1991, 1993; Sauer et al., 1997). However, population differentiation 

has been studied in detail only recently (Stonier, 2012; van der Vyver, 2013). 

There are three populations, the first located along the eastern part of the 

south coast of South Africa, the second from Agulhas Bank and the west 

coast of South Africa and the third off Angola. The change was clinal, dif­

ferences increased with the geographic distance. The best candidate for the 

study of consecutive generations is the most isolated and distant site of the 

overall distribution, that is, the Angolan population. South African 

populations have a complicated structure and are subject to mixing of many 

microcohorts, taking into consideration the dynamic character of each 

spawning aggregation (Lipinski et al., 1998b; Sauer et al., 2000). 

Sepioteuthis australis is relatively well researched; Pecl (2000), Jackson and 
Pecl (2003), Pecl et al. (2006) and Hibberd and Pecl (2007) all described a 

complicated population structure in the eastern Tasmanian population. 

However, Triantafillos and Adams (2001, 2005) detected two cryptic species 

A single instantaneous fishing event may occur at either of these points and will result in 
the capture of a fixed proportion of the vulnerable population. T is time relative to point 
x. (B) A population experiencing a fixed fishing mortality at point x (thick line; catch there 
is Cx) or point y (thin line; catch there is Cy). The number of survivors at time 20 (escape­
ment) is the same under either scenario. (C) Contour lines showing combinations of nat­
ural mortality and growth rates that produce various values of the ratio Cy/Cx (increasing 
in steps of one, left to right). The residence period (T) is 10 weeks for all lines. From Hill 
and Agnew (2002). 
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instead of the one previously described, as well as hybrid forms. A similar 

situation was described for the sister species, S. lessoniana (see Cheng 
et al., 2014). More data are required to explain population structure(s) in 

these species. Because of the “conveyor belt” of recruits found in an ideal 

spot for research (Great Oyster Bay), this species is an unlikely candidate 

to research consecutive generations. The related species, S. lessoniana, has 
been cultured in the laboratory for multiple generations (Lee et al., 1994; 

Walsh et al., 2002). 

Several species of cuttlefish are relatively well studied ( Jereb and Roper, 

2005), but S. officinalis is perhaps the most representative example of this 

group; research on its population structure is summarized in Guerra 

(2006) and Pierce et al. (2010). Several authors have detected a multitude 

of fairly localized separate populations throughout the distribution range 

(Pérez-Losada et al., 1999, 2002, 2007; Turan and Yaglioglu, 2010; 

Wolfram et al., 2006). S. officinalis offers excellent prospects for investigating 
consecutive generations both in the field and in the laboratory. The same can 

be said about the largest cuttlefish in the world, the Australian Sepia apama 
(Hall et al., 2007). 

Likewise, several species of octopus are well researched (Roper et al., 

1984), but O. vulgaris is perhaps the best representative example of this 

group, despite the fact that there is a view that it may be a large complex 

of species (Mangold, personal communication). Its population structure 

was described by Mangold and Boletzky (1973), Hatanaka (1979), Smale 

and Buchan (1981), Mangold (1983), Sanchez and Obarti (1993), 

Oosthuizen and Smale (2003) and Robert et al. (2010). Population differ­

entiation has been studied throughout the world, using both genetic and 

morphological approaches (e.g. Vidal et al., 2010a), most frequently in 

Europe and in South Africa (Cabranes et al., 2008; Greatorex et al., 

2000; Maltagliati et al., 2002; Moreira et al., 2011; Murphy et al., 2002; 

Oosthuizen et al., 2004; Robert et al., 2010; Teske et al., 2007). A good 

summary is given by Pierce et al. (2010). All these authors detected a mul­

titude of localized populations throughout the distribution range, similar to 

that of S. officinalis. As  in  S. officinalis, O. vulgaris offers excellent prospects for 
investigating subsequent generations both in the field and in the laboratory. 

2.5. Population dynamics of cephalopods: Models 
As reviewed in the preceding text, an understanding of the population struc­

ture of a species is a fundamental introduction to population dynamics and 

http:officinalis.As
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involves two steps: the description of the biological parameters (length– 

frequency, maturity, abundance, age, growth rate, recruitment, environmental 

relations, trophic relations, etc.) and molecular biological studies of intraspe­

cific variability, to identify populations (e.g. Shaw, 2002; Triantafillos and 

Adams, 2001, 2005; Yeatman and Benzie, 1993). An effort to discriminate 

between consecutive generations is the next logical direction to follow. 

The first step requires the choice of model(s) to describe growth and 

maturity. Existing models include the primitive linear three-stage model 

(Lipinski, 2001), which was followed by Keyl et al. (2011) and Zavala 

et al. (2012); the ontogenetic growth model for squids of Arkhipkin and 

Roa-Ureta (2005), followed by many authors, for example, Schwarz and 

Perez (2010, 2013); the bioenergetic models of Grist and Jackson (2004) 

and O’Dor et al. (2005), followed by André et al. (2009); and the physio­

logical model of Moltschaniwskyj (1994, 2004), followed by many authors 

(e.g. Kuipers, 2012; Semmens et al., 2011). The maturity model of 

Macewicz et al. (2004) has been further developed by Dorval et al. 

(2013) into a good management tool. 

With the basic data available, it is possible to devise a model that addresses 

the two main issues of population dynamics: per capita rate of population 
change and stability versus oscillations. Models can then be used to test pos­

sible explanations of the observed change. In theoretical ecology, more often 

than not, this explanation lies in trophic relationships (e.g. specialist preda­

tion is thought to be the most frequent cause of second-order oscillations). 

Two older reviews of the population dynamics of cephalopods (Caddy, 

1983; Pauly, 1985) underlined the differences and similarities of cephalopod 

population biology compared with fish, utilizing both the traditional fisher­

ies framework of stock assessment and resource management. 

Recently, however, the most frequently pursued direction has been to 

focus on understanding external effects of environmental systems and vari­

ables. Does the environment govern cephalopod life cycles? 

Given the apparent unsuitability of traditional approaches to stock assess­

ment arising from the complexity of the squid life cycle and the sensitivity to 

extrinsic factors touched on in the preceding text, it can be argued (Pierce 

et al., 2008) that an understanding of the traditional population dynamics 

parameters (fecundity, mortality and growth) may be fruitless; stock– 

recruitment relationships are absent and much of the predictability in pop­

ulation dynamics may derive from knowledge of external effects, particularly 

the physical environment. In fact, there are several examples of models in the 

published literature, often investigating in detail the impact of temperature 



126 Paul G.K. Rodhouse et al. 

upon growth rate, mantle length at age, maturity and ultimately fecundity 

described by Forsythe (1993, 2004). There is an inference that higher tem­

peratures may reduce life span, which in turn will result in oscillations of 

abundance linked only to change in a population structure, but not effected 

in the long series of subsequent generations (Pecl and Jackson, 2008); see 

Figure 2.3. Roberts (2005) presented a simple model whereby he calculated 

the relationship between maximum summer SST as a monthly average and 

biomass of squid (L. reynaudii) the following autumn (and/or annual catch). 

The linear relationship obtained (Figure 2.4) shows a clear problem for ratio­

nal management of the resource: catch is more strongly correlated with SST 

the previous summer than with stock biomass. Also, Roberts’ model suffers 

from intense data manipulation (all relationships are based upon pooling 

massive database and on averages) and simplistic treatment of changes in 

the population; the model does not consider population structure. 

Reiss et al. (2004) constructed an age-based temperature-dependent 

model of squid (D. opalescens) growth and a simple population dynamics 

model based on the aforementioned to drive the population growth rates. 

The results of this model are presented in Figure 2.5. A surprising result 

was that growth rate was negatively related to temperature, contrary to 

the predictions by Forsythe (1993, 2004). Jackson and Domeier (2003) were 

first to detect this inverse relationship; they also detected a relationship 

between the intensity of upwelling and the size and age of squid, as might 

be expected. Although conceptual or quantitative proof is lacking, they 

Figure 2.3 Diagrammatic representation of fluctuations in biomass of squid over 1-year 
period. (A) Aggregative spawning over an extended spawning season of up to several 
months resulting in successive waves of recruitment, however, a clear peak is present. 
(B) Breeding season is extended beyond a few months as the lifespan of squid becomes 
shorter, although seasonal peaks in biomass are still evident. (C) Uncoupling of seasonal 
and synchronous spawning cues resulting in aseasonal pulses of recruitment with no 
obvious dominant peak in biomass. From Pecl and Jackson (2008); adapted from Boyle 
and von Boletzky (1996). 



127 Implications for Management of Fisheries 

Figure 2.4 (A) Estimated Loligo reynaudii biomass versus total annual jig catch 
(1988–1997). (B) Biomass versus maximum monthly average SST (sea surface temper­
ature). The linear fit is improved (dashed line) if the anomalous years 1989 and 1993 
are excluded. (C) Total annual jig catch versus maximum monthly average SST. From 
Roberts (2005). 
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Figure 2.5 (A) Mean growth rate (�1 SE) of mature Loligo opalescens from the Southern 
California Bight commercial fishery in 1998 and 1999 plotted by month of hatch; (B) 
means of growth rates in relation to hatch-month SST (sea surface temperature) as cal­
culated from the monthly mean temperature recorded at Scripps Pier (California, USA); 
(C) 25-year population simulations of using an age-based temperature-dependent 
growth model. (a) Time series of monthly population abundance; (b) monthly average 
temperature; (c) monthly mortality rates; and (d) seasonal pattern of recruitment. From 
Reiss et al. (2004). 
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propose that these relationships reflect a trade-off between physical environ­

mental effects and food availability. Reiss et al. (2004) did not include tro­

phic relationships or density-dependent processes in their model or indeed 

test their model against real data. However, they suggested that including 

food in the model would have affected the empirically derived growth rela­

tionship. They predicted that this inclusion would shift the period of max­

imum growth rate from winter to late spring, to coincide with low 

temperatures and high abundance of prey. 

André et al. (2010) used a combination of individual-based bioenergetics 

and stage-structured population models to describe the capacity of cephalo­

pods (represented by Octopus pallidus) to respond to climate change. Results 

of this model are given in Figure 2.6. This very useful model predicts pos­

sible consequences of climate change. The model assumed a linear increase 

in the mean annual temperature from 17.32 in 2005 to 19.43 �C in 2070. 
Results indicated that the response of the O. pallidus population to climate 

change would be nonlinear. Assuming the survivorship schedule remained 

constant, an increase in water temperature could lead to a shift from expo­

nential population growth to exponential decline within a matter of years. 

Egg incubation period was predicted to fall (from 186 to 95 days), coupled 

Figure 2.6 Model predictions concerning densities of Octopus vulgaris in Greece over 
time. Predictions start from an initial density vector n1 equal to the observed vector at 
that time. Predictions are compared with observed densities (real data). Lines represent 
model estimations and markers represent real data. From Katsanevakis and Verriopoulos 
(2006). 
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with reduced hatchling size (0.34 to 0.23 g), small weight at reproductive 

maturity (466.0 to 395.8 g) and a shorter generation time (12 to 9 months). 

One conclusion, therefore, is that successful adaptation to climate change 

may come at the cost of substantial change in population structure and 

dynamics, resulting in a potential decrease in generation time, streamlining 

of the life cycle, lower fecundity and possible loss of resilience to catastrophic 

events. Secondly, cephalopods may be bad climate indicators. However, it 

should be noted that, again, the authors did not include trophic relationships 

in their model. Instead, they speculated why the exponential growth is not 

observed in reality and ascribed this to environmental factors (such as 

extreme weather events and various environmental variations). The lack 

of exponential growth in the real population can however be related to tro­

phic relationships, and this should be taken into consideration in future 

research. This is underlined by the fact that the change illustrated in the 

model can lead theoretically to decoupling of predator–prey relationships. 

The authors speculated what implications this may have for cephalopods 

and indeed for whole marine ecosystems. 

The existence of numerous empirical models that link environmental 

variables with distribution, abundance and recruitment of several cephalo­

pod species (e.g. Sobrino et al., 2002; Waluda et al., 1999, 2001a,b; Wang 

et al., 2003) led Pierce et al. (2008) to acknowledge the environment as a key 

factor in determining, leading and varying cephalopod life cycles and their 

population dynamics. However, they also recognized the importance of tro­

phic relationships, specifically the role of prey availability (alongside envi­

ronmental factors) in determining growth and mortality rates of early life 

stages. The same view (adding density-dependent effects) is underlined by 

Otero et al. (2008) who investigated abundance fluctuations of O. vulgaris 
and their possible causes. In addition, Vidal et al. (2006) provided empirical 

data to demonstrate the importance of prey availability for the survival and 

growth rates of squid paralarvae. 

Katsanevakis and Verriopoulos (2006) constructed a simple model of 

O. vulgaris population dynamics in the eastern Mediterranean. The basis 

for this model was a monthly visual census (July 2001–September 2003), 

using scuba diving, of octopus abundance along 14 fixed transects within 

an area of 1600 m2. The census was run monthly from July 2001 to Septem­

ber 2003. All octopuses sighted were assigned to one of four estimated 

weight classes (<50, 50–200, 200–500 and >500 g). To explain densities 

by weight class and to estimate life cycle parameters, a time-variant, weight 

class-based matrix population model was developed. Annual and semiannual 
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density cycles were found, with the main peak of benthic settlement in sum­

mer and a secondary, irregular settlement during late autumn. On the basis of 

the model, spawning peaks, mortality, lifespan and growth rates for various 

stages were predicted, and the model achieved good prediction capability 

(Figure 2.6). However, modelling the complete life cycle would require 

information on fecundity as well as egg and paralarval densities, parameters 

that would be difficult to estimate for the population study because of the 

possible disturbance of the spawning process in octopuses’ dens (although 

literature values of fecundity could be used, e.g. Mangold, 1983d) and 

because knowledge of hatching success and mortality of paralarval mortality 

in the plankton is lacking. Other aspects not covered by the model include 

trophic relationships and environmental influences. 

Trophic relationships of cephalopods are extensively covered in the liter­

ature, primarily from a classical descriptive point of view (e.g. Amaratunga, 

1983; Dawe and Brodziak, 1998; Jackson et al., 2007; Lipihnski, 1987, 1992; 
Lipinski and David, 1990; Lipinski and Jackson, 1989; Lipinski et al., 1991, 

1992; Lordan et al., 1998; Pierce et al., 1994; Rodhouse and Nigmatullin, 

1996). As can be seen in Table 2.1, trophic relationships are the most often 

researched topic in the best-known species of cephalopods. 

However, the use of these data in the generation of biological ideas and 

models is rare. Nevertheless, there has been a trend to use the wealth of basic 

field and laboratory data that are available for some form of ecological 

modelling. This modelling is based not only on stomach content analyses 

but also in bioenergetics research (which is mentioned but not reviewed 

here; see O’Dor and Wells, 1987; Wells and Clarke, 1996). In recent years, 

some of the first ecosystem models that explicitly examine the importance of 

squids have been produced, for example, Jackson et al. (2007), Gasalla et al. 

(2010) and Wangvoralak (2011). 

Amaratunga (1983) in his early review of the role of cephalopods in the 

marine ecosystem presented conceptual models of cephalopod predation for 

various groups of cephalopods in the form of block diagrams. He mentioned 

briefly energy requirements, balance and change of generations, but he did 

not discuss the issue of overlapping generations. His block model of biomass 

change in a squid (I. illecebrosus) is shown in Figure 2.7A. He calculated the 

prey biomass taken by 1000 g of squid under various assumptions and linked 

growth rate to feeding rate (Figure 2.7B) following Jones (1976) and O’Dor 

et al. (1980). He also addressed mortality in a population using yield­

per-recruit analysis (after Mohn, 1982). However, this very simplistic 

description of biomass change, driven by trophic relationships, relies on 
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Figure 2.7 (A) Block diagram of the biomass change of Illex illecebrosus, affected by tro­
phic relationships. Module A represents predation, module B represents growth. (B) 
Mean daily growth rate (DGR) plotted against mean daily feeding rate (DFR) for Illex 
illecebrosus maintained in the aquarium. From Amaratunga (1983). 

sweeping assumptions about constancy of feeding rate and a linear relation­

ship between the percentage of animals’ feeding and time (month). 

In a considerable improvement of this approach, Pierce and Santos 

(1996) modelled month-to-month changes in the population size and 

amount of different prey species removed, using data on fishery landings, 

size composition and diet of L. forbesii in Scottish waters, along with liter­
ature estimates for natural mortality and daily energy requirements. 
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In their review, Rodhouse and Nigmatullin (1996) not only provided a 

descriptive reflection of trophic relationships in cephalopods but also cov­

ered quantitative impacts on prey populations. Their summary of the life 

energetics of a squid, specifically the winter-spawning population of 

I. argentinus (the best available at the time), is given in Figure 2.8. In another 

review (concerning squid of the genus Illex), Dawe and Brodziak (1998) 

listed difficulties in incorporating trophic relationships into quantitative 

population dynamics analysis of cephalopods, as follows: 

•	 If Illex recruitment is substantially influenced by environmental varia­

tion, then trophic interactions may be difficult to discern. 

•	 If important trophic interactions occur primarily between the youngest 

stages of Illex and other species during the oceanic phase of the life cycle, 
then abundance data concerning older life stages may be inadequate to 

discern the cause of recruitment variability. 

•	 If spatial aggregation and temporal aggregation of relative abundance 

data conceal the effects of local processes, then correlations based on 

aggregated data may be impossible to measure. 

•	 If species that interact with Illex through competition for prey or through 

the sharing of predators are not considered, then important indirect tro­

phic effects may be impossible to measure. 

Their diagnosis stands firm to the present day. An example of Dawe and 

Brodziak’s approach is given in Figure 2.9. 

Jackson et al. (2007) provided a general analysis of the role of squid using 

the Atlantis model (Fulton et al., 2004). This is a holistic ecosystem model 

based on trophic interactions in many modules, including fisheries. An 

example of the use of this model to assess an impact of fisheries on squids 

in the Bass Strait is given in Figure 2.10. 

Gasalla et al. (2010) included the squid Doryteuthis plei within an Ecopath 
model for which the mixed trophic impact and “keystoneness” were calcu­

lated for all component groups and/or species. The main finding was that 

D. plei had the third highest “keystoneness” as well as a high overall mixed 

trophic effect index. It appears that “squid on squid” effects are very impor­

tant in these interactions. The interactions matrix (i.e. for mixed trophic 

impact) for D. plei is shown in Figure 2.11. 
Gaichas et al. (2010) used a food web model to incorporate data on tro­

phic relationships into stock assessment under an “ecosystem approach to 

fisheries” (EAF) perspective. They included squids without specifying spe­

cies and compared resources with high fishing mortality (halibut, skate and 

walleye pollack) with those that are incidentally fished (squids), noting that 
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Figure 2.8 Lifetime energetics of an Illex argentinus cohort from the winter-spawning 
southern Patagonian Shelf population. From Rodhouse and Nigmatullin (1996). 
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Figure 2.9 Schematic representation of the relative importance of three types of tro­
phic interactions on Illex illecebrosus recruitment on the northeastern U.S. shelf, based 
on the occurrence of positive versus negative correlations with relevant fish stocks and 
age groups (p-values marked by * were judged to be statistically significant); thickness 
of the dark arrows represents relative importance of interactions which could affect I. 
illecebrosus recruitment. For definitions of interacting groups, see Dawe and 
Brodziak (1998) p. 131 (Table 7.1) from where this figure was reproduced. 

natural predation in squids is much greater than fishing mortality and should 

therefore be considered in ecosystem modelling. 

Moustahfid et al. (2009) concluded that incorporating trophic relation­

ships (predation) into a surplus production model is feasible, providing a 

demonstration of an alternative to the present approach to management 

of Doryteuthis pealeii. 
Roel (1998) identified several mechanisms that play a role in determining 

recruitment levels in chokka (L. reynaudii), for example, predation on the 

spawners and on eggs and cannibalism. She concluded that cannibalism is 

likely to be a density-dependent cause of mortality, while environmental 

events such as the frequency of westerly winds in winter and of upwelling 

events in summer appear to have a direct influence on the extent of 

spawning inshore (and are positively correlated with abundance). 



Figure 2.10 The framework of the “Atlantis” model. The framework represents a natural 
ecosystem using a nutrient-based biogeochemical model that is coupled in the biolog­
ical/physical sense through differential equations. An assessment, using “Atlantis”, of  
the potential effect of fishing pressure on trophic abundances and connections in the 
Bass Strait (Australia), by showing the food web equilibrium before fishing (a) and after 
fishing (b). From Grist et al. (2007) in Jackson et al. (2007). 
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Figure 2.11 Trophic role of the Loligo plei in the South Brazilian Bight. The mixed­
trophic impact matrix analysis was used. (A) Impacts of other groups upon squid. For 
example, weakfish, cutlassfish, whales, large pelagic fish and mackerel seem to nega­
tively impact squid as predators or indirectly (top-down). Producers and plankton 
groups, small pelagic fish and carangids seem to impact squid positively via bottom-
up process. (B) Squid as impacting species upon other groups or species. Negative 
impacts are seen for several prey species such as zooplanktivorous carangids and small 
pelagic fish. Positive impacts are seen among “predators” of squid and/or as 
indirect links. From Gasalla et al. (2010). 

Fisheries biomass and various aspects of applied population dynamics of 

cephalopods are covered by a large literature base stretching over many 

years, probably starting with Sasaki’s (1921, 1929) remarks about 

T. pacificus exploitation in Japan. Generally, neither environmental impacts 

nor trophic relationships are explicitly included in stock assessment models 

(e.g. Basson et al., 1996; Beddington et al., 1990; Khoufi et al., 2012; Lu 

et al., 2013; Morales-Bojorquez et al., 2001a, 2008, 2012; Nevárez­

Martı́nez et al., 2006, 2010; Robert et al., 2010; Tomas and Petrere, 
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2012), except perhaps T. pacificus in Japan (see below). Relevant studies on 

specific cephalopod species include those of Mohamad Kasim (1985), 

Vidyasagar and Deshmukh (1992), Karnik et al. (2003) and Thomas and 

Kizhakudan (2011) for Photololigo duvaucelii; Sundaram and Khan (2009) 

for Sepiella inermis; Mohamad Kasim (1993) for Sepia elliptica; Arreguı́n­
Sánchez et al. (2000) for Octopus maya; Alvarez Perez (2002) for D. plei; 
and Augustyn et al. (1993) and Roel (1998) for L. reynaudii. A notable 
exception to this rule is stock assessment for T. pacificus, where environmen­

tal effects are included (Kidokoro and Mori, 2004; see also Section 4). 

There is certainly enough evidence that intrinsic elements and trophic 

relations are no less important than the environment in shaping cephalopod 

life cycles and their population dynamics and recruitment in particular. 

However, their incorporation into workable management strategies is a 

challenge. At present, empirical models of abundances (or catches) based 

on external (environmental) factors may appear to be better candidates 

for fisheries management tools than traditional stock assessment approaches, 

but our lack of knowledge about underlying mechanisms, rooted in ecolog­

ical theory, is also a serious weakness. 

2.6. Synthesis and the future 
Stability, oscillations in abundance and occurrence and chaotic behaviour of 

populations have been studied only selectively in cephalopods. The linking 

of population dynamics to molecular biology is at an early stage, although its 

importance has been recognized. 

The problem of overlapping generations has not been solved (neither is it 

satisfactorily solved in theoretical ecology either). The population biology of 

octopods offers excellent experimental opportunities in this regard because of 

their strict semelparity. The understanding of interaction between various life 

stages in studies on both fish and cephalopods has just only started receiving 

attention (see Bloor et al., 2013a), with the understanding that larval and 

paralarval phases are the most vulnerable, and account for the greatest mor­

tality in each generation because of starvation and predation pressure. How­

ever, paralarvae and juveniles differ profoundly: newly hatched paralarvae 

must learn within a very short time period how to catch food (e.g. Chen 

et al., 1996) and are unable to withstand even short periods of starvation 

due to their high metabolism and short-lasting yolk reserves (Vidal et al., 

2006); they are therefore very prone to death from starvation. Cephalopod 

juveniles are highly visible, occur together in large numbers and energetically 
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Paralarvae Juveniles Adults 

Learning First Inexperienced Second Relative 
transition drivers transition stability 

Predation, maturity Starvation > Predation Predation > Starvation 

Underlying mechanism: 

Genetics Learning, experience Variable strategies 

Figure 2.12 Schematic representation of a cephalopod life cycle. Mortality of paralarvae 
is mainly due to starvation; mortality of the juveniles is mainly due to predation. Tran­
sitions are morphological as well as physiological and behavioural. 

offer greater energetic rewards for predators than do paralarvae, suggesting 

that their mortality from predation must be considerable (Figure 2.12). 

Pierce et al. (2008) had reviewed the importance of environmental 

factors for the structure and dynamics of cephalopod life cycles (including 

population dynamics). Their assessment is corroborated by further research 

upon several species. This effort makes a strong connection with recent 

trends in general marine ecology. Indeed, Lehodey et al. (2010) and 

Buckley and Buckley (2010) had strongly advocated further the develop­

ment of an approach linking ocean models and environmental effects to 

population dynamics of large marine predators. However, the cornerstone 

of the current population dynamics theory–trophic relationships remains to 

be adequately addressed in cephalopods. This is the most important area for 

future research and one that could result in an original contribution to 

theoretical ecology. One of the main inferences from theory is that specialist 

predation is a key driver of population dynamics of prey. However, 

predation upon and by cephalopods is a network of opportunistic links, 

governed by a different set of models (Turchin, 2003). This is untapped 

research territory in theoretical ecology. Another important area of research 

is the interplay of temporal and spatial considerations and issues of cephalo­

pod survival (e.g. Challier et al., 2006b; Crespi-Abril and Baron, 2012; 

Crespi-Abril et al., 2013, 2014; Lipinski et al., 1998a,b; see also Olyott 

et al., 2006, 2007). Researchers wishing to pursue this line of research have 

plenty of data (see Table 2.1). Myers (2000) had written about the Ocean 

Biogeographic Information System (OBIS; http://www.iobis.org/), while 

Turchin (2003) mentioned the Global Population Dynamics Database 

http://www.iobis.org/
http://www.iobis.org/
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(http://www3.imperial.ac.uk/cpb/databases/gpdd). There are also the data­

base of the Food and Agriculture Organization of the United Nations 

(http://www.fao.org/fishery/en) and data from various large projects 

funded by the European Union. There are also large databases of the indi­

vidual countries (or scores of countries under bilateral and multilateral agree­

ments) at the forefront of exploitation and research of cephalopods (Japan, 

the United Kingdom and the United States). 

3. CAUSES OF FLUCTUATIONS IN POPULATIONS 

3.1. Physical and biological effects 
3.1.1 Temperature effects on metabolism and survival 
Body temperature is perhaps the most important ecophysiological variable 

affecting the performance of ectotherms. Performance functions including 

metabolism and growth rates steadily increase with temperature from the 

critical thermal minimum until achieving the thermal optimum with a fur­

ther abrupt drop to zero at the critical thermal maximum (Anguiletta et al., 

2002). Such an asymmetric function, in which performance is maximized at 

an intermediate temperature, is especially marked in cephalopods because of 

an incipient oxygen limitation of metabolism at the species-specific thermal 

maximum (Meltzner et al., 2007). 

Cephalopod egg survival seems to be very stable within the thermal opti­

mum (ca. 90–100%), then, either abruptly dropping to zero at thermal limits 

as in squids D. gahi and D. opalescens (Cinti et al., 2004; Zeidberg et al., 2011) 
or gradually decreasing because of a simultaneous increase of developmental 

anomalies, particularly in the last stages of development as in L. reynaudi and 
T. pacificus (Oosthuizen et al., 2002; Sakurai et al., 1996). Fluctuations in 

temperature have a negative impact on survival of loliginid eggs, and upward 

fluctuations are comparatively more deleterious than downward fluctua­

tions. Earlier stages of embryonic development are more sensitive to such 

temperature variability (Gowland et al., 2002; Oosthuizen et al., 2002; 

Segawa, 1995). 

Within the optimum thermal range for reproduction, populations rep­

roducing at lower temperatures (e.g. winter vs. summer), or in higher lati­

tudes, produce eggs of larger size (Laptikhovsky, 2006). Because of this 

higher amount of yolk in the egg, squids and cuttlefish hatched at lower tem­

peratures not only are larger but also have a proportionally larger yolk sac, so 

increase in hatching size is not coming at the cost of diminishing of yolk 

reserves (Bouchaud, 1991; Vidal et al., 2002; Villanueva et al., 2011). Taking 

http://www3.imperial.ac.uk/cpb/databases/gpdd
http://www3.imperial.ac.uk/cpb/databases/gpdd
http://www.fao.org/fishery/en
http://www.fao.org/fishery/en
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into account the fact that lower temperature also invokes lower rates of 

metabolism, survival on yolk reserves is longer at lower temperatures 

(Vidal et al., 2005), and these hatchlings possibly have more time to find a 

suitable stable food source before their yolk reserves run out and they die 

(Bouchaud, 1991). Therefore, lower temperatures within the optimum 

species-specific range might generally be more favourable for recruitment 

survival and cohort strength. However, it was demonstrated under experi­

mental conditions that temperature might have negative impact on hatchling 

survival within normal developmental temperature range (Vidal et al., 2002), 

so this supposition should be taken cautiously. Hatchlings of S. officinalis are 
known to vary in weight from 0.053 to at least 0.180 g (Bloor et al., 2013a), so 

differences in size-related survival rates might be quite important. 

Temperature has a crucial impact on paralarval survival, growth rate, age 

of juvenile benthic settlement and timing of reproduction. Recruitment 

strength (hence commercial catch) of cephalopods is often related to envi­

ronmental temperatures during the first months of life (Caballero-Alfonso 

et al., 2010; Pierce and Boyle, 2003; Vargas-Yáñez et al., 2009), but it is 

not clear if this is a direct temperature impact or whether temperature acts 

as an indicator of some other environmental changes influencing survival at 

early stages. At lower temperatures, growth rates are reduced, increasing 

size-dependent mortality by predation, while high temperatures increase 

growth rate, reducing size-dependent mortality but will tend to increase 

mortality due to starvation if food is scarce. These relationships are not 

straightforward due to numerous other factors, in turn affected by temper­

ature, impacting recruitment strength. 

Generally, once cohort strength is established, stock size depends mostly 

on growth rates and mortality. Squids grow faster at higher temperatures 

within the optimum range, and because of this, squids hatched at different 

times from the same population achieve different adult sizes. Beyond this 

range, at the thermal limits of the species survival, growth is slower. 

At higher temperatures, cephalopods also mature faster, so their growth 

rates slow down at an earlier age. However, this earlier start of reproductive 

activity might not always impact on the population-specific duration of the 

life cycle, but rather, it will extend the duration of the adult phase 

(Arkhipkin and Laptikhovsky, 1994; Forsythe, 2004; Forsythe et al., 

2001; Rodhouse and Hatfield, 1990). Extension of the adult phase might 

support a manyfold increase in fecundity and thus in recruitment strength, 

particularly in cuttlefish with their highly flexible reproductive strategies 

ranging from a single batch to multiple spawning within the same population 
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(Boletzky, 1987, 1988; Laptikhovsky et al., 2003). However, populations of 

some squids with wide temperature tolerance might exhibit either an annual 

or a half-annual life cycle (Arkhipkin et al., 2000) depending mostly on envi­

ronmental temperatures, thus making this factor very important in deter­

mining the entire life cycle. 

As oceans warm, marine species that live near their upper thermal limit 

are likely to undergo changes in distribution as they follow their optimum 

thermal window (Parmesan and Yohe, 2003; Pinsky et al., 2013; Sunday 

et al., 2012). Most coleoid cephalopods are short-living species (Boyle 

and Rodhouse, 2005) with annual or subannual life cycles. This has recently 

raised the interest of studying them as models to examine possible changes in 

the life histories of long-lived range-shifting species (Hoving et al., 2013). 

3.1.2 Other physical environmental effects 
The effect of salinity on embryonic development is generally similar to that 

of temperature: hatching rates are close to 90–100% within the normal envi­

ronmental range quickly dropping to zero beyond its limits, where meta­

bolic processes slow down and embryos develop malformations (Paulij 

et al., 1990). Generally, salinity fluctuations in the natural environment 

are less than as those of seasonal temperature. However, some short-term 

large-scale changes caused by torrential rains in coastal areas are possible, par­

ticularly in closed bights and bays used by many cephalopod species for 

spawning. Human-induced effects can also occur. It was shown that a desa­

lination plant, which discharges concentrated brine into the vicinity of 

S. apama’s breeding aggregation, could possibly be detrimental to the future 

survival of the population (Dupavillon and Gillanders, 2009). Survival 

changes during gradual changes in salinity are to those following sudden 

change. Outside the optimum range, the salinity tended to cause premature 

hatching and death of the embryos before organogenesis at high salinity and 

abnormal development at low salinity (Nabhitabhata et al., 2001). 

Oxygen tension is important for egg development and survival. It is not 

usually a problem for octopod egg clusters that are brooded and aerated by 

the female, but in loliginid squids, the large size of egg masses is likely to 

restrict water flow causing hypoxic conditions and higher occurrence of 

developmental abnormalities. Egg mortality is higher in large egg masses, 

as well as in embryos located near the attachment point where oxygen is 

likely to become most depleted (Gowland et al., 2002; Murray, 1999; 

Steer and Moltschaniwskyj, 2007). Biofouling has been shown to have an 

interactive effect with egg position (thus oxygenation) on egg survival. In 
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heavily fouled masses, egg survival on the distal end of a strand was lower, 

and on a proximal end, higher than in clean egg masses (Steer and 

Moltschaniwskyj, 2007). 

Light and photoperiod might also have the impact on survival and growth 

of cephalopods, which are visual predators especially if their prey lacks pho­

tophores and therefore cannot be seen in darkness. Adult cuttlefish 

S. officinalis died of starvation in experiments in complete darkness even when 

enough prey was available, and mortality of juveniles was higher at the 

shortest light period (Koueta and Boucaud-Camou, 2003; Richard, 1975). 

Changes in dissolved carbon dioxide content and related acidification of 

oceanic waters might have an intensive impact on cephalopod survival and 

evolution as in the geologic past, they caused numerous mass extinctions of 

ammonites and belemnites including final extinction (Arkhipkin and 

Laptikhovsky, 2012). Epipelagic squids (e.g. Ommastrephidae, Gonatidae 

and Loliginidae) are hypothesized to be most severely impacted by the inter­

ference of CO2 with oxygen binding at the gills, because their metabolic 

rates are higher than other aquatic animals (Seibel, 2007; Seibel and 

Drazen, 2007). Rosa and Seibel (2008) subjected the squids (D. gigas) to ele­
vated concentrations of CO2 equivalent to those likely to be found in the 

oceans in 100 years due to anthropogenic emissions. They found that rou­

tine oxygen consumption rate was reduced under these conditions and their 

activity levels declined, presumably enough to have an effect on their feed­

ing behaviour. Kaplan et al. (2013) reported on their experiments hatching 

Atlantic long-fin squid, D. pealeii, in both regular ocean water and acidified 
ocean water, mimicking the conditions likely to be seen in the oceans in 

100 years. The squid eggs placed in the acidified water hatched later were 

smaller and their statoliths were smaller, more porous and less dense, and 

the small crystals that comprise the statolith were organized more irregularly 

than those in a normal squid. 

3.1.3 Oceanographic effects: Currents/transport and upwelling 
Paralarval dispersal plays an important role in the population dynamics and 

survival of a generation. On one hand, it permits a species to occupy new 

habitats and expand its range wherever and whenever it is possible while 

simultaneously diminishing intraspecific competition at early stages of the life 

cycle. On another hand, it invokes critically high mortality when paralarvae 

are transported into area with unfavourable environmental conditions. 

A particular case is a situation when a substantial proportion of the 

generation might be carried away from the normal population range into 
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remote areas where the environment is still favourable for growth and 

reproduction. Even if these squids survive and spawn, they are lost from 

the original stock, which thus declines. In some years, offshore feeding 

aggregations of immature D. gahi are transported by the Falkland Current 
>500–700 km from their usual feeding ground to the east of the Falkland 

Islands (51–52�S) to the high seas area (46–47�S) off the Patagonian Shelf. 
These squids do  not  migrate back to the Falkland Islands to spawn, which 

causes a decrease in parent spawning stock. Due to changes in the 

position and intensity the Falkland Current is thus responsible for major 

variabil ity in the recruitment of this species to the fisheri es (Arkhipkin 

et al., 2006). 

Recruitment strength of the winter-spawning cohort of the squid 

I. argentinus is strongly influenced by retention/transport of eggs within 
the spawning grounds off Uruguay and adjacent waters. Recruitment is 

stronger when the suitable SST habitat around spawning and nursery gro­

unds increases in area (Rodhouse et al., 2013; Waluda et al., 1999, 2001a), 

thus diminishing intraspecific competition and possibly predation because of 

wider dispersal. A similar cause of recruitment variability was recorded in 

another ommastrephid squid, T. pacificus (Sakurai et al., 2000, 2013). Since 
the late 1980s, the autumn- and winter-spawning areas of this species have 

expanded over the continental shelf and slope in the East China Sea, pro­

moting an increase in abundance with respective expansion of the summer 

feeding grounds. 

In upwelling areas, oceanographic events can be an important factor 

determining cephalopod distribution and abundance. For example, the 

short-fin squid I. coindeti appeared in Galician waters at very high level of 
abundance in 1987, when the upwelling season was a particularly favourable 

(Gonzalez and Guerra, 2013). Similarly, the abundance of the squid 

L. reynaudi in waters of the South Africa seems to be influenced by upwelling 

intensity (Sauer et al., 2013). For species spawning in upwelling areas, 

paralarval retention is a crucial factor of survival of a generation. In a com­

mon octopus, O. vulgaris, retention in coastal waters appears to be a key fac­
tor for the recruitment success off the Arguin Bank (Mauritania). Paralarvae 

have been shown to benefit from increased retention in spring due to 

enrichment and limited mixing and dispersion, whereas hatching in autumn 

is less beneficial to the recruitment because at the beginning of the upwelling 

season, there is less coastal retention and only weak wind-induced turbu­

lence (Demarcq and Faure, 2013; Faure et al., 2000). Wind stress structure 

and related upwelling intensity were found to affect the early life phase of 
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this species off Galicia and explain up to 85% of the total variance of the year­

to-year variability of the adult catch (Otero et al., 2008). 

The range of the Humboldt squid, D. gigas, has recently expanded and 
stock structure has changed. This is a species in which abundance is strongly 

driven by ENSO events around the Peruvian coastal upwelling system. 

Abundance is at a maximum when temperature anomalies are moderate, 

and decreases during intense warm and cold events, probably because of 

lower survival of early stages and adult spawning outside areas of optimal con­

ditions (Rosa et al., 2013; Waluda and Rodhouse, 2006; Waluda et al., 2004). 

Cold upwelling water might block distribution of warm water species in 

the area, and occasional intensive inflows of anoxic waters with sporadic 

occurrence of high H2S concentrations might be deleterious for entire ceph­

alopod groups. Over a huge area of intensive upwelling in Namibian waters, 

between 21�S and 27�S outbreaks of toxic H2S gas are a seasonally recurrent 

feature (Emeis et al., 2004) poisoning near-bottom layers, whereas surface 

layers remain clean. Only those cephalopods with small pelagic eggs are able 

to reproduce there (Ommastrephidae, Enoploteuthidae and Lycoteuthis 
diadema), whereas to the north and to the south of this area, large-egged bot­

tom dwellers laying eggs on the sea floor (Sepiida, Sepiolida and L. vulgaris 
reynaudii) are very common (Laptikhovsky et al., 2013). 

3.2. Migrations 
Migrations cause a significant source of population variability among ceph­

alopods. They may be a reflection of population redistribution, when ani­

mals move either diurnally or throughout their life cycle during ontogenetic 

migrations. Diurnal and ontogenetic migrations may take place either hor­

izontally or vertically or both. Diurnal migrations mainly reflect changes in 

feeding behaviour with alternating periods of feeding activity and resting at 

different times of the day. Ontogenetic migrations happen when the species 

range (or population area) is separated into spawning/nursery grounds and 

feeding grounds to take an advantage of favourable environmental condi­

tions for the development of egg masses and juveniles and maximally exploit 

food resources, therefore releasing some competitive pressure between dif­

ferent ontogenetic stages (Nesis, 1985). Changes in environmental condi­

tions at any ontogenetic stage may cause changes in natural mortality 

resulting in variability in population abundance. Various cephalopods are 

characterized by a wide spectrum of both diurnal and ontogenetic migra­

tions (Boyle and Rodhouse, 2005; Nesis, 1985; Roper and Young, 1975). 
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The chambered Nautilus spp. do the shortest spatial migrations among all 

recent cephalopods. The animals exhibit complicated diurnal behaviour, 

with continuous movement and feeding at night between depths of 130 

and 700 m and with some animals resting during the day at relatively shallow 

depths and others actively forage in the deep. There is no separation between 

nursery and feeding grounds, as juveniles are distributed within the same 

habitat as adults (Dunstan et al., 2011). Tagging studies have revealed some 

long-term movements of up to 150 km in 332 days by living nautiluses 

(Saunders and Spinosa, 1979). 

Benthic species of octopods have limited migrations, generally moving 

no more than tens of kilometres during their whole life. The largest species, 

the Pacific giant octopus Enteroctopus dofleini, remains stationary or hiding for 

94% of the time with maximum movement being 4.8 km in a 3-month 

period (Scheel and Bisson, 2012). In Hokkaido waters, giant octopuses make 

short distance offshore–inshore nondistant migrations twice a year. These 

movements probably coincide with active choice of optimum ambient tem­

perature inshore, when they avoid water that is too cold (in winter) and too 

warm (in summer) (Rigby and Sakurai, 2004). 

Cuttlefish (Sepiida) are characterized by separate feeding grounds, which 

are usually offshore, and the inshore spawning grounds. Their ontogenetic 

migrations are quite short (tens to low hundreds of kilometres) but could 

result in a strong seasonal variability in abundance especially in their localized 

spawning grounds. Dense breeding aggregations are formed by the 

Australian cuttlefish S. apama during the austral winter when mature animals 

converge in a highly localized area (60 ha) of rocky reef in the northern 

Spencer Gulf (South Australia) to breed. For the rest of the year, young 

and juvenile cuttlefish disperse and forage over a much wider area of the gulf 

(Hall and Hanlon, 2002). The European cuttlefish S. officinalis has extensive 
offshore feeding grounds around Hurd Deep (100–170 m depth) in the 

English Channel, where juveniles and subadults spend the autumn and win­

ter months in deeper and warmer waters. In spring, maturing and mature 

adults move to their spawning grounds located along the French coasts of 

Normandy, with mature males arriving there about a month earlier than 

females. Mating and spawning occur in summer in shallow water where 

the warmest ambient conditions for egg development are found. In inshore 

waters, some adult cuttlefish might stay within a small spawning area for 

weeks, while others might travel some 20–35 km in 2–6 weeks during 

the spawning season (Bloor et al., 2013b). Mass postspawning mortality dras­

tically reduces the biomass of cuttlefish in inshore waters until the next 
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spawning migration the following year (Boletzky, 1983). A similar pattern of 

ontogenetic migration was also revealed for the abundant Pacific cuttlefish in 

Japanese waters. Mature adults of Sepia esculenta and Sepiella japonica migrate 

to shallow bays and inlets from their offshore feeding grounds in summer to 

spawn and lay their eggs in the warmest time of the year (May–July) 

(Natsukari and Tashiro, 1991). 

Squids (Teuthida) have the longest migrations among cephalopods. 

Among them, neritic squids of the suborder Myopsida migrate shorter dis­

tances between their spawning and feeding grounds than some large nerito­

oceanic and oceanic squids of the suborder Oegopsida families 

Ommastrephidae and Onychoteuthidae (Nesis, 1985). 

The nearshore species Sepioteuthis (Loliginidae) have a similar lifestyle to 

cuttlefish, including relatively short migrations. Southern calamari 

S. australis moves extensively within their inshore spawning grounds 

(30–60 km, one squid even 600 km). However, no movement was observed 

between the two spawning grounds separated by 25–30 km only in the 

southeastern part of Tasmania, Australia (Pecl et al., 2006). It means that dur­

ing breeding season, an individual squid might move significantly within a 

habitat favourable for reproduction, but do not cross unfavourable areas 

from one breeding site to another. 

Shelf squids of Loligo (and Doryteuthis) have longer migrations (up to sev­

eral hundred kilometres) between their well-defined inshore spawning/ 

nursery grounds and offshore feeding grounds. They also move substantial 

distances during foraging within their feeding grounds. European loliginids 

L. vulgaris and L. forbesi do not aggregate into dense migrating schools neither 

in their feeding nor in their spawning grounds, laying their eggs at wide 

range of depths between 10 and 300 m (Guerra and Rocha, 1994; Pierce 

et al., 1994). Other loliginids such as the southeast Pacific population of 

D. gahi, northeast Pacific D. opalescens and South African L. reynaudii disperse 
on their offshore feeding grounds but form dense spawning aggregations in 

their localized inshore spawning grounds (Sauer et al., 1992; Villegas, 2001; 

Vojkovich, 1998). The location of spawning sites depends on physical 

oceanographic dynamics with squids actively choosing areas on the shelf 

with bottom temperatures and dissolved oxygen concentrations, which 

are at optimal levels for egg development (Roberts, 2005). On the contrary, 

the southwest Atlantic population of D. gahi does not aggregate in shallow-
water spawning grounds, but forms dense feeding schools offshore. The time 

of offshore migrations of D. gahi (thus its availability to predators and fishery) 
depends on water temperatures in their inshore spawning/nursery grounds. 
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Warmer temperatures induced earlier emigration, and colder temperatures 

delayed those emigrations. The variability in the extent and locations of 

D. gahi offshore migrations on the Falkland Shelf is determined by the loca­

tion of their preferable offshore feeding habitat, the so-called transient zone 

that is a mixture between the shelf waters and the subantarctic superficial 

waters (Arkhipkin et al., 2004). 

As the juveniles move offshore, they start segregating by depth with 

females migrating deeper than males. The segregated feeding period lasts 

several months, with males predominating in shallower waters and females 

in deeper waters. After maturation, both sexes move to the inshore spawning 

grounds (kelp forests between 5 and 20 m depth) separately with males arriv­

ing earlier than females (Arkhipkin and Middleton, 2002a). 

Nektonic oegopsid squids of the families Ommastrephidae and 

Onychoteuthidae are highly migratory animals (Boyle and Rodhouse, 

2005). The spatial structure of their ranges is usually complex with 

spawning, nursery and feeding grounds often located in different ecosystems 

(O’Dor and Coelho, 1993). Large species such as I. argentinus, I. illecebrosus, 
T. pacificus and D. gigas migrate thousands of kilometres between their feed­

ing and spawning grounds during their short (usually) annual life cycle 

(Arkhipkin, 1993; Froerman, 1986; Nigmatullin et al., 2001; O’Dor, 

1983; Sakurai et al., 2002). These squids also transition vertically during 

diurnal migrations, rising to superficial epipelagic waters every night to feed 

and descending to deep mesopelagic and bathypelagic waters during daytime 

to rest (Hanlon and Messenger, 1996). 

Nerito-oceanic squids Illex spp. use the waters of the polarward warm 

currents (Gulf Stream, Brazil Current) flowing along the continental slopes 

to transport their paralarvae and juveniles from the tropical/subtropical 

spawning grounds to temperate feeding grounds (O’Dor and Coelho, 

1993). The abundance of their recruitment on the feeding grounds varies 

depending on the intensity, position of the stream and meandering of the 

current in a given year. Increased meandering of the Gulf Stream causes 

the enhanced shoreward transport of I. illecebrosus juveniles onto the shelf 
of Nova Scotia between 35�N and 45�N (Rowell et al., 1985). The intensity 

of the current determines how far downstream the juveniles of I. illecebrosus 
might be transported. In years of strong Gulf Stream intensity, the juveniles 

move as far as the Grand Banks to the east of Newfoundland (43–47�N); 

weakened Gulf Stream transport causes for recruitment to appear in Georges 

Bank and western part of the Nova Scotia shelf (35–42�N) (Dawe et al., 

2000). Ambient temperature also determines the extent of feeding 
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migrations in the southwestern counterpart—I. argentinus. During warm 

years, squids penetrate almost to the southern edge of the Patagonian Shelf 

(54�S), whereas in cold years, they migrate only down to 45–46�S 
(Arkhipkin, 2013). Water temperatures impacted not only the extent but 

also the migration routes of T. pacificus in the northwest Pacific. It has been 
shown that under a cool regime during the 1980s, migrations of T. pacificus 
were restricted to the Sea of Japan. When temperatures increased in 

1989–1992, not only did biomass of the stock increased threefold, but also 

migration routes changed and included a new migration pattern in the 

Pacific side off Japan (Sakurai et al., 2002). 

Several environmental factors like temperature regime shift and availabil­

ity of preferred prey are believed to cause the dramatic change in the size of 

mature animals of the southeast Pacific Humboldt squid D. Gigas (Argü elles 

et al., 2008; Keyl et al., 2008, 2011). In the 1990s, most D. gigas populations 
consisted of small squids (<500 mm mantle length, ML) with the species 

range situated mainly in tropical and subtropical waters of the eastern Pacific 

between 30�N and 30�S. Since 2000, 2 years after the strong El Niño of  

1997–1998, the average size of adult squids dramatically increased to 

800–900 mm ML with simultaneous expansion of the species range to tem­

perate and even subpolar waters of the Alaska 47�N in the north (Field et al., 

2007; Zeidberg and Robison, 2007) and central Chile (43�S) in the south 
(Alarcó n-Muñoz et al., 2008). Such an increase in adult squid size with 

simultaneous expansion of the species range has had important impacts on 

species abundance, diversity and community structure in the temperate 

and subpolar ecosystems of the eastern Pacific that are now under predation 

pressure of a large voracious predator that previously had been a less dom­

inant member of the community. 

3.3. Trophic ecology 
Embryogenesis is probably the least vulnerable part of the cephalopod life 

cycle. Although egg masses of myopsid squids are laid on the bottom in large 

numbers and are easily available to potential predators, no major predation 

on eggs has been reported in spite of the fact that egg beds have been inten­

sively explored by divers and ROVs in different oceans and at different lat­

itudes. Some rare attempts of predation by benthic echinoderms and fish 

(Kato and Hardwick, 1975; Sauer and Smale, 1993) can probably be ignored 

and have little or no impact on survival of spawning products. However, 

eggs of some loliginids (primarily D. opalescens) collected in the wild might 
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be infested with capitellid polychaete worms (Fields, 1962; Boletzky and 

Dohle, 1967; Vidal et al., 2002). These worms cause the deterioration of 

the external egg envelope and expose the chorion of the eggs causing pre­

mature hatching and subsequent high mortality of paralarvae (Vidal et al., 

2002). Zeidberg et al. (2011) found an exception to this pattern and 

observed that the disturbances by the worms slightly increased hatching rate, 

but did not provide data on paralarval survival (Vidal and Boletzky, 2004). 

Among oegopsid pelagic egg masses, only those of Thysanoteuthis rhombus 
are commonly observed, and among numerous descriptions and photo­

graphs, there is no sign on possible predatory impact or mass mortality. Ben­

thic octopod egg masses are generally well hidden from large predators in 

sheltered places and protected from small predators scavengers by a defensive 

female. 

Feeding conditions are of crucial importance for cephalopod population 

dynamics from the early life stages in spite they still have some endogenous 

yolk reserves during first days after hatching while already hunting prey 

(Boletzky, 2003). Food availability can induce growth plasticity in paralarvae 

in very short time periods (Vidal et al., 2006). 

Females of a sepiolid, Euprymna tasmanica, maintained in captivity on a 

low ration produced smaller egg clutches, consisting of smaller eggs and 

exhibiting higher embryo mortality rates than females fed ad libitum (Steer 
et al., 2004). Loliginid squid hatchlings living in better foraging conditions 

and at lower temperatures utilize yolk more slowly and so conserve their 

reserves longer (Vidal et al., 2002). 

Cannibalism is an important element in the life cycle of many squids. It 

has been reported for many cephalopods in genera Illex, Octopus, Sepia, Dosi­

dicus, Onychoteuthis, Todarodes, Ommastrephes and Loligo (Ibáñez and Keyl, 
2010 and references within). In nature, cannibalism increases when prey 

availability decreases and larger squids are more cannibalistic than smaller. 

In captivity, it takes about 3 days of starvation for I. illecebrosus squid to 
induce cannibalism. Selective removal of smaller animals not only decreases 

stock size but also gives a false impression of faster somatic growth when 

size–frequency data are analysed (Arkhipkin and Pérez, 1998; O’Dor and 

Dawe, 2013). 

Generally, cannibalism is density-dependent and acts as a tool regulating 

population biomass within an optimum level. Years of high density of the 

schooling squid I. illecebrosus were associated with high rates of cannibalism 

in this species, though it is apparent that the shift to cannibalism does not 

merely reflect opportunity but is related to depletion of other suitable prey 
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types (Dawe, 1988). Because of density dependence, cannibalism also 

increases in artificial aggregations of ommastrephid squids in light fields of 

a fishing boat (Zuev et al., 1985). In octopuses Enteroctopus megalocyathus 
and O. vulgaris, a higher frequency of cannibalism has been reported in areas 

and periods where this species is more abundant (Ibáñez and Chong, 2008; 

Oosthuizen and Smale, 2003). 

Easiness with which cephalopods switch to cannibalism might help 

populations survive episodes of low food availability. However, cephalo­

pods generally have broad feeding spectra that are very flexible in both prey 

species composition and prey size, so food availability likely is not a very 

common problem. During their sudden explosion in number, squids nor­

mally have detrimental impact on potential food sources (Alarcó n-Muñoz 

et al., 2008; Laptikhovsky et al., 2013) during a range of years rather than 

die out of starvation. 

Another factor impairing well-being of cephalopods and making them 

more susceptible to predators and both biotic and abiotic stressors—and thus 

influencing cephalopod population variability—is parasite load. Cephalo­

pods are hosts to a diverse assemblage of parasites and symbionts including 

potentially pathogenic organisms such as viruses, bacteria, fungi, protozoans, 

nematodes, monogeneans, digeneans, cestodes, acanthocephalans, poly­

chaetes, hirudineans, crustaceans, copepods and isopods (Hochberg, 

1983). Quantifying the incidence of diseases in cephalopod populations 

and impact on its dynamics may be difficult because diseased and dead ani­

mals (especially as they are soft-bodied) are likely to be rapidly removed by 

predators or scavengers (Pierce et al., 2010). Some parasites, such as the 

copepod family Pennelidae, might have such negative impact on squid con­

dition that they cause important losses in commercially important stocks 

(Pascual and Guerra, 2001; Pascual et al., 1998, 2005, 2007). 

Cephalopods, particularly schooling squids, are important prey of many 

large marine predators, sometimes the most important prey for species 

including pilot whales and sperm whales (Clarke, 1996; Piatkowski et al., 

2001; Santos et al., 2001; Smale, 1996). Thus, annual cephalopod abundance 

might have a strong impact on populations of predators. However, preda­

tors, though possibly being the most important factor regulating squid pop­

ulation dynamics (together with fisheries), should probably not be counted 

as a major factor responsible for the fluctuation of populations in commer­

cially exploited cephalopods. In the virtual absence of whaling, cetacean 

populations are probably stable over annual and possibly decadal timescales. 

There has been no documented case of top-down control, when changes in 
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predator abundance have been correlated with cephalopod prey abundance. 

However, when the predator is a cephalopod with highly fluctuating pop­

ulation biomass and distribution, top-down control has been observed. 

I. argentinus preying on D. gahi in Falkland Islands’ waters have a negative 
impact on final cohort biomass. However, this inverse relation might be also 

(at least partially) explained by competition for the same food sources 

(Arkhipkin and Middleton, 2002b). 

3.4. Fisheries 
Fishing pressure is an important source of variability in any of the commer­

cially fished stocks. Direct (targeted) fishing as well as indirect (by-catch) 

fishing may overexploit and therefore deplete the stocks as has been reported 

for finfish fisheries worldwide (Pauly et al., 1998). Alternatively, some stocks 

may also increase in abundance if main predators have been fished out or the 

competitive pressure has been relieved by fishing out the main competitor 

and therefore vacating the econiche (Boyle and Rodhouse, 2005; Caddy and 

Rodhouse, 1998). 

Among cephalopods, the chambered Nautilus spp. are characterized by 
low growth rates, relatively slow maturation and low fecundity, and they 

are especially vulnerable to overfishing. The growing market demands for 

their ornamental shells have resulted in up to 80% declines in reported catch 

per unit effort (CPUE) from 1980 to the present time in the Philippines, 

where the fishery became unsustainable (Dunstan et al., 2010). The current 

status of Nautilus populations in various areas of the tropical Indo-West 

Pacific is being estimated in order to include them on the list of 

Appendix-II of the Convention on International Trade in Endangered Spe­

cies of Wild Fauna and Flora (CITES) (De Angelis, 2012). 

Other commercial species of octopods, cuttlefish and squids are short-

living having high growth rates and high fecundity. Their populations have 

evolved to withstand substantial variations in abundance. Until the turn of 

the century, it seemed that only a few species of coleoid cephalopods had 

been locally overexploited, despite heavy fishing pressure on many stocks 

(Boyle and Rodhouse, 2005). More recently, annual world cephalopod 

catches reached 4.3 million t in 2007 but decreased 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). 

Several collapses in squid fisheries (I. illecebrosus in the northwest Atlantic 
or Todarodes sagittatus in the northeast Atlantic) left unexplained what had 
been the main contributor of such a collapse—fishery or environmental 
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conditions or probably both. The fishery for the short-fin squid I. illecebrosus 
developed quickly in the second half of the 1970s, peaking at the annual 

catch of >100,000 t in 1979. After only 5–6 years of intense fishing, it col­

lapsed in 1983 to <1000 t per year and has never recovered to its earlier size. 

One of the possible reasons of such a collapse was suggested to be sequential 

fishing pressure on various seasonal cohorts of the squids (first the most 

abundant winter-spawning cohort and then on the spring spawning cohort) 

that impacted the general population structure (O’Dor and Coelho, 1993). 

Changes in position of the main flow of the Gulf Stream relative to the shelf 

edge that happened in 1980s also contributed to the decrease in juvenile 

transport of the winter-spawning cohort to their common feeding grounds 

in temperate waters of Canada (Dawe et al., 2000). Similarly, overfishing of 

the winter-spawning cohort of T. pacificus caused the southern shift of the 
commercial fleet to fish off the autumn-spawning cohort; this dramatically 

changed the population composition of the species (Nakata, 1993). The 

autumn-spawning cohort may have acted as a reservoir that buffered the 

effect of fisheries until it was itself exploited. 

Periodic intrusions of large quantities of the arrow squid T. sagittatus into 
the Norwegian Sea have resulted in being targeted by trawling fleets, with a 

maximum annual reported catch in Norwegian waters of �18,000 t in 

1982–83. However, possibly partially due to extensive exploitation, partially 

to changes in the environment, the commercial aggregations disappeared 

from that area after 1988 (FIGIS, 2011). A similar phenomenon has been 

reported for L. forbesi in the Rockall Bank area, (the United Kingdom, 

northeast Atlantic, 54–58�N, 12–17�W) (Pierce et al., 1994). 

Fishing might also be sex-selective, removing the more active sex from 

their spawning grounds. In southern calamari S. australis, the commercial 

fishery alters the population structure on the spawning beds by removing 

the large males first and leaving relatively large numbers of small males 

and females. Sex-ratio studies on the same spawning grounds over several 

years suggested that progressively longer closures allowed time for more 

males to accumulate on the spawning beds, therefore maintaining the natural 

sex ratio during the spawning season (Hibberd and Pecl, 2007). Size selec­

tivity in a jig fishery has been also recorded for I. argentinus in the southwest 
Atlantic. It was found that sizes of both sexes caught by jigging were 7 mm 

ML (males) and 12 mm ML (females) larger on average than those caught by 

the trawlers over the same time. Moreover, fishing method may also affect 

the proportions of mature squids in the population, that is, maturity-

selective. The artificial lit area created by jigging vessels at night might cause 
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the differences in behavioural responses of immature and mature squids 

reacting to the lure. Proportions of mature squids caught by jiggers were 

greater than those caught by trawlers by 0.8% in males and 5.1% in females 

(Koronkiewicz, 1995). Fishing effort targeting inshore spawning aggrega­

tions of neritic species such as loliginid squids may cause population declines 

due to behavioural disruption or insufficient escapement of prespawning 

individuals (Hanlon, 1998; Iwata et al., 2010). 

4. FORECASTING AND ASSESSMENT 

Global fishery landings of cephalopods have increased over the past 

few decades, while fishery- or ecosystem-level assessments of many stocks 

have been undertaken infrequently or not at all (Anderson et al., 2011; 

Boyle and Rodhouse, 2005; Hunsicker et al., 2010; Payne et al., 2006). 

Rapid growth and a short lifespan render cephalopod fisheries difficult to 

assess and manage (Boyle and Rodhouse, 2005; Payne et al., 2006; Pierce 

and Guerra, 1994). Most cephalopod species targeted by fisheries are 

short-lived, usually with a 1-year life cycle and a semelparous life history 

strategy, with a single spawning soon followed by death (Boyle and 

Rodhouse, 2005). Individuals targeted in 1 year do not survive until the fish­

ing season in the next year, meaning that even though the abundance in the 

current year may be relatively high, the stock size in the next year may 

decline greatly, due to high variability in abundance between generations. 

Boyle and Rodhouse (2005) noted that the effect of environmental variables 

on abundance of annual species at multiple scales is the main reason for dif­

ficulties in establishing reliable stock assessment and management proce­

dures. While a greater understanding of environmental influences on 

recruitment is frequently recommended for improved management of squid 

fisheries (Agnew et al., 2005; Boyle and Rodhouse, 2005), knowledge of the 

relationships between squid distribution and environmental variables and 

the associated effects on squid availability to fisheries and assessment surveys 

also has the potential to improve fisheries management (Ish et al., 2004; 

Sch€on et al., 2002). An understanding of environmental effects on popula­

tion dynamics and species distributions could be used to appropriately incor­

porate data into stock assessments to support cephalopod fisheries 

management. Environmental processes introduced into stock assessments 

generally include those that affect population dynamics in the form of 

recruitment, with only recent attention to spatially explicit effects on distri­

bution and migration patterns (Keyl and Wolff, 2008). Extensive research 
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has been conducted on environmental effects on fish and cephalopod distri­

butions (Fréon et al., 2005; Pierce et al., 2008; references therein). Studies of 

environmental effects on spatial and temporal distribution of marine species 

can inform stock assessment by defining stock structure at larger scales (Link 

et al., 2011) and identifying effects on availability to fisheries or assessment 

surveys (Brill and Lutcavage, 2001; Fréon and Misund, 1999; references 

therein). Approaches that incorporate environmental factors are identified 

in the following sections. 

4.1. Stock identification and structure 
For the purposes of fisheries management and stock assessment, populations 

or segments thereof are assumed to be a single unit stock within spatial 

boundaries in which the components of production (e.g. recruitment and 

mortality) are considered spatially homogenous (Cadrin et al., 2013). Ceph­

alopod stock identification is complicated by taxonomic/systematic confu­

sion along with variable abundance and distribution due to life history traits 

and environmental factors (Boyle and Boletzky, 1996). For management and 

assessment purposes, stock boundaries are often delineated based on territo­

rial boundaries or the range of fisheries or resource assessment surveys rather 

than the distributional range of a species (Cadrin et al., 2013), and cephalo­

pods are no exception. For example, the long-fin inshore squid D. pealeii is 
distributed in continental shelf and slope waters of the northwest Atlantic 

Ocean from Newfoundland to the Gulf of Venezuela but is considered a 

single unit stock within a much smaller area from Cape Hatteras north to 

Georges Bank, which encompasses most of the fishery and area routinely 

surveyed (NEFSC, 2011; Roper et al., 1984; Shaw et al., 2010). Since 

the comprehensive review by Boyle and Boletzky (1996), many advances 

have been made in tagging and genetic techniques useful for cephalopod 

stock identification and understanding stock structure (Semmens et al., 

2007; Shaw et al., 2010), and a greater understanding has been attained 

regarding environmental effects on distribution and abundance (e.g. 

Pierce et al., 2008 and this chapter). While the remainder of this section 

is devoted to cephalopod stock assessment methods, it is important to rec­

ognize the importance of stock identification and the associated research as a 

prerequisite to assessment. 

4.2. Stock assessment 
For the sustainable fishery of cephalopods, most of which are considered to 

be annual species, it is important to determine the appropriate level of fishing 
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and the relationship between stock abundance and recruitment for each spe­

cies (Boyle and Rodhouse, 2005; Caddy, 1983; Pierce and Guerra, 1994). 

Basically, stock assessment and forecasting for cephalopod species are 

methods widely used for fish stocks. However, estimating and forecasting 

cephalopod abundance using fishery-dependent data such as cohort analysis 

have had limited success because of their fast growth, maturing in less than 

1 year and relatively short period of time for recruitment, although age-

structured models are considered to be useful for forecasting stock size pre­

cisely (Boyle and Rodhouse, 2005; Caddy, 1983; Pierce and Guerra, 1994). 

Although some octopods live more than 3 or 4 years, it is considered to be 

difficult to apply age-structured models for octopods in the same manner as 

squids due to uncertainty in age estimation because their growth patterns and 

maturation process are highly variable and tend to be affected by environ­

mental conditions and food availability. With relatively few exceptions to 

date (e.g. Royer et al., 2002), it has been most common to adapt simple pop­

ulation dynamics models for cephalopod stocks that do not require age com­

position data (Boyle and Rodhouse, 2005; Caddy, 1983; Pierce and Guerra, 

1994). Generally, this requires assessment data (including catch statistics) and 

suitable models to forecast fisheries stocks, which are varied in the targets of 

what period should be forecast (e.g. stock size in the next week, next month 

and next year). 

4.3. Assessment timescales/timing 
Cephalopod stock assessment methods can be generally categorized based on 

the timing of their application relative to the fishing season: preseason, 

in-season and postseason (Boyle and Rodhouse, 2005; sensu Pierce and 

Guerra, 1994). Preseason assessment and forecasting usually use data 

obtained from experimental surveys on the individuals in the prerecruit 

stages. Preseason assessments are useful for forecasting stock size and proper 

management for cephalopod stocks of which life span is usually 1 year and all 

targets for fishing are composed of newly recruited individuals. In the Illex 
and Doryteuthis fisheries around the Falkland Islands, fishing effort is set based 
on the results of preseason assessments and previous experience of recruit­

ment variability (Rodhouse, 2001). However, preseason assessments usually 

require special sampling gears to catch prerecruit stages, and it is difficult to 

obtain enough time to survey just before fishing seasons open. Preseason 

assessments are often conducted by using experimental methods like mid-

water trawl nets to observe the abundance of cephalopods in the juvenile 
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stage (Brunetti and Ivanovic, 1992; Kawabata et al., 2006; Kidokoro et al., 

2014) and plankton nets to be used for paralarval distribution surveys (Bower 

et al., 1999a; Goto, 2002; Murata, 1989; Yamamoto et al., 2007). Stock sizes 

are forecasted based on the suitable models (e.g. growth–survival model and 

correlation models) with the results of preseason assessment (e.g. juvenile 

abundance, paralarval and juvenile densities). 

In-season assessment and forecasting methods generally use data on rec­

ruited individuals from commercial fisheries. In most cases, changes (usually 

declines) in stock abundance during a fishing season are monitored based on 

CPUE of commercial fisheries. Data are collected at high temporal resolu­

tion (daily) and abundance is modelled primarily with depletion models (see 

Section 4.4). In-season assessments include abundance estimates updated 

within a fishing season and compared to reference points to inform adaptive 

management measures such as fishery closures (Walters and Martell, 2004). 

Successful adaptive management systems depend upon the accumulation of 

experience regarding spatiotemporal patterns of abundance and impacts of 

regulatory measures (e.g. fishery openings) and are vulnerable to environ­

mentally driven shifts in abundance or distribution (Walters and Martell, 

2004). Most commercially important cephalopods (e.g. ommastrephid 

squids) are highly migratory species; therefore, in-season assessments are 

only used for a few special examples, such as the Illex fishery around the 
Falkland Islands (Arkhipkin et al., 2013; Basson et al., 1996; Rosenberg 

et al., 1990) and T. pacificus fisheries (Okutani, 1977). However, 

in-season assessments and knowledge about seasonal shifts in fishing gro­

unds with migration patterns are useful for forecasting catches at individual 

fishing grounds, for example, in the Japanese T. pacificus fisheries (Kasahara, 
1978; Kidokoro et al., 2010; Murata, 1989; Okutani, 1983). Postseason 

cephalopod stock assessments rely on data on former generations, generally 

using one or more of the methods described in the following section. It is 

also important to note that many cephalopod fisheries are assessed with 

multiple methods, conducted at some or all of the scales identified in the 

preceding text (e.g. Arkhipkin et al., 2013; Roa-Ureta and 

Arkhipkin, 2007). 

4.4. Stock assessment methods 
4.4.1 Surplus production models 
The surplus production model, also referred to as a biomass dynamic model, 

is essentially the simplest stock assessment model. In theory, the surplus pro­

duction model estimates the biomass of a resource for the year y + 1 as the 
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biomass of the year y plus the surplus production (an aggregated parameter of 

the recruitment and the growth) and minus the catch (Graham, 1935; 

Schaefer, 1954). However, the surplus production model presents a very 

simplified view of the population dynamic; age or spatial structure of the 

population is not considered. In addition, fitting a surplus production model 

is not easy, and the interpretation of the maximum sustainable yield can be 

difficult because the model assumes that the stock is at the equilibrium, a 

situation rarely encountered (Hilborn and Walters, 1992), and that has 

sometimes led to the overestimation of a stock. Finally, the surplus produc­

tion model assumes that the recruitment is highly density-dependent, a sit­

uation rarely encountered in cephalopod species (Pierce and Guerra, 1994). 

Surplus production models have the advantage of quick application with 

very few data but give only mid- to long-term objectives in a stable envi­

ronment, while cephalopod stocks are known to be highly variable resources 

and their abundance is generally linked to the environmental conditions 

(e.g. Pierce et al., 2008; Section 3). 

Despite the aforementioned limitations, surplus production models have 

been adapted for cephalopod fisheries with some success. Some surplus 

production models have been developed to assess cephalopod stocks from 

the Saharan Bank, results of which indicated that octopus, squid and 

cuttlefish stocks in this area were overexploited (Bravo de Laguna, 1989; 

Sato and Hatanaka, 1983). More recently, a surplus production model with 

environmental effects was fitted to assess the O. vulgaris stock off Senegalese 
coast (Laurans et al., 2002). Results highlighted that the wind speed parallel 

to the shore that generates upwelling has a significant effect on the octopus 

abundance. A Fox surplus production model (Fox, 1970) was also fitted to 

assess the English Channel cuttlefish (S. officinalis) and the English Channel 
squid (L. vulgaris and L. forbesii, which are not distinguished by the fisher­
men) stocks in the framework of a bioeconomic modelling of the English 

Channel fishery (Ulrich et al., 2002). A surplus production model with quar­

terly time step was fitted, using fishery-dependent and fishery-independent 

abundance indexes, to assess D. pealeii (Cadrin and Hatfield, 1999). Recent 

assessments of D. pealeii have taken into account removals from the preda­

tion to define new reference points that are significantly different from those 

defined without accounting for predation (Moustahfid et al., 2009; NEFSC, 

2011). Quetglas et al. (2013) studied combined effects of fishing and climate 

(using NAO effects) by fitting a surplus production model on several demer­

sal species including O. vulgaris, L. vulgaris and S. officinalis. 
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4.4.2 Depletion method 
The depletion method derived from Leslie and Davis (1939) and De Lury 

(1947) is the stock assessment methodology commonly used to assess ceph­

alopod stocks, and it is considered as the least expensive methodology. In 

theory, this model estimates the consequences of the removal of individuals 

(natural or fishing mortality) on the population and determines the size of 

the population without fishing activity (Hilborn and Walters, 1992). The 

basic method (Leslie and Davis, 1939) uses the accumulated catch and the 

assumption of a closed population. Some variants use effort data and have 

been adapted to open populations with recruitment and natural mortality 

(Rosenberg et al., 1990). These methodologies are suitable to perform a 

real-time modelling of the data collected in a short period (in particular 

when exploitation does not exceed 1 year, they are favoured to assess ceph­

alopod stocks; Boyle and Rodhouse, 2005). Its main limitation is the 

assumption of a population randomly distributed with a constant cat­

chability, an important assumption rarely encountered in cephalopod stocks 

(Pierce and Guerra, 1994). 

The depletion method has been applied to assess the Humboldt squid 

D. gigas stock in the Gulf of California (Ehrhardt et al., 1983). Morales-

Bojó rquez et al. (2001b) performed a stock assessment modelling three dif­

ferent fleets exploiting Humboldt squid in the same area and enabled the 

estimation of reference points. A modified standard Leslie–DeLury method 

(integrating a natural mortality parameter) was suggested to model the squid 

species exploited around the Falkland Islands with the proportional escape­

ment as a management tool (Beddington et al., 1990; Rosenberg et al., 1990) 

and applied to I. argentinus (Basson et al., 1996). The modified standard 

Leslie–DeLury approach was then improved to assess the D. gahi stock by 
adding a migration parameter (Agnew et al., 1998a). This migration param­

eter was first introduced to improve the assessment of D. pealeii in the north­
west Atlantic, which showed variations in abundance related to migration 

patterns (Brodziak and Rosenberg, 1993). Depletion estimates were then 

used to assess European squids L. forbesii and L. vulgaris (Royer et al., 

2002; Young et al., 2004). A trial to assess the English Channel cuttlefish 

stock using the depletion method was carried out by Dunn (1999) using 

the UK fishery landings, which represents approximately a third of the total 

landings in the English Channel. Most recently, a state-space modelling 

framework was investigated for a DeLury depletion model applied to 

the O. vulgaris stock exploited off Morocco (Robert et al., 2010), and 
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Roa-Ureta (2012) extended the depletion approach to account for the sev­

eral major in-season recruitment pulses occurring in the Falklands Islands 

D. gahi fishery. 

4.4.3 Age-structured models 
The virtual population analysis (VPA) is the most widespread method to 

assess long-lived finfish stocks in developed countries (Hilborn and 

Walters, 1992). In a VPA, the stock is considered to be composed of several 

annual cohorts. The number of individuals alive in each cohort is estimated 

by performing a back calculation from the last age class to the first one by 

adding the number of individuals lost to fishing and natural mortality during 

a year to the number of individuals at the end of the year to estimate the num­

ber of individuals at the beginning of the year. It is sometimes called cohort 

analysis because each cohort of the stock is analysed and followed separately 

from the other cohorts living at the same time in a given stock. In cephalopod 

stocks, as species have a short life cycle (generally 1 or 2 years), the VPA is 

generally implemented on a monthly basis and using microcohorts 

( Jouffre et al., 2002; Royer et al., 2002, 2006; Thiaw et al., 2011). 

Ehrhardt et al. (1983) applied this methodology to assess the Humboldt 

squid D. gigas stock in the Gulf of California with microcohorts defined 

according to a polymodal decomposition of the length–frequency. VPA 

was also applied to the Senegalese O. vulgaris stock using age classes first 
defined using tagging methodology to estimate the growth rate (Domain 

et al., 2000) and then using landings split in 10 commercial categories in 

the fishery industry ( Jouffre et al., 2002; Thiaw et al., 2011). VPA therefore 

enabled an estimation of the fishing closure effect on the exploitation of the 

stock ( Jouffre et al., 2002), and the environmental and fishing effects on the 

cohorts were then established (Thiaw et al., 2011). VPA has also been used 

to assess stocks of the English Channel loliginid squids (Royer et al., 2002) 

and northwest Atlantic D. pealeii (Cadrin and Hatfield, 1999) indicating that 

exploitation levels of these resources were above the optimum at the time. In 

loliginid squids, length–frequency is not the most suitable tool to define 

monthly age classes but is used for practical reasons. Indeed, age determina­

tion based on statolith rings (Challier et al., 2005b, 2006b) is time-

consuming and cannot be routinely implemented for a stock assessment trial. 

Further analysis suggested the introduction of interindividual growth vari­

ability into the cohort analysis (Challier et al., 2006a). VPA was also applied 

as a trial to the English Channel cuttlefish stock (Royer et al., 2006) to esti­

mate fishing impact on the studied cohorts and interactions between fishing 
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fleets involved in the cuttlefish exploitation in the English Channel (mainly 

trawlers and trappers). As in the loliginid squid case, estimating age classes 

using statolith rings is feasible until the age of 240 days (Bettencourt and 

Guerra, 2001) but time-consuming and was mainly used to explore the 

recruitment period (Challier et al., 2002, 2005a). However, at ages greater 

than 240 days, no tool is currently able to estimate monthly age of the cut­

tlefish and length–frequency is the only suitable methodology. An age-based 

cohort analysis was developed to assess I. illecebrosus (Hendrickson and Hart, 

2006), primarily to estimate natural mortality, particularly during the 

spawning season when this mortality increases greatly. 

4.4.4 Two-stage models 
When the data are not accurate enough to implement a VPA but are accurate 

enough to distinguish a recruitment period and a fully recruited phase 

(Collie and Sissenwine, 1983), the two-stage model can be considered as 

a solution and can give consistent results with a VPA fitted with unsuitable 

age data (Mesnil, 2003). The model has also the advantage to be able to be 

fitted using several time series (Roel and Butterworth, 2000) and can be 

implemented using indifferently numbers or biomass. In theory, the popu­

lation is modelled from the recruited stage when abundance is estimated by 

adding the recruitment strength to the fully recruited individuals. According 

to Collie and Sissenwine (1983) and Mesnil (2003), the population dynamics 

can be modelled using the following equation: 

�Mð1�tÞNt +1  ¼ ðNt +RtÞe �M � Cte 

where Nt is the population size in number of fully recruited animals at the 

beginning of the year t, Rt is the population size in number of recruits at 

the beginning of the year t, Ct is the catch in number during the year t, 

M is the instantaneous natural mortality rate assumed to be equal for the 

different stages and t is the fraction of the year when the catch is assumed 

to occur as a pulse. An alternative version of the model exists in biomass 

and uses an aggregated instantaneous growth and natural mortality param­

eter (Gras et al., 2014). 

The two-stage model is often used to assess invertebrate stocks (Cadrin 

et al., 1999; Collie and Kruse, 1998; Conser, 1991; Conser and Idoine, 

1992; Zheng et al., 1997). In cephalopod stocks, the first trial was made 

on the chokka squid (L. reynaudii) stock exploited since the 1980s (Roel 

and Butterworth, 2000) off South Africa. It was then updated by adding 
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process error using Bayesian methodology to the observation error (Glazer 

and Butterworth, 2006). The two-stage model was also fitted to assess the 

English Channel cuttlefish using four different abundance indexes coming 

from both fishery-dependant and fishery-independent data and enabled to 

highlight a correlation between the environmental conditions encountered 

during the early life stages and the recruitment strength that occurs at 1 year 

old (Gras et al., 2014). An application software was then developed to per­

form a routine assessment by the International Council for the Exploration 

of the Sea Working Group on Cephalopod Fisheries and Life History. 

4.5. Forecasting methods and general/empirical models 
Stock sizes can be forecasted based on the suitable models (e.g. growth– 

survival model and correlation models) with the results of preseason assess­

ment conducted by using experimental methods like midwater trawl nets to 

observe the abundance of cephalopods in the juvenile phase (Brunetti and 

Ivanovic, 1992; Kawabata et al., 2006; Kidokoro et al., 2014) and plankton 

nets to be used for paralarval distribution surveys (Bower et al., 1999a; Goto, 

2002; Murata, 1989; Yamamoto et al., 2007). For the Japanese T. pacificus 
fisheries, paralarval surveys have been conducted for over 40 years (Goto, 

2002; Murata, 1989; Okutani and Watanabe, 1983). In the original plan, 

these surveys were conducted in order to forecast the stock size in the next 

year. However, the paralarval densities obtained in these surveys had weak 

power to predict the stock size in the next year while appearing highly 

related with the spawning stock size (escaped population number) in the for­

mer generation (Goto, 2002; Murata, 1989). These results meant that 

paralarval densities have almost the same power to forecast stock size in 

the next year as the forecasting methods based on spawner–recruitment rela­

tionships because survival rate in the prerecruit stages is highly variable. If 

cephalopod prerecruit abundance can be precisely estimated just before a 

fishing season opens, stock size can be estimated by the abundance of 

prerecruits using a simple model (e.g. proportional model). Surveys targeted 

for prerecruit abundance using midwater trawl nets have been conducted in 

the Japanese T. pacificus fisheries for a decade (Kidokoro et al., 2014). Mid-

water trawl surveys for the quantitative assessment of oceanic cephalopod 

populations are likely to provide serious underestimates of population den­

sity as well as biased size–frequency and species composition (Boyle and 

Rodhouse, 2005; Wormuth and Roper, 1983), resulting mainly from net 

avoidance. Therefore, the target of the midtrawl surveys for T. pacificus is 
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limited in the individuals ranging mainly 3–10 cm ML size class, which are 

not the stages with strong swimming power (Kidokoro et al., 2014). How­

ever, net avoidance rate remains unclear, so stock size is not quantified using 

data obtained in these surveys. Instead, stock size is shown as an index (e.g. 

average individuals/tow) obtained in these surveys. The relationship 

between the results of preseason assessment and stock size of recruits may 

not be proportional because these preseason assessments usually contain large 

observation errors. In the example of T. pacificus assessments, this relationship 

is fitted with a linear model with large intercept (Kidokoro et al., 2013). 

Although there are some problems and difficulties in forecasting methods 

based on preseason assessments, these methods have the advantage that they 

do not require historical data, which can be a useful feature for newly 

assessed cephalopod stocks. 

Data from in-season assessments and knowledge about seasonal shifts in 

fishing grounds with migration patterns can be used to forecast catches on 

individual fishing grounds. In T. pacificus fisheries, detailed migration pat­

terns have been examined for a long time because of the need to forecast 

catch condition at each fishing ground (Kasahara, 1978; Kidokoro et al., 

2010; Murata, 1989; Okutani, 1983). Fishing grounds of T. pacificus shift sea­
sonally according to migration routes (Figure 2.13). Therefore, forecasting 

methods for the catches at each fishing ground have been examined by the 

relationship among catches in each fishing ground and relationship between 

Figure 2.13 Schematic diagrams of the migration routes of T. pacificus autumn cohort 
and winter cohort. Modified from Kidokoro et al. (2010). 
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oceanographic conditions and CPUE (Kasahara, 1978). The site of fishing 

grounds of jigging fisheries and their oceanographic conditions are able to be 

monitored by the satellite images (Kiyofuji and Saitoh, 2004; Rodhouse 

et al., 2001), so it may be easy to understand the distribution area of squids, 

which is highly related with fishing grounds of squid jiggers. The ocean 

dynamics models (e.g. Regional Ocean Modeling System http://www. 

myroms.org/; Research Institute for Applied Mechanics Ocean Model 

http://dreams-i.riam.kyushu-u.ac.jp/vwp/) enable forecasts of oceano­

graphic conditions at high resolution (mainly temperatures), which has 

become widely applied in fisheries. Based on these methods, shifts in fishing 

grounds can be forecasted in the next week or next month (Figure 2.14), 

with knowledge about the relationship of the distribution of cephalopods 

species to oceanographic conditions. Such forecasts of the distribution of 

fishing stocks (Figure 2.14) are considered to be useful for fishers to search 

fishing grounds at low cost. 

Reliable spawner–recruitment relationships are quite important and use­

ful for stock forecasting and management of cephalopod stocks. However, 

there is no clear relationship between spawning stock abundance and sub­

sequent recruitment in cephalopod stocks (Basson et al., 1996; Pierce and 

Guerra, 1994; Uozumi, 1998). Annual variability in oceanographic condi­

tions causes recruitment variability (e.g. Dawe et al., 2000; Waluda et al., 

2001a), which leads spawner–recruitment relationships to be unreliable. 

In some cases, cephalopod spawner–recruitment relationships have been 

fitted into Ricker (1975) and Beverton and Holt (1957) models for forecast­

ing recruitment in the next year (Agnew et al., 2000; Kidokoro, 2009). 

However, estimation parameters in these nonlinear models using 

spawner–recruitment data usually contain statistical problems that are mainly 

derived from observation errors in the explanatory variables (Walters and 

Martell, 2004). These problems lead to a tendency for stock size to be over­

estimated particularly in the case of low spawning stock size, which tends to 

mislead stock management strategies (Walters and Martell, 2004). State-

space models that can be used to estimate both process and observation error 

may have promise for parameter estimation in stock dynamics models such as 

spawner–recruitment relationships (Bolker, 2008). 

Empirical models based on oceanographic conditions data are often used 

to forecast recruitment strength for cephalopods, particularly for 

ommastrephid species. In the empirical models, recruitment strength is usu­

ally forecasted based on the oceanographic indexes that are often available as 

a long time series. Although these empirical models may be useful, 

http://www.myroms.org/
http://www.myroms.org/
http://www.myroms.org/
http://dreams-i.riam.kyushu-u.ac.jp/vwp/
http://dreams-i.riam.kyushu-u.ac.jp/vwp/


Figure 2.14 Forecasting system for distribution of T. pacificus in the Sea of Japan. In this system density distribution of T. pacificus (number of 
individuals/km2) are water temperatures of sea surface and 50 m deep which are forecasted based on data assimilation ocean dynamic model 
(http://jade.dc.affrc.go.jp/jade/). Density distribution of T. pacificus (number of individuals/km2) is able to be forecasted within the next month 
and can use freely through net work (http://jsnfri.fra.affrc.go.jp/shigen/kaikyo2/). 

http://jade.dc.affrc.go.jp/jade/
http://jade.dc.affrc.go.jp/jade/
http://jsnfri.fra.affrc.go.jp/shigen/kaikyo2/
http://jsnfri.fra.affrc.go.jp/shigen/kaikyo2/
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mechanisms explaining how these oceanographic conditions influence 

recruitment variability are necessary for reliable forecasting. Recruitment 

strength for D. gigas is highly correlated with ENSO events. Commercial 

catches of D. gigas off Peru tend to be small in the year of El Niño when 

primary productivity tends to be low (Waluda and Rodhouse, 2006). These 

features are useful to apply forecasting methods for recruitment strength. 

Distribution ranges (Field et al., 2007) and body size (Keyl et al., 2011) var­

ied largely during the recent 20 years along with recruitment variability in 

D. gigas, and it is important to determine how oceanographic conditions 

affect such changes. 

Oceanographic conditions around spawning grounds are often identified 

as a contributing factor in stock size fluctuations of Illex species (O’Dor, 

1998b; Waluda et al., 2001a) and T. pacificus (Okutani and Watanabe, 

1983; Sakurai et al., 2000). Recruit success of I. illecebrosus is considered 
to be related to larval transport by the Gulf Stream (Dawe et al., 2000, 

2007), which can be an indicator for forecasting recruitment strength. Stock 

size fluctuations of T. pacificus are hypothesized to be influenced by 
favourable conditions for spawning grounds inferred by the ideal water tem­

perature as estimated with rearing experiments (Sakurai et al., 1996). This 

hypothesis was verified by comparison with the relationship between stock 

size and variations in oceanographic conditions and inferred spawning gro­

unds (Rosa et al., 2011; Sakurai et al., 2000) and may be particularly useful 

for forecasting stock size at decadal or interdecadal timescales. 

In the Japanese stock management procedure for T. pacificus, annual total 
allowable catch (TAC) is set based on an allowable biological catch (ABC), 

which is calculated from the fishing mortality (Flim) and forecasted stock 

abundance in a target year. In this procedure, a spawner–recruitment rela­

tionship is used to forecast stock size in the target year, which is composed of 

new recruitment only. In the spawner–recruitment relationship for 

T. pacificus, proportional models were applied to forecast recruits and esti­

mate a biological reference point (Fmed) while avoiding overestimation 

derived from biases pointed out by Walters and Martell (2004). In a propor­

tional model in which a density-dependent effect is ignored, estimates of 

stock size are going to be relatively high (sometimes unreliable) but are con­

sidered to be safer using parameters estimated from proportional models than 

using those from density-dependent models (Hiramatsu, 2010). 

Decadal or interdecadal changes in environmental conditions are 

assumed to influence stock status and spawner–recruitment relationships 

of T. pacificus (Kidokoro, 2009; Kidokoro et al., 2013; Sakurai et al., 
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2000; Yamashita and Kaga, 2013). Therefore, the parameters used in 

spawner–recruitment relationships are estimated from data collected since 

1990 following an apparent regime shift (Hare and Mantua, 2000), but when 

the current regime changes, such parameters should be revised accordingly. 

Unfortunately, the exact mechanism with which changing environmental 

conditions influence the stock size of T. pacificus remains unclear, and it is 

difficult to predict when regime shifts might occur. However, the results 

of investigations show that spawning grounds (Goto, 2002), migration 

routes (Kidokoro et al., 2010; Nakata, 1993) and body size (Takayanagi, 

1993) all show changes that coincide with changing stock size. These 

changes are assumed to be closely connected with changing environmental 

conditions (e.g. regime shift). Therefore, forecasts of oceanographic condi­

tions that may be favourable or unfavourable for stock size based on changes 

in ecological traits may be easier to observe relative to estimation of stock 

size itself. It remains necessary to understand the mechanism with which 

these ecological changes affect stock size in order to allow better forecasts 

of future trends in stock size. However, caution must be exercised when 

deriving empirical stock–environment relationships in the absence of long 

time series (Solow, 2002). 

In their in-depth review of cephalopod stock assessment methods, Pierce 

and Guerra (1994) noted the promise of time-series models incorporating 

environmental information and multispecies models incorporating trophic 

dynamics. Georgakarakos et al. (2006) applied autoregressive integrated 

moving average techniques, artificial neural networks and Bayesian dynamic 

models incorporating environmental factors to forecast squid landings in 

Greek waters. Using a static mass-balance model, Gaichas et al. (2010) dem­

onstrated the utility of food web-derived predation information to inform 

stock assessments of incidentally caught squids for which predation mortality 

exceeds fishing mortality. 

4.6. Fishery-dependent assessment data 
Stock assessment methods incorporate several types of data, including abun­

dance indexes and biological data (e.g. age, length and maturity), which can 

be collected from fisheries (fishery-dependent) or fishery-independent 

methods such as surveys (Hilborn and Walters, 1992). Many assessed ceph­

alopod fisheries incorporate data from multiple sources. For example, the 

northwest Atlantic D. pealeii and I. illecebrosus fisheries are assessed using 
fishery-independent resource assessment trawl survey data, supplemented 

by a host of fishery-dependent data, including standardized landings per unit 
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effort (LPUE), size composition and discard data collected on board com­

mercial fishing vessels ( Johnson, 2011; NEFSC, 2011). Daily catch reports, 

fisheries observer data and electronic logbook data are all incorporated into 

assessments of D. gahi and I. argentinus off the Falkland Islands (Arkhipkin 
et al., 2013). 

4.6.1 Landings/catch data 
To fit a population dynamics or stock assessment model, a prerequisite is to 

collect suitable abundance indexes via fishery-independent surveys or by 

fishery-dependent catches. Fishery-independent surveys are generally 

designed to be standardized and data collected can be considered to be rep­

resentative of trend in stock abundance (Hilborn and Walters, 1992), but 

fishery-independent data are generally available for a short period (or not 

at all in small-scale fisheries) and abundance indexes for the rest of the year 

are often derived from commercial fisheries (CPUE or LPUE). Effort data 

can be difficult to obtain for small-scale, diverse artisanal fisheries; data col­

lected from sales at individual ports and auction sites can be used to generate 

CPUE indexes at a higher resolution than that possible with aggregated 

catch data (Lourenç o and Pereira, 2006). In small-scale cephalopod fisheries, 

interviews can be a suitable method for collecting catch and effort data in the 

absence of the infrastructure noted in the preceding text (Young et al., 

2006). However, in the absence of sufficient biological data collection, mis­

identification of similar species with different life histories or sex-specific 

catchability such as that observed for some octopus species can confound 

the use of CPUE to derive abundance indexes (Leporati et al., 2009). Even 

in some relatively well-sampled cephalopod fisheries, for example, those 

targeting California market squid (D. opalescens) and D. pealeii, management 

measures (catch limits) are set based on historical landings data in the absence 

of a functional assessment model or when confidence in assessment models is 

low (NEFSC, 2011; Zeidberg et al., 2006). 

4.6.2 Abundance index standardization 
A challenge when using fishery-dependent data (CPUE) to derive abun­

dance indexes is that fishing fleets are generally heterogeneous and fishing 

performance may vary with time. CPUE should therefore be standardized 

considering that resource catchability can vary according to spatiotemporal 

variables (such as fishing area, years and seasons) as well as vessel class vari­

ables (vessel length or engine power). The abundance index standardization 

was developed by Allen and Punsly (1984) for the Inter-American Tropical 
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Tuna Commission. Hilborn and Walters (1992) made a more general pre­

sentation of the methodology using a Gaussian error generalized linear 

model (GLM; McCullagh and Nelder, 1989) to statistically model the 

log-transformed CPUE using various explaining variables mentioned in 

the preceding text. However, this methodology is difficult to use when 

the data set is composed by numerous null values as is the case in multispecies 

fisheries such as trawl fisheries. In this case, a Delta-GLM enables modelling 

of resource presence/absence using a binomial error GLM and, at the same 

time, modelling of resource abundance using a Gaussian error GLM (Acou 

et al., 2011; Fletcher et al., 2005; Gras et al., 2014; Le Pape et al., 2003, 2007; 

Rochette et al., 2010; Stefansson, 1996; Syrjala, 2000). The explaining vari­

ables used in the Delta-GLM can be similar to those mentioned previously. 

The GLM methodology was used to standardize CPUE for various spe­

cies of octopods, O. vulgaris (Diallo and Ortiz, 2002; Erzini et al., 2005; 

Tserpes and Peristeraki, 2002), O. pallidus (Leporati, 2008), E. cirrhosa and 
E. moschata (Belcari et al., 2002). This methodology was also used to stan­

dardize loliginid CPUE (Cao et al., 2011; Glazer and Butterworth, 2002, 

2006; Roel and Butterworth, 2000; Roel et al., 2000; Royer et al., 2002; 

Tserpes and Peristeraki, 2002), and Illex CPUE (Chen et al., 2007). Finally, 

several studies performed the CPUE standardization for cuttlefish (Erzini 

et al., 2005; Garcı́a-Rodriguez et al., 2006; Royer et al., 2006; Tserpes 

and Peristeraki, 2002). In the NW Pacific Ocean, Tian et al. (2009a) found 

that using various spatial scales to aggregate O. bartramii CPUE influences the 

CPUE standardization. Moreover, Tian et al. (2009b) studied the influence 

of three groups of variables, spatial (longitude and latitude), temporal (year 

and month) and environmental (sea surface temperature, sea surface salinity 

and sea level height), concluding that month was the most important vari­

able influencing CPUE. Standardization using the delta-GLM methodology 

has been used to standardize the English Channel cuttlefish LPUE derived 

from French and UK bottom trawl fisheries prior to fitting a two-stage bio­

mass model (Gras et al., 2014). Increasingly, generalized additive models 

(GAMs; Hastie and Tibshirani, 1986) are being used to complement or sup­

plant GLMs for abundance index standardization (Venables and Dichmont, 

2004), including applications to cephalopods (e.g. Tian et al., 2009b). 

4.7. Fishery-independent data 
Fishery-independent data used in cephalopod stock assessments can be col­

lected in a variety of ways, including paralarval surveys, trawl surveys, jigging 

surveys and acoustic surveys. 



170 Paul G.K. Rodhouse et al. 

4.7.1 Paralarval surveys 
Paralarval surveys have been carried out to reveal spawning and nursery 

grounds for certain species in relation to annual variation in the marine 

environment, to understand population dynamics and to develop stock– 

recruitment models for commercially important species (Ichii et al., 

2011). The most precise method of collecting cephalopods for estimating 

distribution and abundance is by sampling paralarvae in their early life stage, 

because conventional estimation techniques such as trawling for mature 

adults have biases due to avoidance and escapement from net openings 

(Bower et al., 1999b; Vecchione, 1987). The density of cephalopod para-

larvae is relatively higher and more easily sampled than adults. 

A large variety of sampling gear has been used for capturing cephalopod 

paralarvae. Among them, the gear used for collecting plankton is used in 

many cases, such as a ring net (Bower, 1996; Bower et al., 1999b; Goto, 

2002), a Nansen net (Baron, 2003) and a bongo net (González et al., 

2005; Jorgensen, 2007). A neuston net that collects at the surface (rectangu­

lar midwater trawl; Hatfield and Rodhouse, 1994; Vidal et al., 2010b) used 

for sampling larger paralarvae or juveniles and multilayer samplers such as a 

MOCNESS (Multiple Opening/Closing Net and Environmental Sensing 

System; Moreno et al., 2009) and BIOMOC (BIOlogical Multiple Open­

ing/Closing; Diekmann et al., 2006) have also been applied to obtain 

paralarval samples. 

There are three general categories of sampling gear deployment: horizon­

tal tow, vertical tow and oblique tow. Horizontal tows are done when a vessel 

is moving at slow speed by attaching a weight to the net to ensure that the net is 

in a horizontal pattern. The length of the wire, vessel and winch speed are used 

to control the depth of the sampling gear. Vertical tows are usually used to 

study a particular layer and suitable to collect smaller paralarvae or eggs. 

Oblique tows combine features of both vertical tows and horizontal tows, 

which can sample from a desired depth layer between the surface and any 

depth (e.g. several metres off the bottom) while a vessel is running. It is done 

by slowly releasing the sampling gear from the surface to the given depth and 

then towing at that depth for a while before pulling the net towards the surface 

obliquely. A calibrated flowmeter is attached to the net mouth of sampling 

gear to measure the volume of water that passes through the net to quantify 

and standardize density. To confirm the accurate towing depth, a depth data 

logger or real-time depth sensor may be attached to the sampling gear. 

Hatfield and Rodhouse (1994) used bongo net and RMT to determine 

the distribution and abundance of paralarvae of D. gahi around the Falkland 
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Islands, and the distribution on the coastal shelf was associated with water-

column structure. Bower (1996) estimated ages and hatch dates of O. bar­
tramii sampled by ring net near the Hawaiian Islands and inferred spawning 

sites from hatch dates by back calculating with physical data on the speed of 

ocean current. Bower et al. (1999b) sampled paralarvae of 58 cephalopod 

species using ring nets near the Hawaiian Islands and classified onshore 

and offshore distribution patterns of each species based on distance from 

the Island. Goto (2002) revealed that the extent and range of area of suitable 

habitat for spawning of T. pacificus was related to the adult stock size by ana­
lysing a long time series (1972–1999) of paralarval sampled by ring net. 

González et al. (2005) found that the distribution and movement of 

O. vulgaris and L. vulgaris paralarvae collected in the western coast of the Ibe­
rian Peninsula followed the oceanographic circulation system associated 

with wind-driven seasonal upwelling. Vidal et al. (2010b) had shown that 

the patterns of distribution and density of I. argentinus paralarvae and small 

juveniles could be linked to oceanographic conditions (sharp pycnoclines) 

and high primary production in an upwelling area off southern Brazil. 

It is critical to understand the biology and ecology of early life stages 

before routine quantitative sampling for paralarvae. The identification of 

paralarvae to species is essential. Morphological characteristics such as mor­

phometrics and patterns of chromatophore distribution are usually useful for 

identifying species (Baron, 2003; Jorgensen, 2007). A molecular genetic 

method has also been employed for species-level identification of cephalo­

pod paralarvae (Gilly et al., 2006; Wakabayashi et al., 2006). 

It has also been reported that avoidance from the mouth of sampling gear 

in the survey of paralarvae may occur, as documented for adult and juvenile 

cephalopods (Collins et al., 2002; Haimovici et al., 2002). In order to collect 

more quantitative samples of paralarvae, larger openings of the net mouth 

and other modifications may be required, as well as an examination of 

the collection efficiency of each gear. 

4.7.2 Trawl and jigging surveys 
Assessing juvenile and adult stocks of cephalopods is a difficult task, and only 

a few assessments in the world have used fishery-independent data obtained 

by midwater or bottom trawl and jigging surveys. Nevertheless, long-term 

seasonal stratified random bottom trawl survey data have been used in the 

assessments of I. illecebrosus and D. pealeii in the continental shelf and slope 
waters of the northwest Atlantic Ocean (Hendrickson, 2004; NEFSC, 

2011). Pierce et al. (1998) estimated distribution and abundance of 
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L. forbesii from length–frequency data collected during demersal trawling 

surveys in Scottish waters and denoted that abundance from the February 

survey was suitable for indicator of commercial catch rate in the autumn 

of the same year. Litz et al. (2011) used pelagic and midwater trawl nets 

to estimate the horizontal distribution and abundance of D. gigas in the 
northern California Current system and reveal the relationship between 

physical oceanographic features and spatial distribution of the squid and 

its predator or prey. As trawl surveys are usually used to sample juveniles 

or adults, net avoidance and catch efficiency of the used gear need to be con­

sidered. Cod-end mesh size of sampling gear may be an important factor in 

estimation of length–frequency and abundance; several studies have exam­

ined trawl cod-end selectivity for the target species (Fonseca et al., 2002; 

Hastie, 1996; Hendrickson, 2011; Ordines et al., 2006; Tosunoğlu 

et al., 2009). 

The jigging method is a common way to catch squids and cuttlefish in a 

commercial fishery, but few studies using this method have been performed 

for the purpose of biomass estimation. One of the most important reasons for 

this is that colours and sizes of jigs and survey timing affect size selectivity and 

catch rate significantly because the jigging method employs a passive fishing 

gear exploiting the feeding behaviour of squids (Mercer and Bucy, 1983). 

Another problem with quantitative jigging surveys is the use of artificial 

lights to aggregate squid, so catch efficiency is affected by the spread and 

intensity of fishing light. Nonetheless, for the stock assessment of the 

Japanese common squid (T. pacificus), the results of a jigging survey (catch 
per time effort and number of jigging machines (CPUE)) and number of 

fishing machines) have been used for an abundance index (Kidokoro 

et al., 2013). Several studies of D. gigas in the Gulf of California have been 
conducted using jigging sampling for stock assessment (Nevárez-Martı́nez 

et al., 2000; Robinson et al., 2013). Nevárez-Martı́nez et al. (2000) esti­

mated biomass of D. gigas by stratified random sampling and swept area 

by strata using jigging survey data, which covered a grid of stations. 

4.7.3 Acoustic surveys 
For several decades, significant advances have been made in acoustics as a 

direct stock assessment tool for marine species (Stanton, 2012). In particular, 

assessments of biomass using a quantitative echosounder have been widely 

used for various fish species (Koslow, 2009; Simmonds and MacLennan, 

2005). The advantages of using acoustic methods over other traditional 

methods are the following: (1) nearly the whole vertical distribution can be 
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obtained quickly; (2) horizontal extent is continuous along a survey line; and 

(3) data resolution is high, that is, less than a metre vertically and tens of metres 

horizontally. Although several early studies of cephalopod stocks using acous­

tic methods were conducted (Shibata and Flores, 1972; Starr and Thorne, 

1998; Suzuki et al., 1974), these surveys tended to be qualitative rather than 

quantitative. Focusing on the more quantitative aspects, Goss et al. (2001) 

conducted two-frequency acoustic surveys for D. gahi around the Falkland 
Islands. These surveys revealed the potential of separation of squids from fin­

fish using dual-frequency acoustics, but the accurate biomass of this species 

was not estimated because the information about target strength, which is 

an essential parameter for the estimation of stock assessment using echo inte­

gration method, was not well enough understood. More recently, quantitative 

surveys for estimating cephalopod abundance have been conducted using 

acoustic equipment after obtaining reliable target strength measurements 

(Benoit-Bird et al., 2008; Kang et al., 2005; Kawabata, 2005; Mukai et al., 

2000; Soule et al., 2010). Distribution and density of T. pacificus were esti­
mated by acoustic survey using a quantitative echosounder off the Sanriku 

Coast of Japan in the western North Pacific Ocean and compared with a catch 

rate index of commercial fishery (Kawabata, 2005). These results showed that 

both density estimations almost agreed and demonstrated that direct abun­

dance estimation of this species using the acoustic method is possible. 

A sequence of acoustic studies for estimating the biomass in spawning schools 

of L. reynaudii have been conducted over 20 years off the southeast coast of 
South Africa (Augustyn et al., 1993; Lipinski and Soule, 2007; Soule et al., 

2010). These surveys have combined acoustic and trawl methods to obtain 

the abundance of inshore spawning aggregations and deeper offshore dis­

persed aggregations, respectively. A combination of both methods enables 

an estimate of the total abundance of mature squids during the spawning sea­

son. Acoustic surveys for estimating the distribution and abundance of D. gigas 
and the lightfish (Vinciguerria lucetia), which is one of the important prey for 

D. gigas, conducted in the Humboldt Current system off Peru indicated that 

spatial and temporal distribution and abundance between both species were 

similar (Rosas-Luis et al., 2011). 

One of the most important tasks facing an acoustic assessment is species 

classification and identification of acoustically detected targets. The identi­

fication of acoustic targets on the echogram is typically inferred from sam­

pling results that include species composition, length–frequency and other 

fundamental biological parameters. Other supplementary information such 

as detected depths in the water column, geographical location, survey timing 
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and knowledge of the species’ habits is also essential and helped identify 

acoustic echo signals. For the acoustic approaches to noninvasive species 

identification, multifrequency acoustics have been used for not only fish– 

plankton separation (Kang et al., 2002; Swartzman, 1997) but also squid–fish 

separation (Goss et al., 2001). Recent advances in broadband acoustics, for 

example, dolphin mimetic sonar, may provide more accurate species iden­

tification and classification techniques (Imaizumi et al., 2008; Stanton et al., 

2010), and broadband acoustic signal characteristics of live D. pealeii have 
already been estimated (Lee et al., 2012). 

Extensions of traditional fisheries acoustics approaches are acoustic– 

optical platforms that combine traditional echosounders with cameras to 

allow simultaneous target detection, species identification, enumeration 

and target strength estimation (Miksis-Olds and Stokesbury, 2007; Sawada 

et al., 2004) and the application of high-frequency sonars, or “acoustic cam­

eras”, that can detect and identify individual squid in darkness and turbidity 

(Belcher et al., 2001; Iida et al., 2006). The acoustic–optical platform 

employed by Miksis-Olds and Stokesbury (2007) has been used to quantify 

the abundance of D. pealeii captured in shallow-water fish traps with some 

success, particularly when squids were a high percentage of total catch. 

4.8. Way forwards for forecasting and assessment 
It is difficult to forecast stock size for most cephalopod stocks, often render­

ing management unreliable. In many cases, it may be most effective to com­

bine forecasting, monitoring and revising estimated stock size using the 

methods of preseason, in-season and postseason assessments. For example, 

in the case of T. pacificus stock management, an original TAC is set based 

on the stock size forecasted from postseason assessment data (e.g. 

spawner–recruitment relationship), and preseason assessments are conducted 

just before fishing season opens to forecast stock size again. If the results of 

preseason assessments are quite different from the forecasted stock size, it will 

be revised. After the fishing season opens, if real-time monitored data are 

quite different from the forecasted stock size used to set TAC, then manage­

ment measures can be adapted accordingly. Indicator-based approaches such 

as the “traffic light” approach employed by Ceriola et al. (2007) may also 

provide a dynamic means of generating timely information for fishery 

managers. 

Many recent developments have been made in stock assessment models 

that incorporate environmental processes, including those that affect 
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population dynamics in the form of recruitment, and spatially explicit effects 

on distribution and migration patterns (Keyl and Wolff, 2008). As the body 

of research on environmental effects on cephalopod distribution and abun­

dance grows, so too will the potential for application of such techniques. 

Similarly, as cephalopod stock identification techniques (e.g. tagging and 

genetics) improve (Semmens et al., 2007), the potential for application of 

the latest generations of spatially explicit stock assessment models (Cadrin 

and Secor, 2009; Goethel et al., 2011; Keyl and Wolff, 2008) will increase. 

Multispecies models or extensions of single-species models that incorporate 

trophic dynamics may improve assessments for some cephalopod species and 

are particularly timely with increasing emphasis on ecosystem-based 

approaches to fisheries management (e.g. Gaichas et al., 2010; Moustahfid 

et al., 2009). 

Recent advances in data-poor stock assessment methods (Pilling et al., 

2008; Starr et al., 2010) may have application for cephalopod species. 

Accounting for environmental effects on spatiotemporal distribution at 

multiple scales has implications for stock identification, survey design and 

interpretation of survey and landings data. For example, a revised under­

standing of stock structure based on an understanding of environmental 

effects on distribution has direct implications for assessment and manage­

ment (e.g. I. argentinus off Patagonia; Crespi-Abril et al., 2013). At finer 
scales, a knowledge of habitat preference can provide data with which 

to design or interpret results of seasonal resource assessment trawl surveys 

such as those used to provide data to assess the D. pealeii stock in the 
western North Atlantic (Manderson et al., 2011). Environmental effects 

on cephalopod availability to surveys can be modelled as environmentally 

influenced variations in catchability (e.g. Fréon and Misund, 1999; 

Maunder and Watters, 2003), an important parameter in many stock assess­

ment models that relates an index of abundance to population size 

(Arreguı́n-Sánchez, 1996; Hilborn and Walters, 1992; Wilberg et al., 

2010). Adjustments can also be made to survey data before input to assess­

ment models by incorporating data on environmental effects on distribution 

(e.g. Brodziak and Hendrickson, 1999). Environmentally induced distribu­

tional shifts render landings data difficult to interpret and create management 

challenges as new fisheries develop (e.g. D. pealeii off the northeast United 

States; Mills et al., 2013); this is particularly important for developing assess­

ment and management strategies to address the effects of climate change 

(Link et al., 2011; Pinsky and Fogarty, 2012). Continued participation of 

fishing communities in data collection, stock assessment and management 
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is critical for the sustainability of cephalopod fisheries (Arkhipkin et al., 

2013; Johnson, 2011), particularly with respect to the performance of 

in-season monitoring and assessment (Walters and Martell, 2004). Advances 

in acoustic and optical survey techniques for benthic cephalopod egg masses 

(Young et al., 2011; Zeidberg et al., 2012) may have application as a fishery-

independent index of future abundance of neritic species as well as a means 

of delineating important spawning habitat for protection. 

5. MANAGEMENT AND GOVERNANCE 

Globally, over half of all fish stocks are exploited. Of these, only 20% 

can be said to be moderately or underexploited, having the potential to 

expand (MRAG, 2010). Of those yielding less than their potential, 8% 

are depleted, 1% are recovering and 19% are overexploited (MRAG, 

2010). According to MRAG (2010), the percentage of overexploited, 

depleted and recovering stocks has tripled since the 1970s. Worm et al. 

(2009) reported an 11% decline in total biomass across all ecosystems of reg­

ularly assessed stocks. Research survey data (targeted and nontargeted spe­

cies) indicated a 32% decline in total biomass, a 56% decline in large demersal 

fish biomass (species 290 cm maximum length), 8% decline for medium-

sized demersal fish (30–90 cm) and 1% decline for small demersal fish 

(:30 cm), whereas invertebrates biomass increased by 23% and pelagic spe­

cies by 143% (Worm et al., 2009). As mentioned by Worm et al. (2009), 

these increases are likely due to decreases in the predator population. 

The depletion of many finfish species throughout the world over the last 

few decades has led to an increase in the commercial importance of ceph­

alopods (Chen et al., 2008; Pierce et al., 2010; Young et al., 2004). Ceph­

alopods seem to be one of the remaining marine resources, in some areas, 

that still experience an increase in landings (Boyle and Rodhouse, 2005). 

This has led to both the exclusive target of cephalopods using a variety of 

gear types and the increased targeting of cephalopods by fisheries tradition­

ally targeting finfish. For example, the Indian trawl fleet started targeting 

cephalopods along the west coast of India during certain seasons 

(Meiyappan et al., 2000), while the Tasmanian arrow squid, N. gouldi, fish­
ery expanded rapidly between November 1999 and February 2000, requir­

ing the immediate closure of state waters to the majority of large-scale 

automatic jig operators (Willcox et al., 2001). In the coastal waters of Africa, 

there has been an expansion of the foreign trawl fishery and a high 
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international demand for octopus, resulting in overfishing in some instances 

(Sauer et al., 2011). However, the development of local pot fisheries and ade­

quate management based on economic analysis are being developed in some 

cases (Oosthuizen, 2004; Raberinary and Peabody, 2011). Since 2003, indus­

trial fishing using longlines of pots targeting O. vulgaris and O. insularis has 
developed in southern and northeastern Brazil (Barahona et al., 2010; 

VASCONCELLOS et al., in press), and large-scale international fisheries 

for jumbo flying squid (D. gigas), Argentine short-fin squid (I. argentinus) 
and neon flying squid (O. bartramii) have also developed beyond the 200 miles 

territorial limit with a concomitant lack of management. 

5.1. General management challenges 
The increase in exploitation of cephalopods has resulted in a number of 

management challenges, with managers faced with not only the unique 

aspects of cephalopod biology but a large selection of management strategies 

and tools available for teleost stocks, including EAF, integrated coastal zone 

management, marine protected areas (MPA), balanced harvesting and var­

ious input and output control tools. In deciding on appropriate management 

strategies and measures, a broad understanding of the current management 

frameworks available is essential. 

Several management regimes exist for cephalopod fisheries, ranging from 

co-management regimes to rights-based management. A rights-based (access 

rights and withdrawal rights) approach is now broadly accepted as the most 

successful form of management for marine stocks, with a number of options 

applicable to cephalopods. As summarized by Charles (2009), access rights 

include both territorial use rights for fisheries (TURFs) where rights are 

assigned to individuals and/or groups to fish in certain locations, generally, 

although not necessarily, based on long-standing tradition, and limited entry 

access rights where governments issue a limited number of licences to fish. 

Withdrawal rights include quantitative input or effort rights. Effort-based 

use rights are where each fisher has the right to use a specified amount of gear 

or fish for a certain time period. In some instances, all fishers may have equal 

quantitative rights within a fishery or the rights may vary dependent on loca­

tion, boat size or other criteria. Quantitative output rights or harvest quotas 

require the subdivision of TAC into quotas allocated to sectors of the fishery, 

individual fishers or communities. Harvest rights can also be allocated as trip 

limits, while quotas can be further subdivided into individual transferable 

quotas (ITQs) or individual nontransferable quotas (INTQs). 
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Co-management systems are also popular, particularly in developing 

countries. In co-management regimes, resource users, government agencies 

and, sometimes, other stakeholders are responsible for the management of a 

specific area or set of resources (Gutiérrez et al., 2011; IUCN, 1996). There 

are many advantages to involving fishers in the management of their activity. 

Co-management arrangements have the capacity to increase fishers’ respon­

sibility and accountability, decrease their scepticism towards management, 

increase fishers’ likelihood of compliance with management policies and 

decisions and facilitate common understanding and establishing trust 

between fishers, government bodies and scientists (Coffey, 2005; Guidetti 

and Claudet, 2010; Jentoft and Kristoffersen, 1989; Jentoft and McCay, 

1995; Mikalsen and Jentoft, 2001; Pita et al., 2010). However, true 

co-management is rare and, in practice, fishers often still have little or no 

say in management decisions (Mikalsen and Jentoft, 2008). Examples of both 

rights-based and comanaged cephalopod fisheries are given under 

Section 5.3, which addresses current management initiatives. 

5.2. Limitations to management of cephalopod fisheries 
While management measures for finfish can be said to be fairly well 

advanced, managers responsible for cephalopod fisheries face a number of 

significant challenges. Cochrane and Garcia (2009) provided a useful set 

of general guidelines for fishery managers, which are applicable to cephalo­

pods, while Pierce and Guerra (1994) provided a list of the requirements 

for the successful assessment and management of cephalopod fisheries 

(see also Section 4). Certainly, a key challenge to successful management 

is the fact that all species are short-lived, often necessitating in-season 

assessment and real-time management of cephalopod populations (Pierce 

and Guerra, 1994). Further complicating management is the understanding 

of the role of cephalopods in exploited communities and ecosystems, partic­

ularly with respect to trophic interactions (Pierce and Guerra, 1994), and the 

fact that many species may have expanding numbers due to a decline of key 

predators and therefore thrive in disturbed environments. 

Broadly, fisheries management can be divided into three general aims: 

sustaining the fish stock, sustaining the fishery and sustaining fishery-related 

employment (Pilling et al., 2008). While the determination of the distribu­

tion and boundaries of cephalopod stocks can be said to be a fundamental 

requirement for fisheries management, the identification of these is often 

not possible, and many species undertake fairly extensive migrations and 
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have an expanding home range in years of good recruitment. A lack of 

species discrimination in official statistics, which often lump together species 

with very distinct distribution ranges and population dynamics (Cavaleiro, 

2006), further complicates any attempt to determine stock boundaries. 

Complicating management is also the fact that many fisheries straddle 

political boundaries, requiring intergovernmental bodies (Pope, 2009), 

often not geared towards making rapid decisions around a short-lived 

resource (e.g. D. gigas in the eastern central Pacific, which is exploited in 
the Peru, Mexico and Chile Exclusive Economic Zone (EEZ). 

Almost all management requires good long-term data on catch and effort 

and key biological information. This is a challenge to many cephalopod fish­

eries, particularly where cephalopods are caught as by-catch. The collection 

of appropriate fisheries statistical data by countries involved in cephalopod 

fisheries often lags that for finfish (Pierce and Guerra, 1994). Total nominal 

catches, fishing effort and CPUE and biological data are required for both 

simple and complex assessments of cephalopod stocks (Pierce et al., 2010). 

As described in the previous section on assessment and forecasting, stock 

assessments can be categorized as preseason, in-season or postseason, with 

preseason assessments used to estimate stock biomass at the start of the fishing 

season, in-season assessment using incomplete CPUE data to adjust fishing 

level activity throughout the fishing season and postseason assessment using 

complete CPUE data sets to establish management goals for the following 

fishing season. For example, DeLury depletion methods of assessment have 

been the approach of choice in squid fisheries around the Falkland Islands 

(e.g. Agnew et al., 1998a; Beddington et al., 1990; Rosenberg et al., 

1990), combined with limited entry access rights and quantitative output 

rights/harvest quotas. With modifications, this has been successfully used 

for a number of years. Production models (requiring only catch and effort 

data) have been applied with some success to cephalopod fisheries in the 

Saharan Bank (Bravo de Laguna, 1989), and modifications of this method­

ology, including additions for the influence of environmental factors, culmi­

nated in the implementation of a management plan in 2006 (Binet, 2012). 

Relatively accurate estimates of within-season stock size are essential for 

cephalopod fisheries managed by way of limiting catch (Young et al., 

2004); however, the cost of such an undertaking is often prohibitive and 

not a realistic management option. However, as stated by Cochrane 

(2002), fisheries managed by way of effort require slightly lower precision 

as removal rates generated by fishing effort levels can be judged over a series 

of years rather than on a year-by-year basis. 
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As for all fishing resources, a comprehensive knowledge of cephalopod 

species life cycles, particularly with respect to the distribution of spawning 

sites and early life stages, can be essential when implementing management 

measures such as gear restrictions and spatial or temporal closures/restric­

tions. Gear restrictions and closed areas and/or seasons have been used to 

limit the harvest of specific life stages (e.g. the South African L. reynaudii fish­
ery closed season during the peak spawning period), protect genetic reser­

voirs, protect habitat that is critical for the sustainability of a harvested 

resource, restrain excess fleet capacity and optimize the value of the catch, 

by limiting by-catch and protecting attributes of the ecosystem that are crit­

ical for its preservation (Cochrane, 2002). 

Interactions with other fisheries operating in an area, as well as biolog­

ical and fisheries information for mixed fisheries and/or by-catch species, 

further complicate management. Not only cephalopod fisheries using unse­

lective fishing gear, as well as those fisheries where cephalopods form one 

component of a mixed fishery, need to consider operational interactions 

with other fisheries, but also management measures taken for one compo­

nent of the fishery may conflict with measures taken for other components 

(Meiyappan et al., 1993). In the case of the western North Atlantic fishery 

for D. pealeii, by-catch of finfish in small-mesh trawls has led to manage­

ment measures such as minimum mesh sizes and fishery closures when 

by-catch limits are exceeded (Mid-Atlantic Fishery Management 

Council, 2011). 

A global problem in the management of fish stocks is the lack of infor­

mation on the economic and social dimensions of fisheries with key infor­

mation for managers often lacking. This is particularly important for both 

existing and new cephalopod fisheries, where stocks may go through a boom 

and bust period, and an understanding of the social and economic implica­

tions is essential when allocating access rights. For example, cephalopods are 

important fishery resources for several EU countries such as Spain, Portugal, 

Italy, Greece, France and the United Kingdom (Pierce et al., 2010). 

According to FAO (2004), the European market is the most important mar­

ket in the world for this resource, and most imports go to the south of 

Europe. Spain and Italy, for instance, are major importers of cephalopods 

(Pierce et al., 2010). Small-scale, directed coastal fisheries for cephalopods 

have increased dramatically in Europe, particularly in southern European 

countries where cephalopods are traditionally consumed. The huge increase 

in landings over the last few decades is basically due to the replacement of 

traditional relatively inefficient fishing gears (e.g. clay pots and trammel nets) 
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by more efficient gears, including modernized traditional gears and newly 

introduced gears such as plastic pots and fyke nets (Borges, 2001; 

Lefkaditou et al., 2002; Pierce et al., 2010; Young et al., 2006). Inshore local 

small-scale fishing fleets targeting squid, cuttlefish and octopus in Portugal, 

Spain, Italy and Greece are of considerable socioeconomic importance in 

terms of providing employment and income in coastal fishing communities 

(Pierce, 1999; Pierce et al., 2010; Shaw, 1994). 

In Portugal, the economic importance of cephalopods is relatively high, 

and there is an increasing economic dependence of small-scale fisheries on 

cephalopods. In Italy, most landings of cephalopods come from bottom 

trawlers, but a substantial fraction still depends on small-scale and mixed fish­

eries. Both activities employ an important number of local fishers in many 

small coastal communities along the Italian coast. Cuttlefish (S. officinalis) is  
one of the most significant marine resources in Lower Normandy, France 

(Pierce et al., 2010). In the United Kingdom, the most important commer­

cial cephalopod is the cuttlefish, and most catches of this species are from the 

English Channel. The cuttlefish fishery is based on a combination of trawling 

and artisanal fishing, the latter exclusively directed at cuttlefish. There is also 

increased targeting of squid (L. forbesii) by small-scale inshore trawlers in the 

Moray Firth (east coast of Scotland, the United Kingdom) (Young et al., 

2006). For instance, the small inshore trawler fleet in Burghead (a small 

fishing community in the Moray Firth) can make up to 50% of their annual 

revenue targeting squids for 3–4 months of the year. 

Therefore, the effect of management measures, such as effort or catch 

limitations and spatial or temporal closed seasons, on social and economic 

objectives needs to be considered. Also important is the effect of manage­

ment measures on the opportunity window to fish short-lived and fast-

growing species. Such measures can have large implications on catchability 

and therefore reduce profitability by reducing the available biomass produc­

tion. Measures, often seen as used to secure the biological objectives of a 

fisheries management plan, must also secure the socioeconomic objectives. 

Pomeroy and Fitzsimmons (1998) mentioned that both social information 

and economic information can aid fishery managers by giving them a better 

understanding of how management measures will be received and affected 

by individuals involved. 

Illegal, unreported and unregulated (IUU) fishing activities have become 

a global problem. They not only do have far-reaching economic and social 

impacts (DfID, 2007) but also are harmful to global fish stocks and under­

mine the effectiveness of management measures adopted regionally, 
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nationally and internationally (Agnew et al., 2009; Berg and Davies, 2002; 

Schmidt, 2004). IUU has been estimated to account for annual catches of 

11–26 million t of fish worth US $10–20 billion (Agnew et al., 2009). 

Addressing the global extent of illegal fishing, Agnew et al. (2009) calculated 

illegal and unreported cephalopod catch to be in the region of 25% of 

reported catch (lower and upper bounds of �12.5% and �38.5%, respec­

tively). IUU is particularly difficult to control on the high seas as the only 

authority able to prosecute a vessel for illegal activities is the vessels own flag 

state. High seas squid fishing activity has resulted in a number of issues such as 

unreported catches from high seas waters, the use of illegal gear and the 

poaching of resources in adjacent EEZ waters (MRAG, 2005). In a review 

of the impacts of IUU, MRAG (2005) summarized IUU squid fishing activ­

ity on the high seas. The southwest Atlantic Ocean high seas fishery for 

I. argentinus has been estimated to catch 50–100,000 t per year. The opera­

tion of this fleet, composed of jigging vessels and trawlers from numerous 

countries, just outside the Argentine and Falkland Islands’ EEZ has led to 

poaching within EEZ waters. Chinese vessels have been reported to use ille­

gal driftnets to target neon flying squid O. bartramii in the Pacific Ocean. Off 

Peru and northern Chile, licensed Japanese and Korean vessels target jumbo 

flying squid D. gigas, mainly within the Peruvian EEZ. Combined, an annual 

catch of 45,000 t has been recorded. China, a recent entrant into this fishery, 

has been estimated to catch around 40,000 t from adjacent high seas waters 

alone. In total, annual high seas IUU squid landings have been estimated to 

have a value of US $108 million. 

Most catches from small-scale octopus and squid fisheries in developing 

countries go unreported, in part because they are consumed locally and in 

part because keeping track of artisanal landings is difficult and expensive due 

to the large number of vessels involved and the geographically widespread 

nature of their activities. 

Localized or regional IUU activity can have equally harmful results. 

Often, the lucrative nature of short-term gains overrides long-term interests 

in maintaining the sustainability of the resource (Hauck and Sweijd, 1999). 

IUU activity reduces the incentives to comply with rules, particularly for 

legal fishers (Schmidt, 2004). An example of an extreme case of IUU activity 

(poaching) would be the South African abalone fishery. Not only were man­

agement initiatives unsuccessful due to the high financial returns of illegal 

fishing, but also criminal syndicates developed, fuelling exploitation and 

providing the means to export the product (Hauck and Sweijd, 1999). 

The commercial South African abalone fishery has since been closed. 
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Therefore, apart from scientific, economic and social information, com­

pliance with conservation-based measures is also essential to the proper man­

agement of fishery resources (Berg and Davies, 2002). Fishery monitoring, 

control and surveillance (MCS) contributes to good fisheries management 

by ensuring that appropriate controls are set, monitored and complied with 

(Berg and Davies, 2002). MCS involves both a preventative approach, 

encouraging voluntary compliance through understanding and support of 

management strategies by communities/fishers, and a deterrent/enforce­

ment approach that ensures the compliance by fishers who resist the man­

agement regime to the detriment of both the fishery and the economic 

returns to fellow fishers (Flewwelling, 2001). No one MCS solution exists 

for all fisheries but instead should be developed for either a specific fishery or 

a group of interacting fisheries based upon, among other factors, available 

and cost-effective resources, the desired and expected level of compliance, 

the value of the fishery and the state of the stock (Flewwelling, 2001). 

Flewwelling (2001) stressed every MCS system requires regular assessment 

to determine success in achieving strategic targets in the most cost-effective 

and efficient manner and to ascertain its effectiveness on compliance 

over time. 

5.3. Examples of current management of cephalopod fisheries 
worldwide 

While not exhaustive, Tables 2.3 and 2.4 give a synthesis of current man­

agement initiatives for cephalopod fisheries, highlighting some of the differ­

ences in approaches. For example, cephalopod fisheries in Europe are 

excluded from quota regulations under the Common Fisheries Policy 

(CFP). Pierce et al. (2010) came to the conclusion that this is likely a good 

thing, since the management arrangements that have evolved in the various 

small-scale fisheries across the EU effectively operate under a precautionary 

principle, apparently successfully regulating exploitation, despite the 

unknown size of stock. Plus, most management arrangements in place are 

tailored at the local level; fishers participate in the management of their activ­

ity; and, in some cases, co-management arrangements are in place (Pierce 

et al., 2010). European management regimes for cephalopod fisheries are 

done through input and output controls. Input controls consist mostly of 

setting limits to the characteristics of the gear and the number of licences 

and output controls by limiting the size and weight of the specimens landed 

(Pierce et al., 2010). Southern European countries appear to be the ones that 

more actively manage their cephalopod fisheries, possibly a reflection of the 



Table 2.3 Current management initiatives for small-scale cephalopod fisheries 
Targeted/ Management 

Species Location/country by-catch Gear type regime Management measures References 

Cuttlefish 

Sepia Greece, Aegean Trammel nets Pierce et al. 

officinalis and Ionian Seas (2010) 

Octopus 

Enteroctopus 
megalocyathus 

Southern Chile, 

southeastern 

Pacific 

Target and 

by-catch 

Free divers using 

gaffs and by-catch in 

crab traps 

Co-managemen t Four-month seasonal 

bans, minimum catch 

weight (1 kg), 3-year 

ban (2008–2011) 

IInstituto de 

Fomento 

Pesquero 

(2010), Castilla 

(2010) 

Enteroctopus 
megalocyathus 

Patagonian Gulfs 

and Shelf, SW 

Atlantic 

Targeted Scuba diving and 

gaffs 

No managemen t Ortiz et al. 

(2011) 

Octopus 
insularis 

Rio Grande do 

Norte State, 

northeastern Brazil, 

SW Atlantic 

Targeted in 

summer, 

by-catch in 

winter 

Free diving and 

compressor-aided 

diving (illegal) from 

small boats 

Top-down 

management, no 

enforcement 

Diving with air 

compressor forbidden, 

no enforcement of 

legislation 

Vasconcellos 

et al. (in press) 

Octopus 
insularis 

Northeastern 

Brazil, SW Atlantic 

Targeted Walking on the reef 

flats in the low tide 

with gaffs 

Top-down 

management, no 

enforcement 

Vasconcellos 

et al. (in press) 



Octopus Fernando de Targeted Free divers using Co-managemen t Limited number of Leite et al. 

insularis Noronha Islands, gaffs licences, minimum (2008) 

northeastern Brazil, DML (80 mm) 

SW Atlantic 

Octopus 
maya (and 
O. vulgaris) 

Mexico: Yucatan 

Shelf 

Targeted Baited lines Static 6.5-month closed 

season, minimum size 

(110 mm ML), 

prohibition of 

commercial diving and 

hooks 

Diaz-De-L eó n 

and Seijo (1992) 

Octopus 
mimus 

Northern Chile, 

southeastern 

Pacific 

Targeted Free divers using 

gaffs 

Rights-based 

and 

co-managemen t 

Four-month closed 

season, minimum 

landing size (MLS: 

1 kg), territorial use 

rights for fisheries 

(TURFs), exclusive 

fishing rights, 

extraexclus ive fishing 

rights allocated to 

subsistence and small-

Rocha and Vega 

(2003) 

scale artisanal 

communities 

Octopus Nuevo and San Targeted Fishing with gaffs No fisheries Narvarte et al. 

tehuelchus Jose Northern during low tide management but (2007) 

Patagonian Gulfs, access restricted 

SW Atlantic by MPA 

Continued 



Table 2.3 Current management initiatives for small-scale cephalopod fisheries—cont'd 
Targeted/ Management 

Species Location/country by-catch Gear type regime Management measures References 

Octopus Asturias, Spain Targeted Traps Rights-based TURFs, exclusive Ferná ndez­

vulgaris and fishing rights, Rueda and 

co-managemen t	 territorial use rights, Garcı́a-Fló rez 

sea zoning, closed (2007) 

seasons, MLS 

Octopus Greece, North Plastic/PVC pots	 <1500 pots/vessel, Pierce et al. 

vulgaris Aegean Sea (NE MLS (individual (2010) 

Mediterranean) weight, >500 g), 

fishing ban: 

July–September, 

fishing depth > 10 m 

Octopus Greece, North Targeted Fyke nets <1500 pots/vessel, Pierce et al. 

vulgaris Aegean Sea (NE individual weight (2010) 

Mediterranean)	 >500 g, fishing ban: 

July–September, 

fishing depth > 10 m 

Octopus Portugal Targeted Pots and traps	 MLS (main measure, Pereira (1999) 

vulgaris	 750 g), technical 

measures regulating 

gear 



Squid 

Dosidicus 
gigas 

Eastern Pacific 

Mexico EEZ and 

Gulf of California 

Targeted Hand jigging Sonora (Mexico): effort 

control 

Morales-

Bojó rquez et al. 

(2001b) 

Loligo 
reynaudi 

South Africa Targeted Hand-held jigs Rights-based Limited number of 

vessels, limits to 

number of crew 

depending on vessel 

size, 6-week annual 

closed season during 

peak spawning period 

Sauer (1995) 

Todarodes 
pacificus 

Northwest Pacific 

off Japan and Sea of 

Japan 

Targeted Jigging machine and 

squid fishing light 

Japan: Restricted by 

fishing areas, season and 

fishing light intensity. 

Allocation of TAC 

based on ABC. 

Kiyofuji and 

Saitoh (2004) 

DML: dorsal mantle length, ML: mantle length, MLS: minimum landing size, TAC: total allowable catch, ABC: available biological catch. 



Table 2.4 Current management initiatives for industrial cephalopod fisheries 
Targeted/ Management 

Species Location/country by-catch Gear type regime Management measures References 

Cuttlefish 

Sepia Lower Targeted Trawl and trap fish Co­

officinalis Normandy, management 

France 

Closed season, limited 

licences, fishing seasons, MLS, 

technical measures (mesh size, 

number of pots and traps), 

control number of vessels 

operating (a limit of 180 trap 

vessels and 140 coastal 

trawlers), regulating trawling 

within the 3 mile limit 

(Normandy regional orders) 

Pierce et al. 

(2010) 

Sepia Portugal Targeted Unbaited jigs MLS, technical measures (type Pierce et al. 

officinalis of mesh, mesh size) (2010) 

Octopus 

Octopus Ceará state, Targeted Pots longlines Co­ 15 boats under 15 m total Vasconcellos 

insularis northeastern management length, 5000 pots per boat. et al. (in press) 

Brazil, SW Individual mean weight 

Atlantic around 600 g 

Octopus Galicia, Spain Targeted Traps Co- Technical measures (mesh Pierce et al. 

vulgaris management size, number of vessels, (2010), Bañó n 

number of pots/traps per Diaz et al. (2006) 

vessel), time and area 

restrictions, limitation on the 

number of licences, MLS, 

closure period 



Octopus 
vulgaris 

Southern Brazil, 

SW Atlantic 

Targeted Pots longlines 28 boats with up to 20000 pots 

each. Individual ML over 

11 mm, around 1 kg 

Barahona et al., 

2010 

Octopus 
vulgaris 

Greece Targeted Traps and fyke nets Technical measures (number 

of pots/traps per vessel), time 

restrictions, MLS, closure 

period 

Pierce et al. 

(2010) 

Octopus Gulf of Cadiz, Targeted Pots and traps Technical measures (number Pierce et al. 

vulgaris Spain of pots/traps per vessel, length (2010) 

of line), area restrictions, 

MLS, closure period, ban on 

sport fishing for octopus 

Squid 

Berryteuthis 
magister 

Russia, northwest 

Pacific 

Targeted Bottom trawl Technical measures (restricted 

areas and periods), TACC at 

about 45–55% of the total 

assessed biomass 

Katugin et al. 

(2013) 

Doryteuthis 
opalescens 

California, 

United States 

Targeted Purse seine nets Rights-based Technical measures (closed or 

restricted areas), limitations to 

fishing effort and minimum 

sizes of mesh and species 

California 

Department of 

Fish and Game 

(2007) 

Doryteuthis 
pealeii 

United States Targeted Trawl ABC and DAH, fishery 

closure threshold, trip limits 

Mid-Atlant ic 

Fishery 

Manageme nt 

Council (2011) 

Continued 



Table 2.4 Current management initiatives for industrial cephalopod fisheries—cont'd 
Targeted/ Management 

Species Location/country by-catch Gear type regime Management measures References 

Illex	 Southwest Targeted Jigging machine Jigging boat entry. Real-time Agnew et al. 

argentinus	 Atlantic in the and squid fishing control (until the cumulative (2005) 

EEZs of light catch reaching 40% 

Argentina escapement) 

Illex	 Southwest Targeted, Jigging machine Illex licences. Real-time Arkhipkin et al. 

argentinus	 Atlantic FICZ of by-catch and squid fishing control (until the cumulative (2013) 

Falkland light, bottom trawl catch reaching 40% 

(Malvinas) Islands catch escapement). Restricted 

entry, closures 

Illex	 United States Targeted Small-mesh trawl TAC, ABC and DAH, Mid-Atlant ic 

illecebrosus depending on area	 Fishery 

Manageme nt 

Council (2011) 

Loligo forbesi	 Scotland, the By-catch Trawl None None Hastie et al. 

United Kingdom	 (whitefish (2009) 

directed 

trawl fishery) 

Doryteuthis	 Southwest Targeted Bottom trawl with Rights-based Seasonal licences, two fishing Hatfield and des 

gahi Atlantic FICZ of small-mesh liner seasons per year, real-time Clers (1998), 

Falkland management (may lead to Arkhipkin et al. 

(Malvinas) Islands early closure of fishery if (2013) 

necessary), “Loligo box”: 

grounds reserved for D. gahi 
fishing, i.e. finfish trawlers 

prohibited (coastal habitat is de 
facto MPA), individual 

transferable quotas 



Loligo 
vulgaris 

Portugal MLS Pierce et al. 

(2010) 

Nototodarus 
gouldi 

Tasmania and 

Australia 

Targeted Automatic squid 

jigging gear, trawl 

Rights-based Limited entry licensing for all 

fisheries, TAE (Southern 

Squid Jig Fishery only) 

Flood et al. 

(2012) 

Nototodarus 
sloanii 

New Zealand: 

southern islands 

Targeted Trawl TACC Chilvers (2008) 

only 

Nototodarus 
sloanii and 
N. gouldi 

Southern New 

Zealand 

Targeted Jigging machine 

and squid fishing 

light 

TACC Chilvers (2008) 

Nototodarus 
sloanii and 

Southern New 

Zealand 

Targeted Trawl Squid TACC. Since 2001, sea 

lion exclusion devices 

Chilvers (2008) 

N. gouldi 

Uroteuthis 
duvauceli 

India By-catch but 

targeted 

seasonally 

Trawl None None Meiyappan et al. 

(2000) 

ML, mantle length; MLS, minimum landing size; TAC, total allowable catch; TACC, total allowable commercial catch; ABC, available biological catch; DAH, domestic 
annual harvest; TAE, total allowable effort. 
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long history of the exploitation of these resources and of the local impor­

tance of the species. These countries are the ones with the greatest internal 

consumption of the resources and those in which the relative economic 

and/or social value of the fisheries is the greatest. For instance, in Portugal 

and Spain, the minimum landing weight for the common octopus is 750 g, 

and in Greece, it is 500 g (Pierce et al., 2010). In some parts of Spain (e.g. 

Galicia, northwest Spain and the Gulf of Cádiz, all in the Atlantic), the min­

imum landing weight for common octopus was increased to 1 kg in 2008 

(Pierce et al., 2010). Examples of cephalopod fisheries management through 

co-management systems include the Asturian octopus artisanal fishery 

(Spain), cuttlefish in Lower Normandy (France) and the small-scale octopus 

fishery in northern Chile. 

In contrast to the aforementioned European examples, cephalopod fish­

eries in Africa are often largely unmanaged, exceptions being a hand jig fish­

ery for L. reynaudi in South Africa and some octopus fisheries. For 

L. reynaudi, management is by way of effort limitation. Effort has been 

capped at a level that secures the greatest catch in the long term without 

exposing the resource to the threat of reductions to levels at which recruit­

ment success is compromised or catch rates become economically unviable 

(Anon, 2010), with limits on the number of fishers, a closed season and 

closed areas for fishing. Artisanal fishing for octopus is an important subsis­

tence and economic activity practised by local coastal communities in the 

western Indian Ocean, particularly in Tanzania, Mozambique, Madagascar 

and Kenya (Guard, 2009; Otieno, 2011). Initially caught for local and inland 

consumption, export to European and Far Eastern markets has led to a rise in 

demand (Guard, 2009). An interesting community-based approach to man­

aging octopus fisheries has recently been introduced in the south of Mada­

gascar with pilot no-take zones introduced to demonstrate the tangible 

fisheries benefits of protecting one of the region’s most economically impor­

tant marine resources and to increase the involvement of local communities 

in marine resource management (Epps, 2007). The pilot no-take zone was 

successful and resulted in an increase of catches as well as an increase in the 

price paid by commercial buyers after the closure. This success increased the 

interest of the Andavadoaka community and adjacent fishing communities 

in Madagascar in developing additional no-take zones. A similar exercise has 

recently taken place in Rodrigues (Epps, 2007). 

Tables 2.3 and 2.4 highlight the lack of routine assessment for cephalo­

pods with few countries collecting detailed data on cephalopod fisheries, 

suggesting the introduction of a precautionary approach to management 
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in many cases. In 1996, following a 1995 Technical Consultation on the 

Precautionary Approach to Capture Fisheries in Sweden, the FAO publi­

shed a set of guidelines on the precautionary approach to capture fisheries 

and species introductions (FAO, 1996). These guidelines, as summarized 

by Punt (2006), include the following principles: 

•	 A level of precaution commensurate to risk should be applied at all times 

to all fisheries. 

•	 Potentially irreversible changes should be avoided (to maintain options 

for future generations). 

•	 Undesirable outcomes should be anticipated and measures be taken to 

reduce their likelihood. 

•	 Corrective measures should be applied immediately and be effective 

within an acceptable time. 

•	 Precautionary limits should be placed on fishing capacity on highly 

uncertain resources. 

•	 All fishing activities should be subject to prior authorization and periodic 

review. 

•	 The burden of proof should be appropriately (realistically) placed. 

•	 Standards of proof commensurate with the potential risk to the resource 

should be established. 

•	 The approach should be formalized in a comprehensive legal and insti­

tutional framework. 

Specific guidelines for applying the precautionary approach to artisanal 

fisheries and new or developing fisheries were also addressed (FAO, 

1996). For artisanal fisheries, guidelines suggest limiting risks to resources 

and the environment with the use of closed areas, delegating certain 

management decisions to the community (co-management), limiting the 

influence of industrial fishing on resources harvested by the community 

and investigating the influence of social and economic factors on fishing 

pressure. 

Precautionary principles that would apply to data-poor and unmanaged 

fisheries include (1) controlling access to the fishery; (2) conservatively cap­

ping fishing capacity and mortality rate by limiting effort or TAC until data 

analysis to justify increases can be carried out; (3) avoiding new investment 

in the fishery by temporarily licensing vessels from another fishery and all­

owing flexibility to phase out vessels if necessary; (4) closed areas to limit 

risks to the resource; (5) establishing precautionary, preliminary biological 

limit reference points; (6) encouraging responsible fishing through 

co-management or tenure of fishing rights; (7) encouraging the 
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development of fisheries that are economically viable without long-term 

subsidies; (8) establishing a data collection and reporting system; (9) starting 

research programmes on the stock and fisheries; and (10) setting up exper­

imental situations to generate information on the resources. 

In the past, management approaches have been based on target reference 

points (TRPs), the specific values of indicators for catch, biomass and fishing 

mortality regarded as optimal (Caddy, 2004). However, it has been shown 

that once a TRP is overshot, the stock becomes vulnerable to overfishing 

(Caddy, 1998). Caddy and Mahon (1995) put forwards the concept of limit 

reference points (LRPs) (which has been recommended following the 

United Nations Conference on Environment and Development; Caddy, 

2004) as one way of defining the limits to exploitation of a stock and so 

implementing a more precautionary approach. Integral to this approach is 

prenegotiating responses to unfavourable events and implementing these 

responses when a fishery approaches an LRP (Caddy, 1998). As noted by 

Caddy (1998), almost all RPs currently in use are based on the availability 

of age-structured data and on information on stock and recruitment 

accumulated over a significant period of time. Defining reference points 

for data-poor fisheries, such as the majority of cephalopod fisheries, could 

be somewhat difficult. Caddy (1998) however had proposed a number of 

ways LRP can be used in the management of data-poor fisheries. For exam­

ple, it may be possible to set a single LRP that corresponds to serious but not 

catastrophic conditions and then pick a TRP based on estimates of variance 

and probability of overshoot. See Caddy (1998) for a full review on appli­

cation in data-poor fisheries and Caddy (2004) for the potential application 

of RPs to invertebrate fisheries specifically. 

However, in undeveloped or developing countries, in which many 

small-scale octopus fisheries occur, obtaining adequate data for fisheries 

management is only a small part of the problem. The lack of adequate insti­

tutions; management organizations; monitoring, control and surveillance 

(MCS) bodies; and enforcement prevents the efficient management of 

resources. 

Factors contributing to the unsustainability and overexploitation of 

small-scale octopus, and other invertebrate, fisheries in Latin America have 

been explored by Narvarte et al. (2007). Unsustainability of these fisheries is 

explained as follows: 

•	 The irregularity in recruitment of target species produces difficulties 

in long-term planning (complexity and lack of knowledge concerning 

biological/ecological processes). 
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•	 There are numerous incentives for entering the fishery, investments 

required are low, and there is a common belief held in the community 

that the fishery could mitigate all unemployment problems when reduc­

tion or collapse occurs in other economic activities. 

•	 Violations of norms and regulations (evident in illegal captures of banned 

species, violation of established catch quotas, use of unpermitted 

methods, etc.) and the high prices obtained for the resources in closed 

seasons lead to irresponsible behaviour (e.g. clandestine harvesting) by 

some individuals. 

•	 Lack of organization among fishers and lack of understanding of 

harvesting rights for the resources. 

•	 Poverty and lack of satisfaction of basic living requirements in the coastal 

collector segment, especially related to those engaged in collecting octo­

pus. One problem is the abandonment of fishing as an activity to pursue 

other nonfishing-related employment. When the trade is abandoned at 

an early age, it is difficult to recover abilities required for fishing. 

•	 Conflicts with other activities (e.g. growth of tourism affects the natural 

habitat of the octopus). 

•	 Lack of organization and a collective strategy by fishers in marketing 

their catches, which produces competition among them, thus lowering 

prices. This in turn puts pressure on increasing the catches to maintain 

incomes. 

•	 Lack of initiatives for fishers to develop value-added products at the site 

of production. Although infrastructures exist for processing catches, 

catches are commercialized whole, at places far from their origin. 

•	 Institutional difficulties to rapidly and efficiently respond to requests for 

information and technical assistance. 

These points raised by Narvarte et al. (2007) also apply to other regions. For 

instance, cephalopod fisheries in Argentina, Brazil, Chile and Mexico have 

some data on landings, are subject to nominal rules and have some informa­

tion on the biology of the resources, yet rules are seldom enforced and fishers 

usually violate the norms. 

5.4. The use of Marine Protected Areas as a general 
conservation tool 

MPAs may provide refugia for a variety of species including cephalopods, 

and they have occasionally been used as management tools (sometimes 

experimentally) for cephalopod fisheries (e.g. in Portugal and Spain). 
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In general, MPAs set up in areas of previous small-scale fisheries continue to 

allow small-scale exploitation of a variety of species including cephalopods, 

which is a special form of spatial planning. In Portugal legislation regulates 

cephalopod catches by recreational fishers within specific MPAs. The MPA 

“Parque Natural do Sudoeste Alentejano e Costa Vicentina” in the south­

west coastal area of Portugal, for instance, limits octopus catches to two 

octopuses per fisher per day, while the number of entry licences is also 

restricted (legal diploma “Portaria” 115-A/2011). In northeastern Brazil, 

most small-scale octopus fisheries can function within MPAs, but legislation 

on MPAs is more strict and enforced more efficiently than fisheries legisla­

tion, which results in easier and more efficient implementation of catch lim­

itations. In South Africa, no-take MPAs are used as a management tool for 

L. reynaudi (Sauer, 1995). 

5.5. Recreational fishery data 
Recreational fisheries for cephalopods do exist in countries with a tradi­

tional consumption of cephalopods, but they are often not well docu­

mented. As a long-standing recreational tradition, people hunt for 

octopus on the shore by employing dedicated gear to catch the animals 

from rocky tide pool areas or in shallow infratidal areas accessible during 

low tides. By luring them out of shelter with bait, octopuses become acces­

sible to any spearing or hooking device, of which the “Bicheiro” has been 

described already in the nineteenth century by Baldaque da Silva (1891). 

Octopuses are also caught by recreational fishers from boats or other float­

ing platforms by means of jiglike devices, which are essentially baited rods 

terminated by a number of hooks designed to penetrate the muscle of the 

attracted animal by means of a sudden jerking movement. Squids are cau­

ght with hand-held jigs in a number of countries. Cuttlefish are rec­

reationally caught by means of snorkelling and spearing, throughout 

much of the distributional range of each species. Where legislation exists, 

it often sets an overall limit on daily allowable catches, regardless of species: 

for example, in Portugal, Ordinance n �14 of 23 January 2014, Article 12, 
n �1, states that recreational fishery catches cannot exceed the daily limit of 

10kg per person for all species combined, excepting the possibility of one 

larger-than-the-limit specimen of fish or cephalopod; and n�2 further states 
that if fish or cephalopods are not included in the catches, the limit is 

lowered to 2 kg per person. Where legislation exists, it often sets an overall 

limit on numbers, regardless of species. 
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5.6. The way forwards: Balancing the many objectives of 
management 

We suggest that in order to address the complexities discussed in this chapter, 

we should be exploring an ecosystem approach to cephalopod fisheries 

(EACF) (FAO, 2003) defined as “An ecosystem approach to fisheries strives 

to balance diverse societal objectives, by taking into account the knowledge 

and uncertainties about biotic, abiotic and human components of ecosys­

tems and their interactions and applying an integrated approach to fisheries 

within ecologically meaningful boundaries”. A set of general practical 

guidelines exists and a start is now being made in a number of countries 

in implementing EAF, including South Africa, Mauritius, Seychelles, 

Tanzania, Kenya, Madagascar and Uganda. 

The goals of EAF are “to balance diverse societal objectives, by taking 

into account the knowledge and uncertainties about biotic, abiotic, and 

human components of ecosystems and their interactions and applying an 

integrated approach to fisheries within ecologically meaningful boundaries” 

(FAO, 2003). The approach thus intends to foster the use of existing man­

agement frameworks, improving their implementation and reinforcing their 

ecological relevance, and will contribute significantly to achieving sustain­

able development (Garcia, 2003). 

However, implementation and effectiveness will undoubtedly benefit 

from reducing important uncertainties, and further research is needed for 

this purpose including better understanding of ecosystem structure and func­

tion and how fisheries affect them; integrating social, economic and ecolog­

ical considerations into decision making; improving the management 

measures available to implement EAF; understanding the management pro­

cess better; and improving monitoring and assessments (Garcia and 

Cochrane, 2005). 

Fisheries production and yield are constrained by a number of factors that 

can be classified as biological, ecological and environmental, technological, 

social and cultural and economic considerations (Cochrane, 2002). Fisheries 

for cephalopods are often multispecific, which means that it is nearly impos­

sible to manage them on a single-species basis. However, nearly all fisheries 

management to date is focused on biological reference points for single spe­

cies. This means that measures taken to ensure the sustainable yield of a spe­

cies completely ignore the remaining assemblage. Yet, it is a well-established 

fact that many fisheries will include destructive gear impacts on the sea floor, 

unwanted by-catch and eventually ecosystem effects such as changes in 

species richness and composition and relative species abundance. 
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We recognize the sometimes conflicting objectives and management 

aiming to maximize fisheries production often make it impossible to have 

a large abundance of both cephalopods and finfish (perhaps due mostly to 

predatory interactions). Management is often aimed at optimizing species 

assemblage abundance, either from a purely economical perspective (i.e. 

maximizing the abundance of the economically most-valuable species) or 

from a biodiversity (or species richness) perspective (i.e. maintaining the 

undisturbed species balance). More complex adaptive management systems 

are currently being explored, of which the responsive fisheries management 

system being developed through the EU-funded EcoFishMan project 

(www.ecofishman.com) is a good example. 

Despite the increasing social and economic importance of cephalopod 

fisheries in Europe, very little information exists on the human dimensions 

of these fisheries. As identified by Pierce et al. (2010) on a major review of 

cephalopods fisheries in Europe, there is an urgent need for a detailed anal­

ysis of the economic and social importance of these fisheries locally as well as 

at the national levels, including bioeconomic studies of the fleets targeting 

cephalopods, and the evaluation of possible socioeconomic implications of 

alternative management strategies at the local level. 

Small-scale and artisanal fisheries face different challenges. Guard (2003, 

2009) had listed potential management actions that can be applied to artisanal 

octopus fisheries. They are as follows: 

•	 Initiation of a stock assessment programme and continued catch 

monitoring 

•	 Introduction of rotational or “pulsed” fishing regimes 

•	 Collaborative agreements for restriction of fishing outside of spring tide 

periods 

•	 Temporary reef closures and reduced fishing effort during brooding 

periods 

•	 Introduction of size limits 

•	 Collaborative licence scheme for octopus fishermen and the formation 

of community stewardship groups 

•	 Introduction of recommended maximum sustainable yields and associ­

ated effort for each octopus fishery 

• Dissemination of results and community awareness raising 

Fishers input (through co-management) should always be utilized when 

developing management strategies. Fishers can contribute information 

regarding the stock structure (in terms of migrations patterns, spawning gro­

unds and juvenile habitat), schooling behaviour, habitat preference, gear 

http://www.ecofishman.com
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selectivity and effort changes as a result of new regulations ( Johnson, 2011; 

Johnson and van Densen, 2007). Another positive outcome of 

co-management is the potential for cooperative research or research con­

ducted in partnership with industry (Arkhipkin et al., 2013; Johnson, 

2011; Johnson and van Densen, 2007). 

Several approaches have promise for by-catch reduction in cephalopod 

fisheries, for example, finfish by-catch and the associated regulations in the 

United States. D. pealeii small-mesh trawl fishery has spurred experimenta­

tion with gear modifications to reduce by-catch (Bayse et al., 2014; Glass 

et al., 1999; Hendrickson, 2011) and research on environmental factors driv­

ing species co-occurrence (Lange and Waring, 1992; Manderson et al., 

2011), as well as exploration of the potential utility of by-catch avoidance 

strategies (e.g. Bethoney et al., 2013). 

There is a need for more effective monitoring, control and surveillance 

(MCS) while recognizing that there is no unique MCS solution for all fishery 

situations, nor inherently right or wrong approaches to the implementation 

of MCS systems (Berg and Davies, 2002). Large-scale cephalopod fisheries, 

especially international industrial squid fisheries, generally target straddling 

stocks or species occurring both within the exclusive economic zone and 

in areas beyond and adjacent to the zone. I. argentinus, D. gigas, T. pacificus 
and O. bartramii stocks are under proper management and regulation by each 

country or bilateral exploiting these resources and are well monitored, con­

trolled and kept under surveillance. In contrast, however, those stocks caught 

on the high seas are generally under no control or management due to the 

lack of international regulation or no establishment of regional fisheries man­

agement organizations (RFMOs). Cooperation between RFMOs or multi­

national agreements are essential, especially for neon flying squid O. bartramii, 
jumbo flying squid D. gigas, Japanese common squid T. pacificus and Argen­
tine short-fin squid I. argentinus fisheries operating in country EEZs and open 
seas. Small-scale cephalopod fisheries target species generally more local and 

nonmigratory and stocks are smaller. The lack of effective monitoring, con­

trol and surveillance and basic statistical information hampers effective man­

agement and should be addressed, including an understanding of migrant 

fishers. In many cases, policy/legislation is not adequate. 

6. CONCLUSIONS 

The understanding of cephalopod population dynamics is largely 

based on coastal and shelf species that are exploited by fisheries, but these 
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may not represent the large populations of oceanic and deepwater species. 

The exploited species often have complex and variable cohort and micro-

cohort structures within the population, which may vary annually in terms 

of life cycle parameters, migration and abundance. There is a risk that this 

complexity can obfuscate interpretation of population dynamics, especially 

when only short-term data sets are available. Population variability is linked 

to the environment, but trophic relationships, a dominant theme in theoret­

ical ecology, are poorly understood over the whole life cycle in cephalopod 

populations and receive little attention in research on population variability. 

In most cases, neither environmental impacts nor trophic relationships are 

explicitly included in stock assessment models. Intrinsic elements and tro­

phic relationships are probably no less important than environment in shap­

ing cephalopod life cycles, population dynamics and recruitment, but their 

incorporation into workable management strategies is more difficult than 

incorporating environmental effects because of the mathematical and statis­

tical challenges involved and high biological variability, which may in fact 

contain a strong environmental signal. 

The effects of environmental parameters on cephalopod population var­

iability will operate on different timescales. Fisheries management in the 

short term is concerned with interannual variability. In the long-term ecol­

ogists, fishery managers and policy makers are concerned with the effects of 

global climate change. Although much attention focuses on warming, others 

aspects of measured and predicted change include ocean acidification, 

changes in oxygen tension, salinity and macro- and mesoscale oceanogra­

phy. All of these will drive changes to whole ecosystems, which will impact 

on particular species groups including cephalopods. 

Cephalopod populations could be good indicators of short-term envi­

ronmental variability, if we could only understand fully what they are telling 

us, but their response top short term variability means they are poor indica­

tors of long-term change because the long-term signal is masked by the 

annual noise. Nevertheless, cephalopods could be long-term winners under 

global climate change because they are ecological opportunists and have 

plastic population dynamics. Also, because they are short-lived and can 

reproduce fast, they may be able to evolve more rapidly under high selection 

pressure relative to many fish competitors and predators. 

A range of assessment methods is used in different cephalopod fisheries, 

depending on the characteristics of the species concerned, the particular 

fishery and the resources available to managers. Given the importance of 
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forecasting in fisheries for short-lived species, there is a strong argument for 

combining appropriate stock assessment methods with environmen­

tal predictions based initially on empirical relationships between environ­

mental variability and stock variability. In the longer term, as mechanisms 

explaining these relationships become better understood, this approach 

will become more robust. With current state of knowledge, the use of 

pre-fishing season assessments is strongly recommended. Empirical relation­

ships between stock and environment, especially when they are based on 

short time series, should be used with caution as they may be revealed 

to have been illusory in the light of data collected over a longer period. 

Given the current levels of uncertainty in even the best-managed fisher­

ies, a precautionary approach is nearly always indicated. Ecosystem-based 

management of cephalopod fisheries should become the norm. Generally, 

this involves ensuring that harvesting does not decrease the size of any pop­

ulation below that which is required for stable recruitment over time, that 

ecological relationships are maintained between harvested populations and 

those populations that depend on them or are otherwise related to them and 

that the risk of causing irreversible changes to the ecosystem is prevented or 

minimized. The ecosystem approach to fisheries also implies consideration 

of the socioeconomic dimensions of fisheries. Cephalopod fisheries, in com­

mon with fisheries for other groups of organisms, will benefit in most cases 

from the introduction of participatory approaches to management, which 

engage all stakeholders from fishers to managers, scientists and policy 

makers. Where this approach has been adopted collaboration has increased 

understanding on all sides resulting in better regulations and better compli­

ance and hence greater likelihood of long-term sustainability. 
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between the jumbo squid (Dosidicus gigas) and the lightfish (Vinciguerria lucetia) in the 
Humboldt Current System off Peru. Sci. Mar. 75, 549–557. 

Rosenberg, A.A., Kirkwood, G.P., Crombie, J.A., Beddington, J.R., 1990. The assessment 
of annual stocks of squid species. Fish. Res. 8, 335–350. 

Rowell, T.W., Trites, R.W., Dawe, E.G., 1985. Distribution of shortfinned squid (Illex 
illecebrosus) larvae and juveniles in relation to the Gulf Stream Frontal Zone between Flor­
ida and Cape Hatteras. NAFO Sci. Coun. Stud. 9, 77–92. 

Royer, J., Périès, P., Robin, J.P., 2002. Stock assessments of English Channel loliginid squids: 
updated depletion methods and new analytical methods. ICES J. Mar. Sci. 59, 445–457. 

Royer, J., Pierce, G.J., Foucher, E., Robin, J.-P., 2006. The English Channel stock of Sepia 
officinalis: modeling variability in abundance and impact of the fishery. Fish. Res. 
78, 96–106. 

http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2285
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2285
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2285
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2290
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2290
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2295
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2295
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2295
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2300
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2300
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2300
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2300
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2305
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2305
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2310
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2310
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2310
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2315
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2315
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2315
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2320
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2320
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2325
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2325
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2325
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2330
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2330
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2330
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2335
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2335
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2335
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2340
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2340
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2340
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2345
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2345
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2345
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2345
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2350
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2350
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2350
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2350
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2355
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2355
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2360
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2360
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2360
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2365
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2365
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2370
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2370
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2370


227 Implications for Management of Fisheries 

Sacau, M., Pierce, G.J., Wang, J., Arkhipkin, A.I., Portela, J., Brickle, P., Santos, M.B., 
Zuur, A.F., Cardoso, X., 2005. The spatio-temporal pattern of Argentine shortfin squid 
Illex argentinus abundance in the southwest Atlantic. Aquat. Living Resour. 18, 361–372. 

Sakurai, Y., Bower, J.R., Nakamura, Y., Yamamoto, S., Watanabe, K., 1996. Effect of tem­
perature on development and survival of Todarodes pacificus embryos and paralarvae. Am. 
Malacol. Bull. 13, 89–95. 

Sakurai, Y., Kiyofuji, H., Saitoh, S., Goto, T., Hiyama, Y., 2000. Changes in inferred 
spawning areas of Todarodes pacificus (Cephalopoda: Ommastrephidae) due to changing 
environmental conditions. ICES J. Mar. Sci. 57, 24–30. 

Sakurai, Y., Kiyofuji, H., Saitoh, S., Yamamoto, J., Goto, T., Mori, K., Kinoshita, T., 2002. 
Stock fluctuations of the Japanese common squid, Todarodes pacificus, related to recent 
climate changes. Fish. Sci. 68 (Suppl. I), 226–229. 

Sakurai, Y., Kidokoro, H., Yamashita, N., Yamamoto, J., Uchikawa, K., Takahara, H., 
2013. Todarodes pacificus, Japanese common squid. In: Rosa, R., Pierce, G., 
O’Dor, R. (Eds.), Advances in Squid Biology, Ecology and Fisheries. Part II Oegopsid 
Squids. Nova Biomedical, New York, pp. 249–272. 

Sanchez, P., Obarti, R., 1993. The biology and fishery of Octopus vulgaris caught with clay 
pots on the Spanish Mediterranean coast. In: Okutani, T., O’Dor, R.K., Kubodera, T. 
(Eds.), Recent Advances in Cephalopod Fishery Biology. Tokai University Press, 
Shimizu, Japan, pp. 477–487. 

Santos, M.B., Clarke, M.R., Pierce, G.J., 2001. Assessing the importance of cephalopods in 
the diets of marine mammals and other top predators: problems and solutions. Fish. Res. 
52, 121–139. 

Sasaki, M., 1921. On the life history of an economic cuttlefish of Japan, Ommastrephes sloani 
pacificus. 9, Transactions of Wagner Free Institute of Science in Philadelphia, 
Philadelphia, USA, pp. 1–25. 

Sasaki, M., 1929. Supplementary notes on the life history of an economic cuttlefish, 
Ommastrephes sloani pacificus, Steenstrup. Jap. J. Zool. 2, 199–211. 

Sato, T., Hatanaka, H., 1983. A review of the assessments of Japanese distant-water fisheries 
for cephalopods. In: Caddy, J.F. (Ed.), In: Advances in Assessment of World Cephalopod 
Resources, Fisheries Technical Paper No. 231, FAO, Rome, pp. 145–203. 

Sauer, W.H., 1991. Aspects of the ecology of the chokka squid Loligo vulgaris reynaudii 
(D’Orbigny) in Algoa Bay and St. MSc Thesis, University of Port Elizabeth (South 
Africa), Francis Bay. 

Sauer, W.H.H., 1993. The ecology of spawning squid, Loligo vulgaris reynaudii, in the inshore 
areas of the Eastern Cape, South Africa. PhD Thesis, University of Port Elizabeth, South 
Africa. 

Sauer, W.H.H., 1995. South Africa’s Tsitsikamma National Park as a protected breeding area 
for the commercially exploited chokka squid Loligo vulgaris reynaudii. S. Afr. J. Mar. Sci. 
6, 365–371. 

Sauer, W.H.H., Smale, M.J., 1993. Spawning behaviour of Loligo vulgaris reynaudii in shallow 
waters of the south eastern Cape, South Africa. In: Okutani, T., O’Dor, R.K., 
Kubodera, T. (Eds.), Recent Advances in Cephalopod Fishery Biology. Tokai 
University Press, Shimizu, Japan, pp. 489–498. 

Sauer, W.H.H., Smale, M.J., Lipinski, M.R., 1992. The location of spawning grounds, 
spawning and schooling behaviour of the squid Loligo vulgaris reynaudii (Cephalopoda: 
Myopsida) off the Eastern Cape Coast, South Africa. Mar. Biol. 114, 97–107. 

Sauer, W.H., Roberts, M.J., Lipinski, M.R., Smale, M.J., Hanlon, R.T., Webber, D.M., 
O’Dor, R.K., 1997. Choreography of the squid’s nuptial dance. Biol. Bull. 192, 203–207. 

Sauer, W., Lipinski, M., Augustyn, C., 2000. Tag recapture studies of the chokka squid Loligo 
vulgaris reynaudii D’ Orbigny, 1845 on inshore spawning grounds on the south-east coast 
of South Africa. Fish. Res. 45, 283–289. 

http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2375
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2375
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2375
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2380
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2380
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2380
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2385
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2385
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2385
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2390
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2390
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2390
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2395
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2395
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2395
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2395
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2400
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2400
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2400
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2400
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2405
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2405
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2405
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2410
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2410
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2410
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2415
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2415
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2420
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2420
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2420
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2425
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2425
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2425
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2430
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2430
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2430
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2435
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2435
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2435
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2440
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2440
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2440
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2440
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2445
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2445
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2445
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2450
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2450
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2455
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2455
http://refhub.elsevier.com/B978-0-12-800287-2.00002-0/rf2455


228 Paul G.K. Rodhouse et al. 

Sauer, W.H.H., Potts, W., Raberinary, D., Anderson, J., Sylvio Perrine, M.J., 2011. Assess­
ment of current data for the octopus resource in Rodrigues, western Indian Ocean. Afr. J. 
Mar. Sci. 33, 181–187. 

Sauer, W.H.H., Downey, N.J., Lipinski, M., Roberts, M.J., Smale, M.J., Shaw, P., 
Glazer, J., Melo, Y., 2013. Loligo reynaudi. Chokka squid. In: Rosa, R., Pierce, G., 
O’Dor, R. (Eds.), Advances in Squid Biology, Ecology and Fisheries. Part I. Myopsid 
Squids. Nova Biomedical, New York, pp. 33–72. 

Saunders, W.B., Spinosa, C., 1979. Nautilus movement and distribution in Palau, western 
Caroline Islands. Science 204, 1199–1201. 

Saville, A., 1987. Comparisons between cephalopods and fish of those aspects of the biology 
related to stock management. In: Boyle, P.R. (Ed.), Cephalopod Life Cycles, vol. 2. 
Academic Press, London, pp. 277–290. 

Sawada, K., Takahashi, H., Takao, Y., Horne, J.K., McClatchie, S., Abe, K., 2004. Devel­
opment of an acoustic-optical system to estimate target strengths and tilt angles from fish 
aggregations. In: Oceans 04/Tech-Ocean 04 Conference Proceedings. Marine 
Technology Society, Washington, DC, pp. 395–400. 

Schaefer, M.B., 1954. Some aspects of the dynamics of populations important to the manage­
ment of the commercial marine fisheries. Bull. Int. Am. Trop. Tuna Comm. 1, 27–56. 

Scheel, D., Bisson, L., 2012. Movement patterns of giant Pacific octopuses, Enteroctopus dofl­
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†Centro de Ciências Tecnoló gicas da Terra e do Mar Universidade do Vale do Itajaı́, Itajaı́, Santa Catarina, 
Brazil 
{Institute for Applied Ecology New Zealand, Auckland University of Technology, Auckland, New Zealand 
}Freie Universität Berlin, Institute of Geological Sciences, Branch Paleonto logy, Berlin, Germany 
}Department of Biological Sciences, University of South Florida St. Petersburg, St. Petersburg, Florida, USA 
jjDepartamento de Zoologia, Instituto de Biociências, Universidade de São Paulo, Sao Paulo, Brazil 
#Department of Art and Design, University of Minnesota Duluth, Duluth, Minnesota, USA 
**Australian Museum Research Institute, Sydney, New South Wales, Australia 
††NMFS National Systematics Laboratory, National Museum of Natural History, Washington, DC, USA 
{{Institute of Marine Research, Department of Life Sciences, University of Coimbra, Coimbra, Portugal 
}}British Antarctic Survey, NERC, Cambridge, United Kingdom 
1Corresponding author: e-mail address: hhoving@geomar.de 

Contents 

1. Introduction	 236
 
2. What is a “Deep-Sea” Cephalopod?	 245
 
3. Information Sources for Deep-Sea Cephalopods	 248
 

3.1	 Types of gear: Advantages and disadvantages 256
 
3.2	 Cephalopod collections 265
 
3.3	 DNA extraction from formalin-fixed tissue 266
 
3.4	 Websites, databases and networks 268
 
3.5	 Predators 270
 

4. Systematics, Diversity, Biogeography and Evolution of Deep-Sea Cephalopods 275
 
4.1	 Evolutionary pathways to modern deep-sea life: Implications from the
 

cephalopod fossil record 275
 
4.2	 Diversity and Systematics 279
 
4.3	 Biogeography 280
 
4.4	 Combined approaches to cephalopod systematics 284
 
4.5	 Future priorities in cephalopod systematics 286
 

5. Life Cycles of Deep-Sea Cephalopods	 287
 
5.1	 Reproduction 287
 
5.2	 Age analysis and longevity 305
 
5.3	 Trophic ecology 310
 

Advances in Marine Biology, Volume 67 # 2014 Elsevier Ltd 
ISSN 0065-2881 All rights reserved. 
http://dx.doi.org/10.1016/ B978-0-12-800 287-2.00003-2 

235 

http://dx.doi.org/10.1016/B978-0-12-800287-2.00003-2
mailto:hhoving@geomar.de


236 Henk-Jan T. Hoving et al. 

6. Discussion and Conclusions 322 
Acknowledgments 326 
Appendix A. Working List of Cephalopod Collections 326 
Appendix B. Recent and Ongoing Surveys 329 
References 330 

Abstract 

“Deep-sea” cephalopods are here defined as cephalopods that spend a significant part 
of their life cycles outside the euphotic zone. In this chapter, the state of knowledge in 
several aspects of deep-sea cephalopod research are summarized, including informa­
tion sources for these animals, diversity and general biogeography and life cycles, 
including reproduction. Recommendations are made for addressing some of the 
remaining knowledge deficiencies using a variety of traditional and more recently 
developed methods. The types of oceanic gear that are suitable for collecting cepha­
lopod specimens and images are reviewed. Many groups of deep-sea cephalopods 
require taxonomic reviews, ideally based on both morphological and molecular char­
acters. Museum collections play a vital role in these revisions, and novel (molecular) 
techniques may facilitate new use of old museum specimens. Fundamental life-cycle 
parameters remain unknown for many species; techniques developed for neritic species 
that could potentially be applied to deep-sea cephalopods are discussed. Reproductive 
tactics and strategies in deep-sea cephalopods are very diverse and call for comparative 
evolutionary and experimental studies, but even in the twenty-first century, mature indi­
viduals are still unknown for many species. New insights into diet and trophic position 
have begun to reveal a more diverse range of feeding strategies than the typically vora­
cious predatory lifestyle known for many cephalopods. Regular standardized deep-sea 
cephalopod surveys are necessary to provide insight into temporal changes in oceanic 
cephalopod populations and to forecast, verify and monitor the impacts of global 
marine changes and human impacts on these populations. 

Keywords: Cephalopoda, Deep sea, Diversity, Collection methods, Reproduction, Lon­
gevity, Trophic ecology, Evolution, Biogeography 

1. INTRODUCTION 

The deep sea, comprising both the sea floor and the overlying water 

column below the photic zone, is the largest and least-known environ­

ment of the Earth. According to recent calculations, less than 0.0001% 

of the deep-sea floor has been investigated, and even less for the deep 

pelagic (Ramirez-Llodra et al., 2010), yet 32 of the 33 known phyla of 

plants and animals are found in the oceans (most with representatives in 

the deep sea), and 15 of these are exclusively marine (Beaumont et al., 

2006), and most of these have representatives in the deep sea. This chapter 
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focuses on one particular class of Mollusca: the cephalopods, which form 

an important and fascinating component of this vast but unexplored 

environment. 

Although the cephalopod families inhabiting the oceanic and deep-sea 

environments are numerous (42 of the 50 known families), they tend to 

be less speciose than coastal families (Young et al., 1998). Cephalopods 

occur not only in a wide range of deep-sea habitats, for example, seamounts, 

open water and continental slopes, but also in extreme environments such as 

hydrothermal vents and oxygen minimum zones (e.g. Clarke, 2008; Gilly 

et al., 2013; Ramirez-Llodra et al., 2010; Roeleveld et al., 1992; Roper 

and Young, 1975; Voight, 2000). Cephalopod body forms throughout these 

waters vary widely (Figures 3.1 and 3.2); squids range in size from small 

pyroteuthids of several grams to giants and colossals (e.g. Mesonychoteuthis 
hamiltoni Robson, 1925) weighing up to 500 kg ( Jereb and Roper, 2010) 

and from gelatinous drifters (e.g. Bolitaenidae) to swift, agile hunters (e.g. 

Gonatidae). Deep-sea octopod sizes at maturity also range from just a few 

hundred grams (e.g. Bathypolypus arcticus Prosch, 1849, O’Dor and 

Malacaster, 1983) to an impressive 75 kg for Haliphron atlanticus Steenstrup, 
1861 (O’Shea, 2004b). Habitat usage is similarly diverse; while most deep-

sea squid species are pelagic and most octopods benthic, examples of each 

group can be found from the midwater down to or near the sea floor. 

Many oceanic cephalopod species, especially squids, have wide geo­

graphical ranges. Given their broad distribution patterns and the large vol­

ume of their habitat, these oceanic squids are likely to form the bulk of the 

worldwide deep-sea cephalopod biomass, similarly to what has been shown 

for midwater fishes (Irigoien et al., 2014). It is therefore not surprising that 

pelagic cephalopods are among the dominant prey items for many valuable 

commercial fish species (e.g. tunas and billfishes) and are very important in 

the diets of many endangered marine animals like whales, seals and sharks 

(e.g. Clarke, 1996; Klages, 1996; Smale, 1996). The few studies that estimate 

the abundance of deep-sea squids suggest enormous population sizes and 

biomass—for example, sperm whales alone have been estimated to consume 

more than 110 million tonnes of oceanic squids annually (Clarke, 1977a), 

which considerably exceeds the annual total capture of marine and freshwa­

ter organisms harvested by humans (90 million tonnes) (FAO, 2012). 

Given that some cephalopod species appear to have cosmopolitan distri­

butions, while others are restricted to narrow geographical ranges, it is not 

surprising that understanding the systematics of deep-sea taxa in particular 

remains a work in progress. Specimens of many deep-sea species remain rare 
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Figure 3.1 Examples of deep-sea squids as observed by the ROV programme of the 
Monterey Bay Aquarium Research Institute. (A) Galiteuthis phyllura. (B) Octopoteuthis 
deletron. (C) Dosidicus gigas. (D) Gonatus sp. (E) Magnapinna sp. (F) Histioteuthis 
heteropsis. (A) © 2009 MBARI. (B) © 2008 MBARI. (C) © 2006 MBARI. (D) © 2001 MBARI. 
(E) © 2009 MBARI. (F) © 2011 MBARI. 



Figure 3.2 Examples of deep-sea octopods as observed by the ROV program of 
the Monterey Bay Aquarium Research Institute. (A) Opisthoteuthidae. (B) Bolitaenidae. 
(C) Vitreledonella richardi. (D) Graneledone. (A) © 1999 MBARI. (B) © 2009 MBARI. 
(C) © 2001 MBARI. (D) © 2007 MBARI. 
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in collections, with specimens in suitable condition to permit detailed mor­

phological descriptions in comparison even rarer. Fresh tissue for molecular 

study is likewise difficult to obtain, so meaningful comparison among taxa 

and even entire faunas from different geographical region can be quite 

challenging. 

Taxonomy aside, in many squid families such as Histioteuthidae 

(“jeweled” or “violet” squids) and Cranchiidae (“glass” squids), which are 

abundant in the diets of cetaceans (e.g. Clarke, 1996), even basic biological 

knowledge, such as information on age and size at sexual maturity remains 

unknown for many species. By contrast, the muscular ommastrephid squids 

(another cephalopod family consumed by cetaceans and comprising 10% of 

all known oceanic squid species) are relatively well studied (e.g. Rosa et al., 

2013a), partly because they form the bulk of all globally fished cephalopods 

(Caddy and Rodhouse, 1998). While some ommastrephid species primarily 

inhabit euphotic waters, others migrate regularly into the deep sea. How­

ever, their life-history traits (being strong, agile hunters and voracious car­

nivores, with high growth rates and life cycles of about 1 year) are not 

necessarily representative of most deep-sea squids and cannot always be used 

to infer information about lesser known oceanic cephalopods. 

Although our knowledge of the life cycle of most oceanic and deep-sea 

cephalopods is still very limited and built upon generalizations (often from 

relatively few species), the current understanding of the coleoid cephalopod 

life cycle is that these animals grow quickly and have relatively short life 

cycles and die after a single period of reproduction (semelparity) (e.g. 

Boyle and Rodhouse, 2005). However, accumulating evidence indicates 

a diversity of semelparous reproductive strategies (Hoving, 2008; 

Laptikhovsky et al., 2007; Rocha et al., 2001); for example, some species 

spawn a single egg mass, while others produce several over a period of time. 

The limited timespan of the cephalopod life and reproductive cycles must 

heavily influence the development and optimization of the single reproduc­

tive cycle. An increasing body of evidence does suggest that the life cycles of 

deeper-living cephalopods are longer than those of shallow-dwelling species 

(e.g. Arkhipkin, 1997; Hoving and Lipinski, 2009; Laptikhovsky, 2013; 

Seibel et al., 2005), but evidence is still lacking for most taxa. Existing 

knowledge on longevity in deep-sea cephalopods will therefore be 

reviewed, and available techniques to determine the ages of individual ceph­

alopods will be discussed. 

It has been argued that the semelparous life-history strategy requires a 

highly opportunistic lifestyle, where prey from a wide variety of organisms 
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is taken, often in large amounts, to fuel the energetic costs associated with 

semelparity and nektonic lifestyle (Rodhouse and Nigmatullin, 1996). It is 

not surprising that such cephalopods (e.g. families Gonatidae and 

Ommastrephidae) are insatiable carnivores (Rodhouse and Nigmatullin, 

1996). Unfortunately, despite the importance of oceanic and deep-sea 

cephalopods in marine food webs, data on their diets, feeding strategies 

and trophic positions are scarce. Recent developments show, however, 

that the typical “voracious, versatile predatory” feeding strategy (sensu 

Rodhouse and Nigmatullin, 1996) does not apply to all cephalopods. For 

example, vampire squids (Vampyroteuthis infernalis Chun, 1903) squids have 
recently been reported to ingest a wide variety of food including detritus 

(Hoving and Robison, 2012). Since the publication of Rodhouse and 

Nigmatullin’s (1996) comprehensive review, new information has been col­

lected for a wider variety of cephalopods, including oceanic and deep-sea 

species. New techniques have also provided more detailed insight into 

the trophic position and temporal feeding variability of a number of species 

(e.g. Cherel and Hobson, 2005; Jackson et al., 2007; Phillips et al., 2003a,b). 

For this chapter, literature published since 1996 has been prioritized in order 

to summarize and describe new information on dietary analysis and the feed­

ing strategies and trophic positions of deep-sea cephalopods. 

The primary reason for the absence of general biological knowledge on 

many deep-sea cephalopods is the inaccessibility of their environment. The 

first worldwide study of oceanography was carried out during 1872–1876 by 

the British naval vessel HMS Challenger. The best equipment of the day— 

nets, trawls, dredges, submarine thermometers, instruments to collect sedi­

ment samples, and copious quantities of rope—were used to collect vast 

amounts of information and thousands of specimens that are still being stud­

ied today. Some specimens came from depths as great as 5700 m in the 

Pacific, providing the first evidence that life was indeed to be found in 

the deep sea. Many new cephalopod species were collected on this expedi­

tion, including several deep-sea taxa (Hoyle, 1886) (Figure 3.3). 

The collection of deep-sea organisms remains expensive because it 

requires dedicated expeditions and specialized gear. In addition, oceanic 

and deep-sea cephalopods are difficult to catch. Being highly mobile and 

visually attuned animals, some squids are able to avoid many types of ocean­

ographic gear. As a result, there can be considerable differences between the 

composition of trawl catches and what is found among stomach contents of 

predators (which are generally capable of capturing large and sexually 

mature individuals, while human collection methods tend to miss these life 
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stages) (Clarke, 1977b; Rodhouse, 1990; Xavier et al., 2003a). However, 

when dedicated deep-sea expeditions are able to deploy a wide variety 

of gear, they may provide a wealth of specimens and information on 

deep-sea cephalopods. A good example of a successful twenty-first-century 

expedition to sample cephalopods with traditional gears and modern tech­

niques was been the MAR-ECO cruise of the Norwegian R/V G.O. Sars 
to the Mid-Atlantic Ridge in 2004 (Vecchione et al., 2010b). During this 

expedition, which formed part of the Census of Marine Life project 

(Vecchione et al., 2010c), a total number of 1295 cephalopods were caught, 

representing 56 species of which the majority were oceanic and deep-sea 

species. 

Continuing application development of modern ocean-sampling tech­

nology (such as ROVs, manned submersibles and autonomous camera sys­

tems) for deep-sea exploration has provided many new insights into the 

biology and ecology of poorly known deep-sea cephalopods (e.g. Bush 

et al., 2009; Hoving and Robison, 2012; Kubodera and Mori, 2005; 

Kubodera et al., 2007; Seibel et al., 2005; Vecchione et al., 2001; 

Widder, 2013). Spectacular high-definition imagery (even 3D) is now 

available for species that were previously only known from mangled 

net-captured specimens. Footage of these animals often (understandably) 

captures the attention of the general public. Deep-sea cephalopods are 

charismatic and publications on new behaviour or other discoveries are 

increasingly covered as news items. Therefore, they may function as 

emblematic organisms for deep-sea conservation efforts (e.g. Architeuthis 
dux Steenstrup, 1860, and Guerra et al., 2011). 

In the recent years, evidence has increasingly shown that populations of 

(oceanic) cephalopods may respond to or be impacted by changes in the 

marine environment and human activities including oceanic warming, 

expanding hypoxia and fishing (Gilly et al., 2013; Golikov et al., 2013; 

Rodhouse, 2013; Zeidberg and Robison, 2007). Indeed, cephalopods in 

general have been described as good climate-change indicators (Pecl and 

Jackson, 2008), and the degree of plasticity some coastal and oceanic species 

show in their life-history strategies under different oceanographic regimes 

suggests that they may be preadapted for climate change (Hoving et al., 

2013a; Pecl and Jackson, 2008; Rodhouse, 2013). In areas of overex­

ploitation of commercial fish stocks, increases in cephalopod populations 

have been reported (Caddy and Rodhouse, 1998; Vecchione et al., 

2009a; Zeidberg and Robison, 2007). On the other hand, deeper-living, less 

mobile cephalopods with low metabolic rates (e.g. Histioteuthis spp.; 
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Figure 3.3 (A) Many new deep-sea species were collected during the voyage of the 
HMS Challenger during the years 1873–1876. These are copies of some of the plates 
from the expedition report (Hoyle, 1886). (A) Plate XI, figs. 1–2, arms of Cirroteuthis 
magna n. sp. (now Cirrothauma magna, (Hoyle, 1885)); figs. 3–5, Stauroteuthis ?, ventral 
view of animal (3), distal arm tip (4), and oral view of arm crown (5). 

Octopoteuthis deletron Young, 1972; and Japetella diaphana Hoyle, 1885; Seibel 

et al., 1997) may be less able to cope with environmental changes than some 

of the more opportunistic and adaptable teuthoids. Overall, very little base­

line data on life cycles, distribution, diversity, and abundance are available to 

assist in understanding or predicting the potential responses of deep-sea 

cephalopods to global marine stressors and change. 
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Figure 3.3—Cont'd (B) Plate XII, Cirroteuthis magna n. sp. (now Cirrothauma magna 
(Hoyle, 1885)); lateral view of animal (1), distal tip of arm (2), lateral view of right dorsal 
arm (3), middle of arm (4), centre of arm crown (5), upper beak (6) and lower beak (7). 

Because of the discrepancy between the increasing awareness of deep-sea 

cephalopods’ importance and the poor status of our general knowledge on 

their diversity, biology, and ecology, and our limited ability to collect them, 

a workshop was held during the Cephalopod International Advisory Coun­

cil meeting in Florianó polis, Brazil, in October–November 2012. This 

chapter aims to summarize the discussions that took place, to synthesize what 
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is currently known and to identify knowledge gaps about deep-sea cepha­

lopods. More specifically, we aim to summarize and discuss 

•	 a working definition of a “deep-sea cephalopod”; 

•	 the varied sources of information on deep-sea cephalopods that are 

available; 

•	 the current state of (and gaps in) knowledge on cephalopod diversity, 

biogeography, evolution, life cycles (i.e. reproduction and longevity) 

and trophic ecology; 

•	 deep-sea cephalopod populations in the context of ocean change. 

We hope that this chapter will enable future researchers studying these 

animals to better integrate the disparate data collection methods available 

and to continue to improve worldwide understanding of these important, 

charismatic residents of the world’s largest habitat. 

2. WHAT IS A “DEEP-SEA” CEPHALOPOD? 

The deep sea is generally defined as the volume of water beneath the 

euphotic zone. In most environments, this is below 200 m, while in some 

tropical oligotrophic waters, light may penetrate into ocean layers as deep as 

300 m. The deepest unbiased benthic cephalopod record in the literature is a 

cirrate octopus that was photographed at 5145 m off Barbados ( Jahn, 1971). 

The deepest unbiased record of a squid to date is a “bigfin” squid 

(Magnapinnidae) observed at 4735 m by DSV Nautile in the western Atlan­
tic off Brazil (Vecchione et al., 2001). 

One of the difficulties in classifying cephalopods based on their depth 

distribution is that cephalopods may have quite extreme vertical distribu­

tional ranges. For example, Dosidicus gigas (d’Orbigny, 1835) commonly 

ranges from near-surface waters (<25 m, e.g. during nocturnal hunting) 

to mesopelagic oxygen minimum zones (e.g. Gilly et al., 2006) and has been 

recorded down to 1447 m (Stewart et al., 2013). 

Many other cephalopods migrate from deep waters (below 200 m) up to 

epipelagic waters at night (e.g. Piatkowski et al., 1994; Roper and Young, 

1975; Watanabe et al., 2006). Some cephalopods may occupy different 

depths during particular phases of their life cycles; the young of many 

deep-sea cephalopod species spend part of their early lives in epipelagic 

waters and undergo ontogenetic descent as they grow and mature (e.g. 

Quetglas et al., 2010; Rodhouse and Piatkowski, 1995; Roper and 

Young, 1975; Young, 1978). 
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Therefore dwelling or utilizing the volume outside the euphotic zone for 

“a significant portion of the life cycle” may constitute a single contiguous 

period early or late in the life cycle (ontogenetic descent/ascent), or a con­

tiguous proportion of each day (diel vertical migration), or regular but brief 

forays into deep waters (e.g. diving to hunt). When considering which ceph­

alopods should be treated as “deep-sea” groups, it is important to note that, 

while this designation can be made at high taxonomic levels in some cases 

(e.g. the order Vampyromorpha), in others, it may vary among genera 

within a family or even congeneric species. While cuttlefish are generally 

considered a coastal, shallow-dwelling group, some species of the genus 

Sepia do occur at great depth (Reid, 2001). Nautiluses are found in tropical 

locations, where the euphotic zone extends to greater depths, but they have 

also been reported from true deep-sea strata (Young, 2010). Octopods are 

more challenging to categorize. Although some species have been well stud­

ied and their depth ranges appear reasonably clear (e.g. Vitreledonella richardi 
Joubin, 1918) (Clarke and Lu, 1975; Lu and Clarke, 1975), the combination 

of taxonomic instability and sparse distribution records leaves others (e.g. 

Grimpoteuthis spp.) with the vague habitat estimate of “benthic,” sometimes 

with a hypothetical depth range. While similar uncertainty also surrounds 

the exact depth ranges of some squids, in many squid genera, the majority 

(if not all species) reside below the euphotic zone at some life stage. It appears 

rare for a squid family to have a mix of deep-dwelling and exclusively 

shallow-dwelling genera; typically, one deep-sea genus within a family indi­

cates that all other confamilial groups inhabit the deep sea as well. Some 

notably abundant families with “true” deep-sea members (species that live 

the majority of their lives below the euphotic zone) are Cranchiidae, 

Histioteuthidae, Octopoteuthidae, and the “chiroteuthid” families (which 

contain Chiroteuthidae, Mastigoteuthidae, Joubiniteuthidae, Mag­

napinnidae, Promachoteuthidae and Batoteuthidae); however, many other 

families are widely represented in this environment. The onychoteuthids 

should also be considered important in this category; while little is known 

about their vertical distribution, and they are often classified as being a 

“midwater” family of squid (Lefkaditou et al., 2000), specimens have been 

recorded from depths of over 1200 m (Bolstad, 2010). 

Several recent deep-sea observations have suggested that an improved 

understanding of reproductive strategies could also help characterize species 

that should be considered “deep-sea” cephalopods. To date, the majority of 

pelagic squid eggs and egg masses have been found in epipelagic waters, 

suggesting that squids such as those of the relatively well-reported families 
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Enoploteuthidae, Ommastrephidae and Thysanoteuthidae, utilize the epi­

pelagic zone for reproduction. However, too little is known about pelagic 

egg masses from other squid families to assume that all squids that produce 

egg masses reproduce in the epipelagic zone. Deep-sea squids like Archi­

teuthidae and Octopoteuthidae are also likely to produce egg masses 

as suggested from their asynchronous ovulation (Hoving et al., 2004, 

2008a). Brooding squids have been observed in the deep sea (Bush 

et al., 2012; Seibel et al., 2005) but also in the epipelagic zone (Gonatus 
madokai Kubodera and Okutani, 1977) (Bower et al., 2012). While 

additional observations on cephalopod reproductive biology in the deep 

sea may eventually enable further habitat-use inferences to be drawn across 

taxa, the body of information presently available on egg masses and 

spawning in oceanic cephalopods seems insufficient to divide cephalopods 

into deep-sea species and non-deep-sea species based solely on reproductive 

strategy. 

For this chapter, a deep-sea cephalopod is one that depends on the deep-ocean 
environment (defined as below the euphotic zone) for a significant part of its 
life cycle 

This working definition is not perfect as it may include some oceanic ceph­

alopods that spawn or spend a large part of the day in epipelagic waters (e.g. 

Ommastrephidae, Enoploteuthidae and Thysanoteuthidae). However, 

these species do also depend on the deep sea for a significant part of the 

day and are therefore included in this chapter. This inclusion allows for com­

parison among species and families. In several other animal groups, recent 

information indicates that many animals traditionally categorized as 

“shallow-water” or “epipelagic” also utilize the deep sea; examples include 

tiger sharks (Werry et al., 2014), several tuna species (e.g. Block et al., 2001), 

leatherback sea turtles (Houghton et al., 2008) and emperor penguins 

(Zimmer et al., 2010). Thus, it appears that, among highly mobile 

macrofauna, it is not uncommon to range through multiple depth zones 

even when usually associated with euphotic waters. 

In terms of “usual” residents, the neritic zone and deep sea, although 

comprising quite different physical environments, are thought to contain 

similar numbers of cephalopod species. However, the genera represented 

differ greatly between the two environments. According to Young et al. 

(1998), around 70% of the cephalopod families found in the oceanic 

pelagic zone are oegopsids, in contrast to neritic environments, which 

are dominated by myopsid squids, Sepioidea, and incirrate octopods. In 

fact, cirrate octopods, vampyromorphs and most oegopsid squids (except 
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ommastrephids and enoploteuthids) are rarely found in euphotic waters dur­

ing their lives, although some oegopsids (e.g. members of the family Cran­

chiidae) are known to live in euphotic waters during early life phases 

(Arkhipkin, 1996b,c; Bolstad et al., 2014; Voss, 1985). The results of 

Young et al. (1998) show two contrasting groups of animals, with little over­

lap, living in the neritic and oceanic zones of the ocean. Cephalopod taxa 

represented in the deep sea are outlined in Table 3.1, with references for 

supporting evidence for their inclusion. Given that 42 cephalopod families 

(12 families of Octopoda, 29 families of Decapodiformes and the family 

Nautilidae) are represented in this habitat, it is important to expand our 

understanding of those cephalopods living at depth. 

3. INFORMATION SOURCES FOR DEEP-SEA 
CEPHALOPODS 

Cephalopods are conspicuous components of the deep-sea biota, with 

some dwelling in the benthic boundary layer (e.g. mastigoteuthid squids and 

cirrate octopods) and deep pelagic ocean throughout their entire life cycles. 

Some cephalopods (including Architeuthis, some cirrates and some 

cranchiids) are among the largest species of the deep sea. Early reports of 

deep-sea cephalopods were often derived from findings of floating or 

stranded carcasses and the few specimens collected during early expeditions. 

These reports progressively increased as a growing number of specimens 

were found in the stomach contents of large deep-sea-feeding predators 

(e.g. oceanic toothed whales) or captured by commercial and scientific nets 

(e.g. Clarke, 1980, 1996, 2006; Santos et al., 1999). Morphological and tax­

onomic analyses of such specimens not only enabled a broader comprehen­

sion of the diversity of deep-sea cephalopod forms but also raised many 

important questions regarding their life histories, behaviour, physiology, 

abundance, distribution and functional roles in deep-sea communities. 

These questions were difficult to address due to the shortcomings and rel­

ative rarity of available samplers, only sampling a minute fraction of the vast 

spaces of the deep sea (Herring, 2002). Moreover, because specimens were 

brought lifeless to the surface (or were partially digested remains), little could 

be inferred about the lives of these cephalopods. 

Modern underwater samplers and optical and acoustic technologies 

developed to explore the deep sea have not yet fully solved the problem 

of quantitative sampling of cephalopods. However, optical tools have finally 



Table 3.1 Generic and specific diversity of each cephalopod family (alphabetical by order and family) 
Known Known Revisionary taxonomic Deep-sea 

Order Family genera species works genera Depth range sources 

Cirrate Cirroctopo didae* 1 4 Cirroctopus Vecchione et al. (2008a,b) 

Octopoda 
Cirroteuthi dae* 3 6 Guerra et al. (1998); Cirroteuthis Vecchione et al. (2008a,b) 

Collins and Henriques Cirrothauma Vecchione et al. (2008a,b) 

(2000) Stauroteuthis Collins et al. (2008) 

Grimpoteut hidae* 3  19  Cryptoteuthis Vecchione et al. (2008a,b) 

Grimpoteuthis 
Luteuthis 

Opisthoteuthidae* 1  20  Opisthoteuthis Vecchione et al. (2008a,b) 

Incirrate Alloposidae* 1 2 Haliphron Young (2013) 

Octopoda 
Amphitreti dae* 5  11  Amphitretus Young et al. (2013) 

Bolitaena Young (2008) 

Japetella Young (2008) 

Vitreledonella Young et al. (2010) 

Argonautidae 1 4 

Bathypolypo didae* 1 7 Bathypolypus Quetglas et al. (2001) 

Eledonidae 2 7 Rochebrune (1884c), 

Kubodera and 

Okutani (1994) 

Enteroctop odidae* 3  11  Muusoctopus Kemp et al. (2006) 

Vulcanoctopus Gonzá lez et al. (1998) 

Continued 



Table 3.1 Generic and specific diversity of each cephalopod family (alphabetical by order and family)—cont'd 
Known Known Revisionary taxonomic Deep-sea 

Order Family genera species works genera Depth range sources 

Megaleledon idae* 12 40 Lu and Stranks (1994), 

Allcock et al. (2004), 

Allcock (2005) 

Graneledone Voight (2000) 

Octopodida e* 25 172 Norman et al. (2005), Octopus Hochberg et al. (2009) 

Gleadall (2013) 

Ocythoidae 1 1 

Tremoctopodidae* 1 4 Thomas (1977) Tremoctopus Mangold et al. (2010) 

Myopsida Australiteut hidae 1 1 

Loliginidae 11 47 Blainville (1823), 

Naef (1912a,b), 

Lu et al. (1985), 

Borri et al. (1986), 

Alexeyev (1992), 

Brakoniecki (1996), 

Vecchione et al. 

(1998a) 

Nautilida Nautilidae * 2 6 Nautilus Young (2010) 

Oegopsida Ancistrochei ridae * 1 1 Ancistrocheirus 

Architeuthid ae* 1 1 Winkelmann et al. 

(2013) 

Architeuthis 

Batoteuthida e* 1 1 Batoteuthis Guerra et al. (2012) 



Brachioteuthi dae* 2 7 Brachioteuthis Lipinski and Young (2008) 

Slosarczykovia Lipinski (2001) 

Chiroteuth idae* 4  19  Asperoteuthis Young and Roper (2011a) 

Chiroteuthis Roper and Young (2013) 

Grimalditeuthis Young and Roper (2011b) 

Planctoteuthis Vecchione et al. (2008a,b) 

Cranchiidae* 13 60 Nesis (1972, 1974), 

Voss (1980) 

Bathothauma 
Cranchia 
Egea 
Galiteuthis 
Helicocranchia 
Leachia 
Liguriella 
Liocranchia 
Megalocranchia 
Mesonychoteuthis 
Sandalops 
Taonius 
Teuthowenia 

Young and Mangold (2009) and
 

Voss (1980)
 

Voss (1980)
 

Voss (1980)
 

Voss (1980)
 

Young and Mangold (2008)
 

Voss (1980)
 

Voss (1980)
 

Voss (1980)
 

Voss (1980)
 

Voss (1980)
 

Young and Mangold (1996) and
 

Voss (1980)
 

Young and Mangold (2011) and
 

Voss (1980)
 

Young and Mangold (2010)
 

Cycloteuthida e* 2 4 Young and Roper Cycloteuthis Young (2012a) 

(1969) Discoteuthis Young (2012a) 

Continued 



Table 3.1 Generic and specific diversity of each cephalopod family (alphabetical by order and family)—cont'd 
Known Known Revisionary taxonomic Deep-sea 

Order Family genera species works genera Depth range sources 

Enoploteut hidae* 4  43  Nesis (1978, 1987b) Abralia Tsuchiya and Young (2008)
 

and Tsuchiya and Abraliopsis Tsuchiya and Young (2008)
 

Okutani (1998) Enoploteuthis Tsuchiya and Young (2008)
 

Watasenia Tsuchiya and Young (2008)
 

Gonatidae* 4  19  Berryteuthis Kubodera et al. (2013) 

Eogonatus Kubodera et al. (2013) 

Gonatopsis Kubodera et al. (2013) 

Gonatus Kubodera et al. (2013) 

Histioteuth idae* 2  19  Voss (1969) and Voss Histioteuthis Horstkotte (2008) 

et al. (1998) Stigmatoteuthis Young and Vecchione (2007) 

Joubiniteut hidae * 1 1 Joubiniteuthis Young (2009) 

Lepidoteuthid ae* 1 1 Nesis and Nikitina Lepidoteuthis Young and Vecchione (2012) 

(1990) 

Lycoteuthida e* 4 6 Arocha (2003) Lampadioteuthis Vecchione and Young (1999) 

Lycoteuthis Vecchione and Young (1999) 

Nematolampas Vecchione and Young (1999) 

Selenoteuthis Vecchione and Young (1999) 

Magnapinn idae* 1 3 Magnapinna Vecchione and Young (2013) 



Mastigoteuthidae* 5 �17 Braid et al. (2013) Echinoteuthis 
Idioteuthis 
Magnoteuthis 
Mastigopsis 
Mastigoteuthis 

Braid (2013) 

Vecchione et al. (2007) 

Neoteuthida e* 4 4 Alluroteuthis 
Narrowteuthis 
Neoteuthis 
Nototeuthis 

Young et al. (1999) 

Young and Vecchione (2005) 

Vecchione and Young (2003a) 

Vecchione and Young (2003b) 

Octopoteuthidae* 2 9 Clarke (1967), 

Stephen (1985) 

Octopoteuthis 
Taningia 

Young and Vecchione (2013a) 

Vecchione et al. (2010a) 

Ommastrephidae* 11 20 Nigmatullin (1992), 

Dunning (1998), 

Dunning and F€orch 
(1998), Dunning and 

Wormuth (1998), 

Roper et al. (1998) 

Dosidicus 
Eucleoteuthis 
Hyaloteuthis 
Illex 
Nototodarus 
Ommastrephes 
Ornithoteuthis 
Sthenoteuthis 
Todarodes 
Todaropsis 

Young and Vecchione (2013b) 

Watanabe et al. (2006) 

Young and Vecchione (2010b) 

Vecchione and Young (2011) 

Stark (2008) 

Young and Vecchione (2009) 

Vecchione and Roper (1991) 

Moiseev (1991) 

Quetglas et al. (1998) 

Clarke (1966) 

Continued 



Table 3.1 Generic and specific diversity of each cephalopod family (alphabetical by order and family)—cont'd 
Known Known Revisionary taxonomic Deep-sea 

Order Family genera species works genera Depth range sources 

Onychoteuthi dae* 7  25  Kubodera et al. 

(1998), Nesis (2000), 

Bolstad (2010) 

Ancistroteuthis 
Callimachus 
Filippovia 
Kondakovia 
Notonykia 
Onychoteuthis 
Onykia 

Bolstad (2010) 

Bolstad (2010) 

Bolstad et al. (2010) 

Bolstad (2010) 

Bolstad (2010) 

Bolstad (2010) 

Bolstad (2010) 

Pholidoteu thidae* 1 2 Pholidoteuthis Vecchione and Young (2012) 

Promachot euthidae* 1 3 Roper and Young 

(1968) 

Promachoteuthis Young and Vecchione (2003) 

Psychroteut hidae* 1 1 Psychroteuthis Piatkowski (2011) 

Pyroteuthidae* 2 6 Pterygioteuthis 
Pyroteuthis 

Lindgren et al. (2013) 

Lindgren et al. (2013) 

Thysanoteuthi dae* 1 1 Thysanoteuthis Young and Vecchione (2010c) 

Walvisteuth idae 1 1 Nesis et al. (1998) Walvisteuthis 

Sepiida Sepiadariidae 2 8 Steenstrup (1881) 

Sepiidae* 3 114 Rochebrune (1884b), 

Adam (1944), Adam 

and Rees (1966), 

Khromov (1987a,b), 

Khromov et al. (1998), 

and Lu (1998) 

[Australia] 

Sepia Reid et al. (2005) 



Sepiolidae* 16 70	 Joubin (1902), Naef 

(1912b,c,e), and Berry 

(1921, 1932) 

Amphorateuthis 
Choneteuthis 
Heteroteuthis 
Iridoteuthis 
Nectoteuthis 
Neorossia 
Rossia 
Sepiolina 
Sepioloidea 
Stoloteuthis 

Young et al. (2007)
 

Lu and Boucher-Rodon i (2006)
 

Young et al. (2008a,b)
 

Young et al. (2007)
 

Young et al. (2007)
 

Reid et al. (2005)
 

Reid et al. (2005)
 

Young et al. (2007)
 

Reid (2009)
 

Young et al. (2007)
 

Spirulida Spirulidae* 1 1 Spirula Young (2012b) 

Vampyromorpha Vampyrote uthidae* 1 1 Vampyroteuthis Young (2012c) 

(Unassigned) Bathyteuth idae* 1 3 Rochebrune (1884a), Bathyteuthis Roper (2012) 

Decapodiform es Roper (1969) 

Chtenoptery gidae* 1 4 Chtenopteryx Young and Vecchione (2010a) 

Idiosepiidae 1 8 

Total 50 174 845 

Families containing deep-sea species are indicated by an asterisk, and those most in need of focused taxonomic revision are highlighted (grey). Data were obtained from 
WoRMs (WoRMS Editorial Board, 2014), valid taxa were selected (only full genera and species, not subgenera or subspecies) and those that had not been validated by a 
taxonomic editor were checked individually. For the Octopoda, the recent revised classification of Strugnell et al. (2013) has been followed. Revisionary taxonomic 
works refer to taxa (either families or genera) that have been revised on the basis of their worldwide representatives and not restricted to a particular geographical area. 
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allowed live observations in natural habitats (e.g. Kubodera et al., 2007), 

tracking of active movements with high spatial and temporal resolution 

(Benoit-Bird and Gilly, 2012), and even live or essentially intact collection 

(e.g. Robison et al., 2003). These tools, combined with the development 

of a range of molecular and biochemical techniques, have expanded the 

scale of scientific approaches to address unanswered questions and have 

raised new intriguing questions (some of which are described in this 

chapter). Thus, the information available on deep-sea cephalopods today 

originates from a variety of sources and serves different purposes. The basic 

types of records that can be obtained from cephalopods in the deep sea 

and the information each can potentially produce are summarized in 

Table 3.2. Additional information can be gained by combining data from 

multiple sources. For example, the capture of a number of specimens in a 

defined area of known habitats, geographical positions and depths may 

provide specimens for a variety of studies in addition to distribution and 

abundance records. The value of these diverse records for cephalopod 

and deep-sea scientific research and other purposes, including assessment 

of human impacts, conservation and society demands, is addressed in 

Table 3.3. 

3.1. Types of gear: Advantages and disadvantages 
Diverse methods are useful for obtaining specimens and/or images of ceph­

alopods in the deep sea. Every deep-sea specimen, photo, or video is poten­

tially a valuable source of information about the species, whether revealing 

aspects of its life history, genetics, biochemical adaptations, role in the food 

web or other characteristics. However, each sampling method has its own set 

of problems, especially for quantitative inferences such as distribution and 

abundance. Logistical considerations, such as size and capability of ships nec­

essary to deploy the gear and distance to the study area, are also important 

controlling factors in these deep-sea studies. It is important to remember that 

each of the gear types discussed in the succeeding text is most effective for 

only a component of the cephalopod assemblage. The greater the variety of 

gear that can be included in a study, the more completely and confidently 

inferences can be made about the total cephalopod fauna (Vecchione et al., 

2010b). For example, bottom trawling may collect animals on relatively flat 

substrates, while baited cameras can attract scavengers in rough terrain or 

midwater, and submersibles can be used to search for animals that are not 

attracted to bait, in nontrawlable areas. 
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Table 3.2 Types of deep-sea cephalopod records and the potential information 
available from each 
Record	 Description Potential information 

Organism Specimen	 Individuals brought to 

surface dead in variable 

body condition, 

including body parts 

Macro- and microscopic 

body morphology and 

morphometrics. If fresh, 

tissue samples for genetic 

and biochemical analyses. 

Potential source of 

stomach contents, 

statoliths, gladii, beaks 

Live Specimens of any deep-

sea cephalopod brought 

to surface alive and 

potentially fit to live in 

captivity for some period 

of time 

As for specimens plus 

observations of live 

morphology, anatomical 

structure function and 

behaviour in captivity. 

Measurements of 

physiological processes 

and experimentation 

Observational 

information 

Live animals Video or still images of 

live individuals in nature 

Video or still images of 

live individuals in aquaria 

Observations of natural 

morphology (e.g. 

posture, colour) 

behaviour and other 

individual characters in 

nature 

Contextua l Video or still images of 

deep-sea habitats that 

contain cephalopod 

specimens and potentially 

other organisms 

As for specimen images 

but also observation of 

natural habitats and 

species interactions 

Abundance 

records 

Species Numbers or biomass of 

cephalopod species in a 

specific area or water 

volume 

Relative abundance 

indices. Temporal 

evidence of distribution 

patterns, e.g. diel or 

longer-term migrations 

Community Diversity or biomass of 

cephalopod species and 

other organisms in a 

specific area or water 

volume 

Relative indices of 

multiple species of a 

deep-sea community 

Continued 
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Table 3.2 Types of deep-sea cephalopod records and the potential information 
available from each—cont'd 
Record Description Potential information 

Spatial records Depth Cephalopod specimens’ 

position in relation to the 

sea surface and/or the sea 

floor (altitude) 

Evidence of vertical 

distribution, movements 

(e.g. diel, ontogenetic) 

and habitats (pelagic, 

benthopelagic) 

Horizontal Cephalopod specimens’ 

geographical position 

(latitude, longitude) 

Evidence of geographical 

(horizontal) distribution 

and movements 

3.1.1 Nets and longlines 
Many net designs are available, each of which samples only a portion of the 

total fauna (e.g. Wenneck et al., 2008). Effective sampling of the three-

dimensional pelagic environment, with its temporal variability, requires differ­

ent gear from studies focusing on epibenthic animals. Both pelagic and benthic 

gear include some nets for which the mouth opening is set by a rigid frame and 

others for which the mouth shape is determined by hydrodynamic forces. 

3.1.1.1 Rigid-frame nets 
Rigid-frame epibenthic trawls, such as beam trawls and the Agassiz trawl, 

have a long history of successful deep-sea sampling (Thistle, 2003). Because 

they can be fished on a single relatively light wire and because they orient 

right side up when they contact the bottom, deploying them is relatively 

simple and winch requirements are modest—a single level-wind winch that 

will hold enough wire for a scope of at least 3 � the target depth. Such nets 
have collected important octopod specimens (Vecchione et al., 2005). 

Rigid-frame epibenthic trawls are available in various sizes but none are 

wide enough to sweep a broad area like, for example “otter trawl”, a 

double-warp otter trawl can. Generally, the height of the mouth opening 

is much less than that of an otter trawl. The results of these height/width 

constraints are both positive and negative. Although the area (or volume) 

sampled by the rigid-frame net can be calculated with relative confidence, 

the reduced size of the mouth opening greatly reduces the efficiency of the 

gear for sampling highly mobile animals like cephalopods. 

Many different rigid-frame pelagic nets have been used to collect ceph­

alopods. Examples include bongo nets, Isaacs–Kidd midwater trawls 

(IKMT), Tucker trawls, rectangular midwater trawls (RMT) (Clarke, 
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Table 3.3 Value of different types of deep-sea cephalopod records for various scientific 
applications 
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Continued 
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Table 3.3 Value of different types of deep-sea cephalopod records for various scientific 
applications—cont'd 
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Deep-sea public awareness 

Education 

Arts—entertainment 

Very useful 

Useful 
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1977b) and multiple opening/closing nets with environmental sampling sys­

tem (MOCNESS) (Wiebe et al., 1985). Frame shape and size determine 

fishing characteristics and mesh size determines what is retained in the 

cod end. Small nets designed for zooplankton sampling can be effective 

for collecting paralarvae. The larger rigid-frame gear is generally appropriate 

for micronekton (e.g. adults of small species such as pyroteuthids, 

enoploteuthids and juveniles of larger species, such as cranchiids, 

chiroteuthids and pelagic octopods) (Wiebe et al., 1985). Rigid-frame 

pelagic nets may be configured to be fished open throughout the tow or 

rigged so that the net opens and closes at specific depths or times. Although 

the open configuration is easier to fish, opening/closing nets must be used in 

order to infer depth distributions with any confidence. A simple mechanical 

opening/closing device can be effective for targeting a layer or avoiding sur­

face contamination, but multiple samples require multiple deployments, 

each of which uses precious ship time. Multiple net samplers, such as the 

RMT and MOCNESS, were therefore developed for determining vertical 

distributions and migratory patterns. Acoustic triggers and timers can be used 

for multiple samples during a single deployment. However, the methods that 

are most effective use conducting cable to send opening and closing signals 

and can at the same time transmit environmental data such as temperature, 

pressure (to calculate depth) and conductivity (for salinity). 
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3.1.1.2 Larger trawls 
Nets for which shape is determined by hydrodynamics (e.g. otter trawls) can 

be much larger than rigid-frame nets and can therefore sample much larger 

specimens. These types of gear are the best source of adult cephalopods but 

catch a surprising number of smaller specimens as well. These nets are often 

similar to gear used in shallow water for fisheries studies but, when used for 

deep-water nekton, must be rigged with deep-water floats capable of with­

standing great pressure. They are effective for sweeping a larger area of the 

bottom or filtering a larger volume in midwater studies than the rigid-frame 

nets. The epibenthic versions are usually made of more robust components 

(heavier trawl doors and bridles, stronger twine, headropes and footropes, 

etc.) than the pelagic nets. Both epibenthic and pelagic nets can be fished 

on either a single or a double warp, the latter requiring a much more spe­

cialized ship with two large-capacity trawling winches capable of holding 

great lengths of heavy wire with sophisticated winch-control systems. 

Few ships exist with such capabilities: larger fisheries research ships such 

as G.O. Sars (Norway) and long-range commercial trawlers are examples. 

Although the single-warp gear can be fished from a less-specialized ship 

and is easier to deploy and recover, the double-warp gear can be much 

larger, again increasing sampled area/volume and capturing larger speci­

mens. It is noteworthy that, because epibenthic trawls are open during 

deployment and recovery, they sometimes collect important midwater spec­

imens on the way down or back up (e.g. Magnapinna sp. A in Vecchione 
et al., 2010b). 

Some otter trawls have uniform mesh size in all parts of the net (e.g. the 

Norwegian “krill trawl”), but typically, the large nets use graded mesh sizes 

from as much as 2 m in the wings of the net to just a few millimetres in the 

cod end. When sampling cephalopods, it is extremely important to search 

the large mesh carefully as the net, either pelagic or epibenthic, is being 

retrieved onto the ship. Often, most of the cephalopods are entangled in 

the large mesh and must be picked by hand before the net is stored on 

the net reel. This requires careful coordination between the deck crew 

and the science party. 

Pelagic trawls can be rigged with multiple opening/closing cod ends for 

quasi-discrete depth sampling. However, because just the cod end of the net 

is opened and closed rather than the entire net, the likelihood of contami­

nation of the sample with specimens that entered the net prior to opening of 

the cod end is greater than with a rigid-frame net. Another alternative con­

figuration used especially for pelagic sampling is a hard (or “aquarium”) cod 
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end that protects the sample from abrasion or crushing. Although this is very 

useful for obtaining specimens in good condition for some taxa (e.g. fishes 

and gelatinous megaplankton), it is less useful for cephalopods because of 

their tendency to entangle in the mesh of the net. Thermally protected 

cod ends have also been developed; these facilitate recovery of living 

deep-sea organisms (Childress et al., 1978). Various net sensors can be rigged 

on the trawl, either using acoustic sensors on the gear itself or using a third 

wire system. However, the farther the gear is from the ship, the more prob­

lematic these sensor configurations become; this is especially troublesome 

for deep-sea sampling with multi-kilometre depths and wire scope of 

2–3 � the depth. 

3.1.1.3 Passive collecting gear 
Another type of net that has been successfully used in the epipelagic to catch 

large squids that may migrate vertically into the deep sea during the day, 

such as ommastrephids and onychoteuthids, is entangling (“gill”) nets. 

The effectiveness of such nets when deployed in the deep sea remains to 

be seen. Jigging can also be an effective method for catching large vertical 

migrators (e.g. ommastrephids). 

Long lines with many baited hooks are sometimes used in the deep sea 

both commercially and for research. Although the typical catch of such long 

lines is almost entirely fishes, sometimes large cephalopods, such as 

Ommastrephes bartramii (Lesueur, 1821), Mesonychoteuthis hamiltoni and 
Architeuthis dux are also hooked (M. Vecchione, personal observation). Even 

recovery of a broken-off tentacle can yield an important tissue sample for 

DNA and other biochemical analyses (e.g. Kubodera and Mori, 2005; 

Robison, 1989). 

Other baited devices sometimes attract cephalopods as well. The “bait” 

may be traditional organic bait or some other type of attractant, such as light. 

The first in situ observations of the giant squid (Architeuthis) and also of 
Taningia danae Joubin, 1931, were obtained with organic bait (Kubodera 
et al., 2005) and organic bait and light, respectively (Kubodera et al., 

2007). Light traps use a general light source, but recently, lures have been 

developed that attempt to mimic bioluminescent patterns generated by 

deep-sea animals. Such a lure, based on the “burglar alarm” bioluminescence 

signal of a particular medusa, was recently used to obtain the first in situ video 
record of a giant squid, Architeuthis (Widder, 2013). A similar lure attracted a 

large deep-sea squid that could not be identified confidently to any known 

family (Widder, 2007). The objective of the device using bait or lure may be 
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to catch specimens (a trap) or record photographic or video records (a cam­

era lander). Typically, these devices are deployed by the ship or submersible 

and left for some period while the ship pursues other objectives. For exam­

ple, incirrate octopods have been attracted to baited benthic landers that take 

photos periodically over a period of many hours (Kemp et al., 2006). Similar 

baited camera systems have been used in midwater layers by lowering the 

system on a cable from a ship (e.g. Kubodera et al., 2005, 2007). 

3.1.2 Submersibles and related in situ mechanisms 
While nets provide samples that integrate distribution over a relatively large 

area, they are less effective for inferring small-scale distribution or behaviour. 

Methods based on visual observations are much better for addressing these 

types of questions. The simplest of these methods are “drop cameras” 

lowered from a ship to an area of interest. More hydrodynamic camera sleds 

can also be towed behind a ship. Both drop cameras and camera sleds can be 

used for video but typically record still images at predetermined intervals, 

providing semirandom snapshot observations of the target area. Neither 

observation method collects specimens, which is often an important corrob­

oration tool for confident identification. 

Better control and selective targeting of specific fauna, both epibenthic 

and pelagic, can be achieved by use of submersibles, either manned or 

unmanned (Robison, 2000, 2004). Although the relative value of manned 

submersibles versus remotely operated vehicles has been the subject of con­

siderable debate, both have been quite useful for increasing our knowledge 

of deep-sea cephalopods (e.g. Bush et al., 2009; Hoving and Vecchione, 

2012; Robison et al., 2003; Seibel et al., 2005; Vecchione and Roper, 

1991). Both manned and unmanned submersibles can record high-quality 

videos and still images and can search areas not accessible to methods like 

net sampling. Both can also be configured to collect specimens using suction 

devices, detritus (or “D”) samplers (first developed by Harbor Branch Ocean­

ographic Institution) (essentially large tube segments that can be manoeuvred 

around an animal in midwater and then closed at both ends) (Figure 3.4b–d) 

and manipulator arms. While nets can collect many more specimens, these are 

generally not in very good condition. Specimens collected by submersible are 

often in excellent condition, with delicate features intact, and many are alive 

when brought into the laboratory aboard the ship. It has even been possible 

using such specimens to perform experiments and physiological measure­

ments on deep-sea cephalopods and collect behavioural observations (e.g. 

Hoving and Robison, 2012; Hunt, 1996; Jacoby et al., 2009; Robison 
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Figure 3.4 (A) The ROV “Ventana” of the Monterey Bay Aquarium Research Institute 
being deployed in the Monterey Submarine Canyon by R/V Point Lobos. (B) Octo­
poteuthis deletron being approached by an opened Detritus sampler (D-sampler) which 
is mounted on the ROV. (C) The ROV is manoeuvred in such a way that the specimen is 
positioned over the opened D-sampler. (D) The ROV moves upwards so the specimen is 
captured inside the D-sampler and the sliding lid of the sampler is closed. A living deep-
sea squid is captured. (A) Photograph Kim Fulton-Bennett © 2004 MBARI. (B–D) © 2013 
MBARI. 
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et al., 2003). Manned submersibles include those with transparent spheres 

and those with high-pressure-resistant metal spheres and small portholes. 

The former allow excellent visibility for the observers—particularly useful 

for midwater exploration—but have limited depth capability, usually less 

than 1000 m. The latter, conversely, have much greater depth capability 

but limited visibility and greater discomfort for the observers. 

Unmanned options include remotely operated vehicles (ROVs) 

(Figure 3.4), which remain connected to the ship by a conducting or 

fibre-optic cable, allowing control of the vehicle and real-time observations 

and data, or autonomous underwater vehicles (AUVs), which are pre-

programmed for a dive profile prior to release from the ship. Although 

AUVs have many uses in deep-sea studies, to date they have not been very 

useful for studying organisms like cephalopods. On the other hand, the 

ROV has become a standard tool for deep-water biological exploration, 

resulting in many important cephalopod observations and the collection 

of excellent specimens (e.g. Robison, 2004). An ROV can remain at depth 

for prolonged periods, whereas dive duration for manned submersibles is 

limited by crew endurance and battery capacity. A recent, and expanding, 

development in ROV operations has been the “telepresence” strategy, in 

which video, data and two-way communications are linked via satellite 

between the ship and a shore-based station from which they can be dissem­

inated to scientists and the public at remote command centres (high 

definition via Internet 2) and any computer connected to the Internet 

(standard definition via Internet 1). An obvious advantage of this is 

increased expert participation in the expedition but disadvantages include 

that specimens generally are not collected and the scientists ashore often 

cannot dedica te their time to the expedition as intensively as they would 

if they were aboard. In fact, as this text is being drafted, an ROV is beaming 

live video ashore from explorati on of the Cayman Rise in the Caribbean 

Sea, including observations of numer ous cirrate octopods ( http://www. 

nautiluslive.o rg). 

3.2. Cephalopod collections 
Existing institutional collections of cephalopods represent a significant and 

invaluable resource to the research community. Ranging from small, recent, 

localized holdings to centuries-old, international repositories, collections 

contribute to studies in diverse and disparate fields, such as taxonomy, bio­

geography and reproductive behaviour. In a recent online survey, scientists 

http://www.nautiluslive.org
http://www.nautiluslive.org
http://www.nautiluslive.org
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working in cephalopod research reported accessing specimens from 55 col­

lections around the world (Appendix A). The most commonly accessed 

were large, well-established collections, such as the US National Museum 

of Natural History (Smithsonian Institution; Washington, DC, the United 

States), the Natural History Museum (London, the United Kingdom) and 

Muséum National d’Histoire Naturelle (Paris, France). However, supple­

mentary material was frequently sourced from smaller institutions as well. 

In addition, several recent or ongoing collecting programmes were identi­

fied around the world, which are equally important as they may help fill gaps 

in sampling coverage and provide fresh material for studies requiring non-

fixed specimens (e.g. genetics). Those programmes open to sampling 

requests from scientists are given in Appendix B. 

3.3. DNA extraction from formalin-fixed tissue 
Museum collections hold specimens that are essential to taxonomy. For 

deep-sea cephalopod species of which very few specimens have ever been 

caught, museum specimens may be the only possible source of DNA. 

Unfortunately, most museum specimens are formalin fixed and preserved 

in ethanol, which makes DNA extraction difficult or impossible (Tang, 

2006). Different protocols have been devised for amplifying DNA from 

museum specimens, such as shown in Fang et al. (2002), who combined 

gradual dehydration and critical-point drying to successfully amplify high­

molecular-weight DNA from formalin-fixed vertebrate tissues. In addition, 

mitochondrial DNA has been amplified from museum specimens of octopus 

(S€oller et al., 2000) and squid (Carlini et al., 2006). However, there are still 

many challenges to overcome with formalin-fixed tissue, and failed attempts 

are generally not reported in the literature (Tang, 2006). 

The Barcode of Life Data System (BOLD) is a public compilation of 

DNA barcodes, which are 652 base pairs from the 50 end of the mitochon­

drial cytochrome c oxidase subunit I (COI) sequence (Ratnasingham and 

Hebert, 2007). Strugnell and Lindgren (2007) outlined some considerations 

and concerns specific to cephalopods in BOLD, such as multiple or nuclear 

copies of COI, potentially fast rates of evolution, and some uncertainty over 

whether a single gene is enough to identify species reliably. 

Recently, the Barcode Index Number (BIN) system has been introduced, 

which groups together genetically similar individuals (Ratnasingham and 

Hebert, 2013). For taxonomy, DNA barcodes can be used to help separate 

species (Hebert and Gregory, 2005) and have been successful in delineating 
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cephalopod species (Allcock et al., 2011; Dai et al., 2012; Zheng et al., 2012). 

In addition, DNA barcodes can be used to identify otherwise problematic 

specimens, such as juveniles (Victor et al., 2009) and badly damaged individ­

uals (St-Onge et al., 2008). Given the great potential for museum material to 

extend BOLD and the limited success achieved in extracting DNA from 

formalin-fixed specimens to date (Zhang, 2010), further efforts to improve 

these techniques should be undertaken, and results reported whether positive 

or negative. 

For example, during a recent review of the Mastigoteuthidae found 

around New Zealand (Braid, 2013), it became apparent that integrative tax­

onomy was necessary for working on a group represented mostly by badly 

damaged specimens, especially as it appears that this family has morpholog­

ically similar species with distinct distributions. Therefore, some preliminary 

tests were conducted on the DNA extraction of formalin-fixed squid tissue 

using three mitochondrial genes (COI, 16S rRNA and 12S rRNA), trialling 

combinations of critical-point drying, two DNA extraction protocols and 

DNA purification, with partial success. Among the most useful protocols 

were silica-gel column-based extraction, using critical-point-dried tissue 

combined with a DNA-purification protocol (two sequences recovered 

out of eight attempted) and alkaline lysis extraction from tissue that had 

not been critical-point dried (although this only recovered one sequence 

from 12 samples). Critical-point drying alone was not sufficient to obtain 

DNA sequences; however, with a DNA-purification step to remove impu­

rities and increase the DNA concentration, some DNA recovery was pos­

sible. Overall, it seems that these two steps (critical-point drying of tissue 

prior to DNA extraction and DNA purification) both assist in sequence 

recovery from formalin-fixed tissue. 

Tissue type may also affect the success of DNA extraction (Tang, 2006), 

but it appears that DNA extracted from the buccal mass muscle can be suc­

cessfully amplified (H. Braid, personal observation). The buccal mass is an 

ideal source of muscle tissue because it is removed during the extraction 

of beaks for morphological examination. Although DNA extraction is a 

destructive process, buccal mass tissue can be sampled without damaging 

important morphological characters. One useful process for providing sev­

eral different pieces of information and samples is to remove the buccal bulb 

from specimens prior to fixation, gently extract the beaks (this is usually a 

simple matter if the specimen has been frozen and then thawed) and store 

the beaks together with the buccal muscle in 100% ethanol. This ensures that 

a relatively large piece of muscle tissue is available for molecular work while 
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allowing later confirmation of the parent specimen’s identity (should the 

samples become separated from the whole individual; of course, care should 

be taken to store subsamples together with parent specimens where possible) 

by retaining the characteristic beaks together with the tissue. 

3.4. Websites, databases and networks 
The “Tree of Life” Web Project (ToLweb; http://tolweb.org/), established 

in 1996, has become one of the leading online repositories of cephalopod 

information, focussing primarily on systematics, morphology and distribu­

tion but also presenting a lot of other biological information. Through 

the efforts of Richard Young, Michael Vecchione and the late Katharina 

Mangold (1922–2003), in collaboration with a team of over 20 international 

researchers, more than 700 pages have been completed for the class 

Cephalopoda. These remain the most actively updated and informatively 

complete branches of ToLweb (Maddison et al., 2007). They are particularly 

useful as taxonomic references, since most taxon pages include images 

(photos and/or diagrams) and many provide descriptions of key morpholog­

ical features, as well as general notes on vertical distribution, nomenclature 

and/or development. In addition to taxonomic information, the ToLweb 

has many unpublished observations and photographs, in particular for 

deep-sea cephalopods that are very valuable for biological and ecological 

studies on these animals. Because of this comprehensive collection of 

information, which is frequently updated, ToLweb and WoRMS (World 

Register of Marine Species) (see the succeeding text) were used as the 

primary references for the current taxonomy of the deep-sea cephalopods 

discussed herein (Table 3.1). 

In addition to web-based resources, advances in ocean science tech­

nology have greatly expanded scientific knowledge about the behaviour, 

ecology and functional morphology of many deep-sea cephalopods; some 

of this information is also becoming more widely available to the public. 

The increased feasibility of collecting and analyzing video footage has also 

necessitated the production and dissemination of field guides to aid in 

identifying live animals. The Monterey Bay Aquarium Research Institute 

(MBARI) is a pioneer in this area and maintains a well-established database 

of deep-sea observations recorded by ROVs during 25 years of operations, 

a current total of �19,700 h (S. von Thun, personal communication). 

From this ROV footage, MBARI’s video lab extracts all possible faunal 

information by annotating the video using their Video Annotation 

http://tolweb.org/
http://tolweb.org/
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Reference System (VARS; http://www.mbari.org/vars/). VARS allows 

biological, geological and experimental observations to be searched for 

and correlated, together with descriptive and environmental data in the 

database. This database has revealed unique behaviours of deep-sea cepha­

lopods (e.g. Bush et al., 2009; Hoving and Robison, 2012; Robison et al., 

2003), enabled detection of the range expansion of Humboldt squid 

(D. gigas) (Zeidberg and Robison, 2007) and provided unbiased information 

on distribution and general ecology of deep-sea cephalopods in the Mon­

terey Submarine Canyon (Hunt, 1996). There is a public version of 

VARS query, and the VARS software is available as an open-source package 

for use by other institutes. In the northeastern Pacific, The Marine Life Field 
Guide iBook (freely available through the iBook store) has been produced by 
NEPTUNE Canada (Gervais, 2012) and shows high-quality images of in situ 
observed cephalopod species such as Graneledone pacifica Voss and Pearcy, 
1990; Gonatopsis borealis Sasaki, 1923; and Dosidicus gigas. The NEPTUNE 

Canada cable network gathers live data from instruments deployed and 

connected on the sea floor off Vancouver Island installed in 800 and 

2700 m depth. This tool, installed in area previously lacking an authoritative 

reference guide, can now be used to help improve the quality of real-time 

video and photo annotations during cruises and in subsequent studies of 

archived imagery. 

The current ease of communication has facilitated global initiatives and 

collaborative projects that have increased, or are steadily increasing, our 

knowledge of deep-sea fauna including cephalopods. For example, follow­

ing in the footsteps of the Census of Marine Life programme (2000–2010), 

the INDEEP (International Network for Scientific Investigations of Deep 

Sea Ecosystems) programme is focusing on determining the global biodiver­

sity and functioning of deep-sea ecosystems. The World Register of 

Deep-Sea Species (WoRDSS) has recently been launched in collaboration 

with the WoRMS team (WoRMS Editorial Board, 2014), the Natural 

History Museum, (London) and the National Oceanographic Centre 

(Southampton, the United Kingdom) to improve access to deep-sea species 

information (Higgs et al., 2012). The WoRMS web portal aims to collate 

the most up-to-date taxonomy with a suite of identification tools (online 

keys, guides, monographs and papers) recommended by taxonomic experts. 

Ultimately, it will link directly to a deep-sea field “app” (“Deep Sea ID: 

A deep-sea field guide”), whose readily available synthesis of information 

should prove a useful tool for taxonomists, providing a venue for quickly 

sharing information. It will also be an excellent starting point for people 

http://www.mbari.org/vars/
http://www.mbari.org/vars/
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embarking on a studies of new groups or taxa. In linking to an authoritative 

and updated named database (WoRMS), a consistent taxonomy can also be 

maintained; WoRDSS will thus be the most up-to-date database of deep-sea 

taxonomy. Online WoRDSS (http://www.marinespecies.org/deepsea, 

Glover et al., 2013) lists 419 species of cephalopods as occurring in the 

deep sea. (The current criterion for inclusion in the WoRDSS database is 

a sample depth of greater than 500 m, including both pelagic and benthic 

species; any species recorded below 500 m is included even if it ranges shal­

lower than this depth.) 

Although photo imagery is a nondestructive sampling tool for catalogu­

ing the deep sea, identification of species from imagery is often difficult, 

especially when specimens are not available for confirmation. Organisms 

can, however, be identified as distinct operational taxonomic units 

(OTUs) or morphotypes as a basis for future work and detailed species gro­

und truthing through the collection of actual specimens. An ongoing part­

nership between Ifremer, NOAA, and the University of Plymouth (the 

United Kingdom) is developing a web-based portal of this kind; initially 

documenting the Rockall Trough region of the northeast Atlantic, it will 

soon also include newly collected data from the Bay of Biscay and the 

western Atlantic (Davies et al., 2012). 

3.5. Predators 
Large apex predators such as whales, seabirds, seals, sharks and fishes are 

highly effective samplers, consuming both a great abundance and high 

diversity of deep-sea cephalopods (Clarke, 1980; Santos et al., 2001; 

Xavier and Cherel, 2009; Xavier et al., 2003a, 2013). In fact, cephalopods 

may comprise up to 100% of the total diet in some top predators (Table 3.4), 

and others are known to feed on more than 35 separate deep-sea cephalopod 

taxa (e.g. sperm whales; see Gó mez-Villota, 2007). Predators are also known 

to catch larger specimens, and a greater diversity, of cephalopods than 

are sampled by scientific nets (Clarke, 1977a, 2006; Rodhouse, 1990; 

Roper, 1974; Staudinger et al., 2014; Wormuth and Roper, 1983; 

Xavier and Cherel, 2009; Xavier et al., 2006). Furthermore, tracking of 

cephalopod predators, such as tuna, sharks, seals, sperm whales and seabirds 

(Block et al., 2011; Croxall et al., 2005; Hindell et al., 2003; Paiva et al., 

2010; Phillips et al., 2008; Sims et al., 2008; Xavier et al., 2003b), is cur­

rently more feasible than tracking cephalopods directly and is a technique 

now widely used to support inferences about the vertical and geographical 

http://www.marinespecies.org/deepsea
http://www.marinespecies.org/deepsea


Table 3.4 Importance of deep-sea cephalopods in the diets of top predators 
Number of deep- Number of Estimated mass 
sea cephalopod deep-sea of deep-sea 
taxa present in cephalopods cephalopods 

Top predators Location predator's diet consumed (%) consumed (%) Reference 

Seabirds 

Wandering albatross 

Diomedea exulans 
Subantarctic >25 93 99 Xavier et al. (2003a) 

Grey-headed albatross 

Thalassarche chrysostoma 
Subantarctic >20 100 100 Xavier et al. (2003b) 

Black-brow ed albatross 

Thalassarche melanophrys 
Subantarctic >20 99 99 Xavier et al. (2003b) 

Emperor penguin 

Aptenodytes forsteri 
Antarctic >3 100 100 Piatkowski and Pü tz (1994) 

King penguin 

Aptenodytes patagonicus 
Falkland Islands >9  88  98  Piatkowski et al. (2001) 

White-chinne d petrel 

Procellaria aequinoctialis 
Subantarctic >5 100 100 Berrow and Croxall (1999) 

Whales 

Sperm whale 

Physeter macrocephalus 
North Atlantic >35 100 100 Clarke et al. (1993) 

Pygmy sperm whale 

Kogia breviceps 
South Pacific >22 100 100 Beatson (2007) 

Continued 



Table 3.4 Importance of deep-sea cephalopods in the diets of top predators—cont'd 

Top predators Location 

Number of deep-
sea cephalopod 
taxa present in 
predator's diet 

Number of 
deep-sea 
cephalopods 
consumed (%) 

Estimated mass 
of deep-sea 
cephalopods 
consumed (%) Reference 

Pilot whale 

Globicephala melaena 
South Pacific >5  70  74  Clarke and Goodall (1994) 

Bottlenose whale 

Hyperoodon planifrons 
South Pacific >20 100 100 Clarke and Goodall (1994) 

Seals 

Southern elephant seal 

Mirounga leonina 
Antarctic >5  98  98  Daneri et al. (2000) 

Southern elephant seal 

Mirounga leonina 
Subantarctic >10 99 99 Rodhouse et al. (1992) 

Weddell seal 

Leptonychotes weddellii 
Antarctic >5  65  74  Clarke and MacLeod (1982) 

Fishes 

Patagonia n toothfish 

Dissostichus eleginoides 
Subantarctic >10 75 98 Xavier et al. (2002) 

Conger eel 

Conger conger 
North Atlantic Ocean >1 7 8 Xavier et al. (2010) 

Porbeagle shark 

Lamna nasus 
South Indian Ocean >15 100 100 Cherel and Duhamel (2004) 



Sleeper shark 

Somniosus cf. 
South Indian Ocean >15 100 100 Cherel and Duhamel (2004) 

microcephalus 

Lantern shark 

Etmopterus cf. granulosus 
South Indian Ocean >3 100 100 Cherel and Duhamel (2004) 

Longnose lancetfish 

Alepisaurus ferox 
Central Indian Ocean 

Northwest Pacific 

Ocean 

>10 

>15 

85 

81 

95 

90 

Potier et al. (2007) 

Okutani and Kubota (1976) 

The number of deep-sea cephalopods consumed (%) and estimated mass (%) corresponds to the deep-sea cephalopods consumed within the cephalopod component in 
the diets of predators. 
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distribution of cephalopods and about predator–cephalopod interactions 

that cannot be obtained by other means (Davis et al., 2007; Ropert-

Coudert et al., 2006; Staudinger and Juanes, 2010; Wilson et al., 2002). 

Thus, dietary data from teuthophagous predators can be used to make infer­

ences on the biology and ecology of deep-sea cephalopods. 

Various methods can provide data on the cephalopod component of pred­

ator diets (Barrett et al., 2007; Karnovsky et al., 2012; Xavier et al., 2005), 

including direct observations (e.g. observing an albatross feeding at the sea sur­

face) and the examination of the stomach contents of dead animals and from 

scats/faeces. Traditionally, the examination of stomach contents has been one 

of the most widely used methods for studying the diets of predators, having the 

advantage of potential quantification of prey importance (e.g. the contribution 

of cephalopod species by frequency of occurrence, by number and by mass) at 

the time of sampling. Some cephalopod predators are more suitable samplers 

than others. The longnose lancetfish, Alepisaurus ferox Lowe, 1883, for 
instance, forages on mesopelagic cephalopods. Its stomach contents are 

extremely useful for biological studies as food is stored in the stomach and 

digestion takes place in the intestine; relatively intact prey items can therefore 

be recovered from the stomach (Okutani and Kubota, 1976; Potier et al., 

2007). In other instances where less-intact stomach contents are recovered, 

the original body sizes of digested cephalopods can often be estimated from 

measurements of their beaks, which are more resistant to digestion than soft 

tissues and often accumulate in the stomachs of predators (Clarke, 1962, 1986; 

Lu and Ickeringill, 2002; Xavier and Cherel, 2009). However, beaks can be 

retained in predator stomachs for 9 months or longer (Xavier et al., 2005); 

therefore, caution must be used to differentiate among fresh (i.e. with trans­

parent parts or with flesh attached) and highly eroded beaks, to ensure accurate 

interpretation of the results (Xavier and Cherel, 2009; Xavier et al., 2011). 

Prey digestion rates also vary widely depending on the size of the predator 

and of the prey; these variable rates can considerably affect the results obtained 

from stomach contents for soft-bodied or small prey (e.g. cephalopods, fishes 

or crustaceans) that can be digested completely. For example, some fishes can 

be completely digested within 12 h in petrels, seals and penguins, but digestion 

rates differ according to the fish species consumed (Helm, 1984; Hilton et al., 

1998; Jackson and Ryan, 1986; Wilson et al., 1985). The same may be true for 

different cephalopod species. 

Several recent biochemical methods have provided additional novel 

ways to gain further information about deep-sea cephalopods collected from 
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predator stomachs. Trace elements can be used to determine geographical 

distribution and to differentiate stocks (e.g. Arbuckle and Wormuth, 

2014); stable isotopes of carbon and nitrogen (from fresh cephalopod tissue 

or tissue recovered from predators) act as ecological tracers of habitat use and 

trophic level (Cherel and Hobson, 2005); DNA barcoding and fatty-acid 

analysis can be used to identify cephalopods to species and indicate con­

sumed prey taxa (Braid et al., 2012; Dai et al., 2012; Hoving and 

Robison, 2012); and chemical pollutants shed light on the accumulation 

and transfer of persistent anthropogenic pollution through remote deep-

ocean communities up to charismatic and endangered megafauna (Unger 

et al., 2008). In addition, these techniques can help reconstruct seasonal, 

annual and decadal shifts in oceanographic conditions over varying spatial 

scales through the analysis of biogenic structures such as beaks or gladii that 

reflect varying time periods of nutrition and habitat use (e.g. Barrett et al., 

2007; Cherel and Hobson, 2005; Karnovsky et al., 2012; Ramos and 

Gonzalez-Solis, 2012). 

4. SYSTEMATICS, DIVERSITY, BIOGEOGRAPHY 
AND EVOLUTION OF DEEP-SEA CEPHALOPODS 

4.1. Evolutionary pathways to modern deep-sea life: 
Implications from the cephalopod fossil record 

In contrast to numerous shallow-water deposits of epicontinental seas, 

examples of deep-sea deposits and hence records of deep-sea fossil commu­

nities are extremely rare; the few fossil deep-sea faunal assemblages known 

to date have yielded no cephalopods. However, inferences of evolutionary 

pathways leading to modern deep-sea cephalopods can be made from indi­

rect evidence, including the palaeoenvironment in which fossil cephalo­

pods have been found and/or their functional morphology. By far, the 

greatest source of fossil cephalopod information is the preserved buoyant 

shell (phragmocone), which would have imposed a physical habitat depth 

limit as it does in modern cephalopods such as Nautilus, Spirula and Sepia 
(Figure 3.5). However, thanks to sedimentary deposits known to exhibit 

extraordinary soft tissue preservation (called Konservat-Lagerstätten, literally 

“conservation preservation sites”), a relatively good understanding of 

external and internal morphology can also be gleaned, particularly for 

coleoids. 
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Figure 3.5 Depth distributions of fossil cephalopods (mainly inferred from functional 
morphologies). 

4.1.1 Nautiloidea and Ammonoidea 
The large majority of fossil ectocochleate (external shelled) cephalopods 

were restricted to epicontinental shelf and slope habitats. They first appeared 

during the Cambrian period (about 500 million years ago) as bottom-

associated monoplacophoran-like molluscs (Kr€oger et al., 2011), and their 
distributions at any time were determined by transgressions (sea-level rise) 

and regressions (sea-level decrease). According to depth-range estimates 

based on shell-strength calculations, only a few of these taxa could dive as 

deeply as modern Nautilus (Daniel et al., 1997; Hewitt and Westermann, 

1988; Hewitt et al., 1989; Westermann, 1973); there is no positive evidence 

from the fossil record that early ectocochleates were adapted to permanent 

life in the deep sea. 
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4.1.2 Coleoidea 
As with ectocochleates, the fossil record of endocochleate coleoids is con­

fined to shallow inland and shelf areas. Coleoids most likely originated dur­

ing the Late Devonian or in early Carboniferous times from bactritoid 

ancestors. Bactritoidea was an extinct group of ectocochleate cephalopods 

with a straight (orthoconic) phragmocone; this lineage also gave rise to 

the Ammonoidea. Bactritoids are considered to have been inhabitants of 

epi- to upper mesopelagic water depths (Westermann, 1973). 

4.1.2.1 Belemnoidea 
Based on their palaeobiogeographic distribution, belemnoids (Aulacocerida, 

Phragmoteuthida, Belemnitida and Diplobelida) are generally considered to 

have been neritic, similar to the recent loliginids (Doyle, 1990; Jeletzky, 

1966; Westermann, 1973). Several exceptions may have occurred within 

the Aulacocerida, where some taxa are known from oceanic deposits (e.g. 

Triassic of Timor, Indonesia). Westermann (1973) believed that these forms 

were capable of withstanding higher hydrostatic pressures (maximum esti­

mated implosion depth 1000 m). 

4.1.2.2 Decapodiformes 
Early predecessors of the recent Decapodiformes probably evolved during 

the Late Jurassic or Early Cretaceous period from belemnoid diplobelids 

(Fuchs et al., 2012, 2013; Kr€oger et al., 2011). These early decapods (either 
stem-lineage representatives or already within the spirulid lineage), com­

monly called groenlandibelids, have been found in neritic sediments but 

most probably drifted there postmortem from oceanic provinces. Therefore, 

it has been suggested that groenlandibelids—similar to present-day Spirula— 

inhabited mesopelagic waters above the continental slopes (Fuchs et al., 

2013; Hewitt et al., 1991). 

However, the direct ancestors of mesopelagic Spirula, commonly called 

“Tertiary spirulids,” have been found in epicontinental deposits, and the 

shell morphologies of Eocene–Miocene Beloptera and Spirulirostra suggest 
a demersal lifestyle (Young et al., 1998). This indicates that Spirula migrated 

downwards into meso- to bathypelagic waters only 5–10 million years ago. 

Fuchs (2012) recently concluded that, over the course of evolution, the 

spirulid shell has progressively retained more early ontogenetic shell charac­

ters. These neotenous traits suggest a highly derived (rather than a primitive) 

morphology and lifestyle for Spirula. 
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Early representatives of the Sepiida (Ceratisepia) first appeared in the Late 

Cretaceous and generally co-occurred with spirulids in Cenozoic neritic 

deposits (e.g. Eocene Belosepia). Since only a handful of modern sepiid 

species can live in waters deeper than 400 m (Sherrard, 2000), it appears 

that the bulk of these taxa have retained their approximate original depth 

distribution. 

While spirulids and sepiids are primarily shallow-water inhabitants, 

Arkhipkin et al. (2012) recently hypothesized that teuthoid squids may have 

originated in the deep sea. According to this scenario, the squid gladius 

derived from a belemnitid shell through “. . .reduction of the dysfunctional 
rostrum-phragmocone system with subsequent decalcification. . .” as a phys­
iological adaptation of a life in oxygen-poor deep-water habitats. If this is 

true, then neritic provinces (e.g. those inhabited by modern loliginid squids) 

might have been secondarily invaded, unless loliginids are cuttlefishes that 

have lost the phragmocone rather than oegopsids that moved into shallow 

waters (Young et al., 1998). 

4.1.2.3 Octopodiformes 
Octopodiformes (Vampyroteuthis, Cirrata, Octopoda) most probably derived 

from a belemnoid subgroup, the Phragmoteuthida ( Jeletzky, 1966). This 

Middle Triassic divergence must have happened—as in squids—through 

decalcification of the inner shell and the development of a gladius, which 

is well known throughout the entire Mesozoic (e.g. Fuchs, 2006; Fuchs 

and Larson, 2011a,b; Fuchs and Weis, 2008, 2010; Fuchs et al., 2007a,b). 

In contrast to meso- to bathypelagic Vampyroteuthis, these gladius-bearing 

octopodiforms occupied nektonic or nektobenthic niches in shallow waters; 

the Vampyroteuthis lineage must thus have retreated from shallow waters at 

some point. However, Vampyroteuthis has conserved many ancestral mor­

phological characters. 

The Octopoda, comprising Cirrata (Cirroctopoda) and Incirrata, stem 

from a subgroup of gladius-bearing octopodiforms called Teudopseina 

(Bizikov, 2004; Fuchs, 2009; Fuchs and Larson, 2011a; Fuchs and Weis, 

2010; Fuchs et al., 2009; Haas, 2002). Although still unknown, the hypo­

thetical last common ancestor of the Octopoda (cirrates and incirrates) must 

have appeared very similar to living cirroctopods. Whereas ancestral cirrates 

have not been identified with certainty in the fossil record (perhaps the ear­

liest true cirrate was already a deep-sea dweller?), our knowledge about the 

earliest members of the Incirrata is comparatively good. The first unambig­

uous octopods with a clearly bipartite gladius vestige appear in Late 
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Cretaceous epicontinental deposits, indicating moderate water depths 

(Fuchs et al., 2009); these palaeoctopods already lacked cirri but still pos­

sessed fins. In the light of recently proposed phylogenies (e.g. Lindgren 

et al., 2012; Strugnell et al., 2004, 2009), it appears plausible to assume mul­

tiple deep-sea colonizations for various octopod subgroups (Voss, 1988). 

In conclusion, expansion into the deep sea from shallow origins is a 

common and independent occurrence observable in almost all cephalopod 

subgroups; teuthoid squids, however, may have first arisen and radiated in 

the deep sea and only later colonized shallow waters. 

4.1.3 Misconceptions regarding “living fossils” 
The term “living fossil” can only be used with accuracy for Vampyroteuthis, 

since it differs little from its Mesozoic shallow-water-dwelling ancestors. 

The use of this term for Nautilus is still premature, since information about 

the soft-part morphology of its ancestors remains scarce (e.g. number of 

arms? number of gills?). Certainly, the Nautilus shell exhibits a general con­
servatism, but in detail (e.g. shape of the conch, course of sutures and posi­

tion of the siphuncle), it differs significantly from its latest known ancestors, 

such as Eutrephoceras and Cenoceras (see Ward, 1984). Spirula is definitely not a 
“living fossil” and must rather be considered as a highly derived cephalopod. 

4.2. Diversity and Systematics 
Few cephalopod species that spend the majority of their adulthood in the 

deep sea are well understood, even those considered abundant. New genera 

are regularly described, and many families are known to contain unnamed 

species and species complexes. It is perhaps surprising that, in a class with just 

�850 extant nominal species (Table 3.1), such systematic uncertainty should 

remain. 

4.2.1 Information sources for deep-sea cephalopod biodiversity 
While physical collections form an indispensable resource (as discussed in 

Section 3.2), their material can only represent a small cross-section of the 

deep-sea cephalopod fauna. Many of the taxa represented in institution 

holdings are at the smaller end of the size range for this class and often have 

soft, gelatinous bodies. Most trawled specimens, after being tumbled in nets 

with more robust-bodied animals, reach the surface in poor condition, 

severely limiting their potential for morphological examination. This has 

resulted in some difficulties in species delineation, with many early species 

descriptions based only on single and/or badly damaged specimen(s). 
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A good example is the 21 nominal species of Architeuthis that have been 
described since the first description by Steenstrup in 1857. Genetic data 

have recently shown that Architeuthis comprises a single cosmopolitan spe­

cies, A. dux (Winkelmann et al., 2013), with �20 synonyms. (Winkelmann 

et al., 2013). Many deep-sea taxa remain poorly represented in collections 

because of the relative infrequency of deep sea collecting expeditions, 

and for some groups (e.g. large species of Onykia, Mesonychoteuthis and 
Architeuthis), accidental collection as by-catch in commercial fisheries 

targeting other species remains the main source of available material. 

The condition of this material varies greatly, and the geographical distri­

butions of these taxa may appear artificially narrow based on localized com­

mercial fishing effort. Retention (and later, fixation and storage) of this 

material can pose additional challenges due to its lack of economic value 

(to fisheries), as well as spatial constraints and the volume of hazardous 

chemicals required, especially for large specimens. 

For some species, extensive museum collections can provide insight into 

intraspecific variations in morphology, but for many taxa, holdings are 

restricted to a few individuals. In addition, different life stages and states 

of maturity for a species might not be represented comprehensively by spec­

imens in collections. However, examination of whole (or partial) physical 

specimens is no longer the sole means of gaining insight into deep-sea ceph­

alopod diversity. With the recent advances in underwater imagery, and the 

greater human presence in the deep sea, species are increasingly identified 

within their natural habitat in their natural (i.e. unpreserved) form. In fact, 

some species, such as a large magnapinnid known from the Pacific 

(Vecchione et al., 2001), remain known exclusively from video footage; 

no physical specimen has ever been positively identified in collections. 

4.3. Biogeography 
Fries (2010) created a distribution map using primary literature and 

databases (OBIS and AquaMaps) (Figure 3.6) to illustrate the worldwide 

distribution of scientific records of the Cephalopoda, including both coastal 

and deep-sea habitats. It highlighted obvious gaps in cephalopod studies, 

namely, the Arctic, southwest Atlantic, Indian and Pacific Ocean. 

A brief summary of studies that have focused specifically on the deep sea 

(below 200 m) in the major ocean basins follows. They are far from the only 

studies conducted but are a broad indication of the information available for 

each region. 
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Figure 3.6 Global cephalopod distribution based on meta-analysis study demons­
trating worldwide cephalopod distribution and regional gaps requiring future study. 
With permission from Fries (2010). 

4.3.1 Atlantic Ocean 
Several overviews of the deep-sea fauna have been published, as well as a 

number of regional reviews. For example, large-scale depth-related diversity 

patterns of cephalopods in the Atlantic were examined in the open-ocean 

and deep-sea regions by Rosa et al. (2008) through extensive literature 

review. Cephalopod diversity was found to peak along continental shelves 

and within the epipelagic zone and to decline with depth below 200 m. This 

contrasts with patterns observed for other macrofauna as well as for other 

molluscan groups such as gastropods and bivalves (Rex et al., 2005). 

In the southwestern Atlantic, Haimovici and Perez (1991) and Haimovici 

et al. (2009) have inventoried the deep-sea cephalopod fauna of the 

Brazilian slope down to 600 m; Guerra et al. (2001) also reported 21 species 

off the Patagonian Shelf down to 1500 m and showed that benthic octopods 

penetrate this area within the plume of cold sub-Antarctic waters and 

are pushed northwards into the South Atlantic by the Falkland/Malvinas 

current. Future studies were suggested on either side of this plume to inves­

tigate the presence of cold water-adapted species. In the northern Atlantic, 

midwater cephalopods were examined off Nova Scotia during the years 

1986–1989 by Vecchione and Pohle (2002), who found 63 species from 
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28 families, in depths between 169 and 4800 m. Subsequent investigations 

under the MAR-ECO initiative reported 56 species from along the north­

ern Mid-Atlantic Ridge (Vecchione et al., 2010b) and 50 cephalopod spe­

cies from the southern portion of the ridge (Perez et al., 2012). In the 

northeastern Atlantic, cephalopods have been documented from the surface 

to the sea floor at great depths, including an impressive record of a deep-sea 

Muusoctopus species observed feeding on baitfall (porpoise) at a depth of 
2555 m (Kemp et al., 2006). Collins et al. (2001) reviewed the distributions 

of deep-water (150–4850 m) benthic and benthopelagic cephalopods in 

this region and identified 36 species of cephalopods from 14 families. 

Judkins (2009) also reported 129 cephalopod species to inhabit the wider 

Caribbean, which includes the Gulf of Mexico, Caribbean Sea and a portion 

of the central western Atlantic. In her study, abundance, distribution and 

diversity differences were analysed and distribution maps were created for 

each species, with deep-sea taxa accounting for 45% (58 species) of species 

documented. 

4.3.2 Pacific Ocean 
In the southeastern Pacific, a distribution and diversity study conducted off 

the coast of Chile revealed 71 oceanic species, with the majority found 

below 200 m (Ibañez et al., 2009). In the northeastern Pacific Ocean, 

Sinclair and Stabeno (2002) recorded 11 deep-sea cephalopod species from 

the southeastern Bering Sea, and a field guide to squids and octopodiforms of 

the eastern North Pacific and Bering Sea was completed in 2009 ( Jorgensen, 

2009). A deep-sea octopod, Graneledone cf. boreopacifica, has also been col­
lected near an active hydrothermal vent at 1459 m (Voight, 2000). Given 

the difficulty of sampling adult cephalopods, cephalopod larvae can also 

be used to investigate the systematics, distribution and abundances of epi­

planktonic squid larvae, such as a study conducted in the California Current 

(Okutani and McGowan, 1969). Other paralarval studies in the Pacific have 

focused on the diverse Gonatidae (Hunt and Seibel, 2000; Kubodera and 

Jefferts, 1984a,b), as well as the ommastrephids (Harman and Young, 

1985). A comprehensive study on epipelagic cephalopods was undertaken 

by Okutani (1974). Young (1972b) also documented 30 species of pelagic 

deep-sea cephalopods from southern Californian waters, more than a dozen 

of which have also been observed by MBARI’s ROV programme. These 

cephalopods include Vampyroteuthis infernalis, histioteuthids, enoploteuthids, 
gonatids, cranchiids, octopoteuthids, onychoteuthids and members of the 

chiroteuthid families (e.g. Bush et al., 2007, 2009; Hoving et al., 2013b; 
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Hunt, 1996; Robison et al., 2003). In the mid-Pacific, while surveying the 

Cross Seamount in the mid-Pacific Ocean for mesopelagic micronekton, 

22 species of cephalopod were recorded (De Forest and Drazen, 2009). 

Notable recent findings in the western Pacific along the coast of Japan, both 

from cruise material and live in situ observations category, include those of 
Kubodera and Mori (2005, for Architeuthis), Kubodera et al. (2007, for 

Taningia) and a collaborative expedition yielding the first-ever video footage 

of a live Architeuthis dux at depth (600–900 m, Widder, 2013). 

4.3.3 Indian Ocean 
Cephalopod captures in the deep Indian Ocean have been scarce, or poorly 

reported, until recently; specimens were previously only known to be col­

lected as part of other research projects like the International Indian Ocean 

Expedition in the 1960s. However, at least some regions and environments 

appear to have quite high species diversity: Nesis (1986) reported 50 species 

of cephalopods from four tropical Indo-West Pacific-type seamounts, and 

work conducted by Piatkowski (1991) in the Arabian Sea examined the dis­

tribution of pelagic cephalopods to 1000 m. Laptikhovsky et al. (submitted) 

also recorded at least 68 cephalopod species, from 26 families, from along the 

Southwest Indian Ridge. 

4.3.4 Polar Oceans 
Kubodera and Okutani (1994) identified 44 eledonine octopods in the 

Southern Ocean, describing the distribution and systematics of the group. 

Allcock et al. (2001) studied octopods in the eastern Weddell Sea to a depth 

of 1000 m and found eight species of incirrate octopods, three of which were 

undescribed, and many other subsequent species descriptions have origi­

nated from the region (Allcock et al., 2004; Vecchione et al., 2005, 

2009b). Xavier et al. (1999) compiled data obtained between 1886 and 

1997 in the Southern Ocean and found that 21 species of oegopsid squids 

had been reported from depths below 200 m. The geographical distributions 

of each were documented with respect to bathymetry, ocean fronts and sea-

ice extent. However, large areas remain from which no data have been 

reported. Additional studies on cephalopods, using predators as samplers 

(e.g. Xavier et al., 2006, on albatrosses), have also been conducted in this 

region, giving further insight into cephalopod distribution and abundance. 

In the Arctic Ocean, Nesis (2001) discussed the distributional ranges of seven 

cephalopod species inhabiting the region, concluding that they represented a 

mixture of circumpolar and non-circumpolar distributions. Another study 
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focusing on distribution and predation was conducted for 36 cephalopod 

species by Gardiner and Dick (2010) based on past records including 

museum collections, government reports, international and national data­

bases, published articles and personal communications. Distribution maps 

were created for each; however, no records could be found for some areas, 

so coverage of the entire region remained incomplete. Most recently, 

Golikov et al. (2013) provided new data on the distribution of three Arctic 

cephalopod species (Todaropsis eblanae Ball, 1841; Todarodes sagittatus 
Lamarck, 1798; Teuthowenia megalops Prosch, 1849; and Gonatus fabricii 
Lichtenstein, 1818) and showed significant range extensions for these 

deep-sea cephalopods. 

4.4. Combined approaches to cephalopod systematics 
Cephalopod taxonomy has advanced markedly in the last few decades. This 

is partly due to improved exploratory technology and increased sampling but 

has also resulted from the application of molecular techniques, which pro­

vide additional suites of traits that can be used to define species and examine 

their phylogenetic relationships. While molecular techniques have been uti­

lized primarily in shallower-water taxa to date, due to the relative availability 

of fresh tissue, they are also increasingly being used as a tool to study deep-sea 

forms. Although species are traditionally identified by morphology, this 

approach can underestimate the “true” number of species if cryptic species 

are present. Similarly, DNA-sequencing techniques can over- or underes­

timate the “true” number of species when inappropriate markers are used. 

Thus, a cautionary approach should be taken in determining species bound­

aries by including as many suites of character traits as possible, ideally both 

morphological and molecular, and incorporating combined analyses of mul­

tiple genetic sequences from each individual (covering both nuclear and 

mitochondrial DNA sequences). 

To distinguish genetically among different species in sympatry, it is 

essential to independently confirm any phylogenetic hypothesis based on 

molecular data by either morphological or unlinked molecular characters 

(Feulner et al., 2007; Milinkovitch et al., 2002). Frankham et al. (2012) have 

identified approximately 26 definitions of species and, depending upon 

which concept is followed, different numbers of species and disparate group­

ings result. These researchers demonstrated that the definition and determi­

nation of species have financial, legal, biological and conservation 

implications and gave an insightful review of this subject. 
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Recently, considerable advances in our understanding of the higher-

level systematics of coleoid cephalopods have occurred. Morphological 

studies have proven useful in classifying species within subfamilies and gen­

era but less so in determining higher-level relationships due to problems 

involving the determination of character independence, apomorphic loss 

of characters or assessment of homology/homoplasy (Young and 

Vecchione, 1996). This is particularly important for deep-sea cephalopods, 

where most of the family-level diversity within the class is found. High rates 

of evolution in cephalopods, coupled with their radiation into numerous 

habitats, have confounded our ability to recover consistent phylogenetic 

relationships using both morphological and molecular data (Lindgren 

et al., 2012). 

Historically, molecular studies have produced conflicting results, perhaps 

due to limited taxon or gene sampling. Strugnell and Nishiguchi (2007) 

attributed the lack of clear resolution to the different alignment and analysis 

combinations that have been used in studies of cephalopod phylogenetics. 

Consistent among these results, however, is the monophyly of the 

Octopoda, Argonautidae, Oegopsida and Ommastrephidae based on two 

sequence homology methods and three analysis methods, with the Bat­

hyteuthidae the sister taxon of the Oegopsida in each case. The paper by 

Strugnell and Nishiguchi (2007) also gave a useful summary of the outcomes 

of various molecular analyses to 2007 and advocated the use of a variety of 

different alignment and analysis strategies in phylogenetic analysis. 

Lindgren et al. (2012) generated the most comprehensive multigene 

phylogeny to date, based on 10 genes for over 400 cephalopod taxa (rep­

resenting 42 of 47 families). In addition to providing a well-supported phy­

logeny, these researchers created a character matrix of habitat type and 

morphological characters from which to infer ancestral character states 

and test for correlation between habitat and morphology to study the phy­

logenetic and environmental forces driving character evolution. Conver­

gent evolution was shown for all six morphological characters analysed, 

three of which (autogenic photophores, cornea and accessory nidamental 

glands) correlate with habitat and therefore environmental pressures. This 

study also serves to underline the importance of a combined approach in for­

mulating robust phylogenetic hypotheses. Their results confirmed mono­

phyly for almost all major orders and families studied except the 

Octopodidae sensu lato, which is a highly divergent group morphologically, 

with numerous species complexes (Norman and Hochberg, 2005; Strugnell 

et al., 2013). 
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In addition to providing insight into the phylogenetic relationships 

among higher-level cephalopod groups, genetic data can be used to improve 

natural history knowledge of individual species. For species that appear 

endemic to relatively small geographical areas (e.g. Watasenia scintillans 
Berry, 1911), molecular data can provide insight into population dynamics 

and gene flow. For others that appear to have global distributions, like the 

currently monospecific Taningia, Vampyroteuthis and Spirula (or the rarely 
encountered but apparently cosmopolitan Asperoteuthis acanthoderma Lu, 
1997; see Judkins et al., 2009), genetics may reveal systematic complexities 

not immediately evident from morphological data alone. The genus 

Taningia, for example, has been considered monospecific for more than 

150 years but may in fact have at least two species (J. Kelly, personal obser­

vation). In contrast, Architeuthis, a genus with 21 named species (of which 

recent authors have generally accepted between one and four, e.g. Jereb 

and Roper, 2010), now appears to contain a single cosmopolitan species, 

according to mitochondrial genomic work by Winkelmann et al. (2013). 

Moreover, the level of nucleotide diversity in A. dux is extremely low, 

suggesting a possible recent bottleneck or expansion from one region into 

the remainder of the temperate oceans. 

4.5. Future priorities in cephalopod systematics 
Despite our enhanced knowledge of deep-sea cephalopods due to recent 

technological advances, our ability to collect and identify cephalopods in 

some areas remains limited. Many developing countries lack the financial 

support and technology necessary for deep-sea research, which results in 

gaps in knowledge for particular regions. Similarly, data coverage in remote 

regions is limited due to logistical and financial constraints (McIntyre, 2009). 

In general, areas requiring the most attention are currently the southeast 

Pacific, southwest Atlantic, and the Indian and Arctic Oceans. 

Targeting taxa that are in particular need of focused taxonomic research 

effort is difficult because, while the deep ocean is largely underexplored in 

general (Webb et al., 2010), some families are well known from some geo­

graphical regions and poorly known from others for a variety of reasons. 

Globally, collection and exploration efforts have been concentrated in par­

ticular areas—not necessarily areas of greatest importance or need, but 

largely as a result of disparate funding and resource opportunities. Further­

more, most cephalopod studies in the deep sea result from funded projects 

aimed at other questions/problems. For example, deep-sea benthic 



287 The Study of Deep-Sea Cephalopods 

octopods have received some focused research effort in polar regions and 

Australasia but are poorly known elsewhere, although recent work in the 

southeastern Pacific based on specimens obtained off the shelf and slope 

of Chile (Ibañez et al., 2012) is now filling another knowledge gap. 

Some groups, however, have notoriously unstable systematics world­

wide. Foremost among them are the squid families Cranchiidae, although 

Voss (1980) substantially stabilized the genera, and Chiroteuthidae, which 

is suspected to contain several unconfirmed new genera, as well as several 

undescribed species in the existing genera Chiroteuthis and Asperoteuthis 
(Young and Roper, 2011a). One of the least-studied families appears to 

be the Brachioteuthidae; within Brachioteuthis, several species have been 

named but only partially described, and additional new species have been 

recognized (ToLweb, 2012); consequently, all named brachioteuthid taxa 

are in need of review and disambiguation. The validity of all taxa is now 

under review. Mastigoteuthids are similarly problematic, although the 

New Zealand fauna has recently been reviewed by Braid (2013). 

Octopoteuthids are similarly poorly understood and are under current 

review by P. Jereb, A. Guerra and J. Kelly. Families such as Cranchiidae, 

Opisthoteuthidae and Mastigoteuthidae, known to have high local diversity 

in some regions (the latter being the most abundant cephalopods in the 

deep sea) (M. Vecchione, personal observation), should be particular candi­

dates for revision as such patterns suggest that additional new species may be 

present. Research directions can also be guided by the availability of existing 

preserved specimens in museum collections or the potential to obtain fresh 

material from active collecting programmes. Wherever possible, morpho­

logical and molecular techniques should be used together in future taxo­

nomic revisions, with resulting sequences submitted to GenBank and 

BOLD and distribution records to OBIS. 

5. LIFE CYCLES OF DEEP-SEA CEPHALOPODS 

5.1. Reproduction 
5.1.1 General reproductive system morphology 
All cephalopods are dioecious (i.e. the sexes are separate). The male repro­

ductive system is divided into an unpaired testis; a vas deferens; a 

spermatophoric (or spermatophore-producing) organ; a spermatophoric 

(or Needham’s) sac, where spermatophores are stored; and a terminal organ 

(or “penis”), a prolongation of the spermatophoric sac. The terminal organ 
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may have an extensor capacity and is involved in spermatophore transfer in 

some deep-sea cephalopods; alternatively, one or more of the male arms may 

bear structural and glandular modifications related to spermatophore transfer 

(e.g. Hoving, 2008; Nesis, 1995). Although the majority of male cephalo­

pods bear only the left gonoduct, some deep-sea species exhibit paired (and 

functional) gonoducts (Selenoteuthis scintillans Voss, 1958, Lycoteuthis spp. and 
Stigmatoteuthis spp.) (Nesis, 1987a, 1995; Voss et al., 1998). 

The female reproductive system is divided into an ovary, one or two ovi­

ducts and one or two oviducal glands. Paired oviducts and oviducal glands 

occur in Vampyromorpha, incirrate octopods and in most Oegopsida, with 

the oegopsid family Pyroteuthidae being an exception: Pterygioteuthis spp. 
possess only the right gonoduct, and Pyroteuthis spp. may bear a reduced right 

gonoduct. In sepiids, sepiolids, myopsids and cirrate octopods, only the left 

gonoduct is present. With few exceptions (i.e. Enoploteuthidae), all deca­

pods bear a pair of nidamental glands in the anterior ventral region of the 

mantle cavity. All decapods except oegopsids also bear an additional pair 

of glands called “accessory” nidamental glands, which house symbiotic 

bacteria that are passed to the egg capsules (Barbieri et al., 2001). Although 

the exact process is largely unknown, all glands (oviducal, nidamental and 

accessory nidamental) are involved in egg-capsule formation, except in 

incirrate octopods, in which the oviducal glands form the cement material 

used by the female to attach eggs on the substrate (Froesch and 

Marthy, 1975). 

5.1.2 Spermatophores 
Coleoid spermatophores are considered to be one of the most elaborate 

reproductive structures in the animal kingdom (Mann, 1984). With the 

exception of cirrate octopods, which produce an unusual spermatophore 

(or “sperm packet”; Villanueva, 1992), coleoid spermatophores generally 

consist of a sperm mass, a cement body and an ejaculatory apparatus, being 

enveloped by the outer and middle tunics (Figure 3.7; Marian, 2012a,b). 

From the outside to the median axis of the spermatophore, the ejaculatory 

apparatus tube consists of the inner tunic, the middle and inner membranes 

and the spiral filament (Figure 3.7), the latter bearing minute stellate particles 

(Marian, 2012a,b). Hess (1987) provided an extensive overview of the sper­

matophores of a wide variety of cephalopods, including deep-sea species. 

Spermatophore sizes (relative and absolute) vary considerably among 

deep-sea coleoids, ranging from absolute lengths of a few millimetres in 

Abralia spp. to 20 cm in the giant squids (Hoving et al., 2004). Heteroteuthis 
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Figure 3.7 Deep-sea cephalopod spermatophores and spermatangia. (A) Diagram­
matic representation of a generalized squid spermatophore. (B) Histioteuthis miranda 
spermatophore. (C) Discoteuthis discus spermatophore (left) and spermatangium (right). 
(D) and (E) Heteroteuthis dispar spermatophore (D) and spermatangium (E). Abbrevia­
tions: cb, cement body; cp, cap; ct, cap thread; eat, ejaculatory apparatus tube; it, inner 
tunic; im, inner membrane; mm, middle membrane; mt, middle tunic; ot, outer tunic; sf, 
spiral filament; sm, sperm mass. (A) Originally published in Marian et al. (2012) and 
reproduced with kind permission from Springer Science and Business Media. (B) Originally 
published in Hoving et al. (2010a) and reproduced with permission. (D) and (E) Originally 
published in Hoving et al. (2008b) and reproduced with kind permission from Springer 
Science and Business Media. 

dispar (Rü ppell, 1844) may have the proportionally largest spermatophores 

among deep-sea cephalopods (SpL ¼ 33–43% ML; Hoving et al., 2008b). 

A general schematic diagram of a coleoid spermatophore is provided in 

Figure 3.7. 

Spermatophores’ intricacy is not only structural: when properly triggered, 

coleoid spermatophores are able to function autonomously in a process called 

the “spermatophoric reaction” (e.g. Hoving and Laptikhovsky, 2007; Hoving 

et al., 2009; Mann, 1984; Marian, 2012a,b). The spermatophoric reaction is an 

osmotically controlled process that comprises the evagination of the 

spermatophoric tunics and membranes, leading to the extrusion of the cement 

body and to the formation of the spermatangium (everted spermatophore 

containing the sperm mass). Mated females often bear spermatangia attached 

to their bodies in a variety of (sometimes taxon-specific) locations. 
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The number of spermatophores stored in the spermatophoric sac may 

vary widely in deep-sea squid, from approximately 80 in Ancistrocheirus 
lesueurii Orbigny, 1842 (Hoving et al., 2006), to about 250 in Lycoteuthis 
lorigera Steenstrup, 1875 (Hoving et al., 2007); 1000 in Octopoteuthis sicula 
Rü ppell, 1844 (Hoving et al., 2008a); and 100–1800 in ommastrephids 

(e.g. Nigmatullin et al., 2003). Spermatophorogenesi s (spermatophore 

formation) has been intensively studied in ommastrephid squids, includ­

ing its ontogeneti c aspects (e.g. Nigmatullin et al., 2003). These authors 

demonstra ted that there is a distinction between physiological and func­

tional maturity in male squid, with the production of “tentative” (devoid 

of sperm) and “false” spermatophores (spermatophores with very small 

sperm volume) during submaturity. These are constantly released 

through the terminal organ until the mature stage is reached and fully 

functional spermatophores are produced, at which point output can 

be considera ble: a daily producti on rate of 10–20 spermatophores was 

estimated for mature males of the ommastrephid Illex argentinus 
(Arkhipki n and Laptikhovsky, 1994). 

Spermatophore production apparently begins relatively early, and 

somatic growth continues after the production of the first spermatophores, 

and spermatophores may be stored in the spermatophoric sac for ca. 

4.5 months (Hoving et al., 2010a). This strategy was postulated to be 

associated with the deep-sea environment: where encounters between mates 

are rare, the chances of fertilization could be maximized by beginning 

spermatophorogenesis earlier in the life cycle (Hoving et al., 2010a). 

Although this may be true, spermatophore production in coastal and epipe­

lagic species also starts early in life and is associated with somatic growth (e.g. 

Nigmatullin et al., 2003). 

The sperm mass of the spermatophore may contain millions of sperma­

tozoa (Mann, 1984). Detailed ultrastructural data on the spermatozoa of 

one deep-sea decapod (Rossia pacifica Berry, 1911, Fields and Thompson, 

1976) and six deep-sea octopodiform species (Opisthoteuthis persephone 
Berry, 1918, and Healy, 1993; Graneledone gonzalezi Guerra, Gonzalez 
and Cherel, 2000, and Roura et al., 2009; Bathypolypus bairdii Verrill, 
1873 and B. sponsalis P. Fischer and H. Fischer, 1892, Roura et al., 

2010a; Vulcanoctopus hydrothermalis Gonzalez and Guerra in González 
et al., 1998; Roura et al., 2010b; and Vampyroteuthis infernalis Healy, 

1989, 1990) are currently available in the literature and suggest that some 

sperm characters may be useful for gaining insight into the systematics 

and phylogenetics of cephalopods, across all taxonomic levels. 
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Much remains to be investigated regarding sperm and spermatophore 

morphology in deep-sea cephalopods. In addition to contributing to the sys­

tematics and phylogenetics of the class as a whole (Hess, 1987), such detailed 

morphological data (such as those available for neritic squid; Marian and 

Domaneschi, 2012) can provide hints to sperm-transfer mechanisms 

(Marian, 2014). 

5.1.3 Mating behaviour 
Mating in deep-sea cephalopods has long been a matter of conjecture. Mat­

ing observations have been rare (e.g. Roper and Vecchione, 1996), and 

behaviour has often been inferred from characteristics of preserved speci­

mens (e.g. Hoving, 2008; Nesis, 1995). As will be discussed, however, 

recent evidence gathered from on-board analysis of freshly caught individ­

uals, as well as from observations performed through submersibles, has sub­

stantially improved our knowledge of the copulatory behaviour of deep-sea 

cephalopods. Nevertheless, much remains to be discovered, and the mor­

phological analysis of museum specimens, particularly when combined with 

observations of living individuals, remains a powerful tool in providing 

insights into this elusive aspect of deep-sea cephalopod biology. 

Spermatophores are transferred to female cephalopods by two main 

methods: with the aid of the hectocotylus (a male arm apparently modified 

specifically for spermatophore transfer) or directly through the terminal 

organ. Where present, the hectocotylus generally bears structural and/or 

histological specializations (such as the absence or modification of sucker 

rings and/or the presence of papillae, lobes or glandular pads, to name a 

few; Nesis, 1995) that differentiate it from other arms. Most of these special­

izations are believed to be directly involved with spermatophore transfer, 

that is, to facilitate holding and manipulating spermatophores. In incirrate 

octopods, the hectocotylus is one member of the third arm pair (Norman 

and Sweeney, 1997), while in decapods, one or both of the ventral arms 

are modified (Nesis, 1995), except in sepiolids, cranchiids and histioteuthids, 

in which one or both of the dorsal arms are modified (Hoving et al., 2008b; 

Voss, 1980; Voss et al., 1998). Spermatophore transfer through the 

hectocotylus appears to be the sole strategy utilized by neritic cephalopods 

and is also utilized by some groups of deep-sea species, such as sepiolids 

(Hoving et al., 2008b), incirrate octopods (Voight, 1997) and some oegopsid 

squids (e.g. Ommastrephidae, Enoploteuthidae, Ancistrocheiridae, 

Lycoteuthidae, Pyroteuthidae, Thysanoteuthidae and Cranchiidae; Nesis, 

1995), including some oegopsids that reproduce in true deep-sea strata 
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(e.g. some Cranchiidae; Nesis, 1995). This strategy is generally inferred from 

the presence of a hectocotylus in preserved specimens, but oceanic species 

from the family Ommastrephidae have also been observed to transfer sper­

matophores presumably by the hectocotylus: Dosidicus gigas (Gilly et al., 
2006; Nigmatullin et al., 2001), Todarodes pacificus (Okutani, 1983) and 

Sthenoteuthis spp. (Zuyev et al., 2002). In these cases, the mating position 

was “head to head,” and the spermatophores were deposited on the buccal 

membrane, where these species bear seminal receptacles (see 

“Spermatangium attachment sites”). A possible observation of mating in a 

deep-sea incirrate octopod Vulcanoctopus hydrothermalis was also reported 
by Rocha et al. (2002), in which four males were apparently mating with 

the same female simultaneously, three of them “mounting” the female 

and one male mating “at distance” by stretching its hectocotylus (a common 

strategy within shallow-water incirrate octopods). A copulatory behaviour 

between two males of separate deep-sea octopod genera had also previously 

been documented by Lutz and Voight (1994), at a depth of 2500 m along the 

crest of the East Pacific Rise. The authors postulated that this strategy could 

be related to the fact that in the deep sea, mate encounters are rare. Recently, 

Hoving et al. (2012) found evidence that indicate (intraspecific) same-sex 

sexual behaviour for the deep-sea squid Octopoteuthis deletron Young, 
1972. In a number of males observed by ROV, implanted spermatangia 

could be discerned in similar body locations as those often seen on females, 

and such “mated” males were encountered approximately as frequently as 

females. 

At present, the exact process of spermatophore transfer via hectocotylus 

in deep-sea cephalopods can only be inferred from observations of neritic 

species. For example, based on what is known for loliginid squids (e.g. 

Drew, 1919; Hanlon and Messenger, 1996), neritic sepiolids (e.g. 

Rodrigues et al., 2009) and idiosepiids (Sato et al., 2013), males of most 

deep-sea oegopsid squids and sepiolids probably retrieve a group of sper­

matophores from the terminal organ during mating with the aid of the 

hectocotylus, which then transfers them to the site of attachment on the 

female body. For deep-sea benthic incirrate octopods, the process of 

spermatophore transfer might be similar to what has been observed in 

shallow-water species (e.g. Wodinsky, 2008): the spermatophore is 

placed into the spermatophoric groove (on the hectocotylized arm) by 

the terminal organ; the spermatophore then travels along by peristalsis 

to the arm tip, which inserts the spermatophore into the distal oviduct 

of the female. In some pelagic incirrate octopods such as Argonauta, 



293 The Study of Deep-Sea Cephalopods 

Tremoctopus and Ocythoe, dwarf males possess a very elaborate hectocotylus, 

which remains enclosed in a protective sac until mating (Naef, 1921–1923). 

During copulation, the hectocotylus presumably everts from this sac, 

retrieves the spermatophore, autotomizes itself and relocates to inside 

the mantle cavity or even the reproductive system of the female (Naef, 

1921–1923). 

The other type of spermatophore transfer, that is, directly through 

the terminal organ, appears restricted to deep-sea cephalopods (e.g. 

Architeuthidae, Gonatidae, Octopoteuthidae, Onychoteuthidae and 

Pholidoteuthidae). This mode of transfer was long postulated from the 

presence, in several deep-sea species, of a long terminal organ 

(Figure 3.8) combined with the absence of a hectocotylus. In these cases, 

the terminal organ has recurrently been found (in preserved specimens) 

with its tip protruding and sometimes considerably extending beyond 

the mantle margin (e.g. Bolstad, 2006; Jackson and Jackson, 2004, 

Figure 3.8). This mode of transfer has recently been confirmed by two 

complementing papers. Based on a moribund specimen of Onykia ingens 
(Smith, 1881) (Onychoteuthidae), Arkhipkin and Laptikhovsky (2010) 

demonstrated that the terminal organ has the capacity to extend itself to 

almost the same length as the whole body of the animal. Then, Hoving 

and Vecchione (2012) made the first observations of copulation in a 

deep-sea squid (Pholidoteuthis adami Voss, 1956) by ROV, wherein the ter­

minal organ extended considerably from the mantle cavity through the 

funnel to reach the female body, while the male arms (not hectocotylized) 

played no role beyond holding the female (Figure 3.8). In both mating 

pairs observed by Hoving and Vecchione (2012), the male was parallel 

to and positioned above the female but oriented in the opposite direction 

(posterior mantle above the female’s head) and “upside down” (ventral side 

up) (Figure 3.8; ROV observations). Extending through the funnel, the 

terminal organ reached the dorsal surface of the female’s mantle, at approx­

imately the level of the fin insertions (Figure 3.8). This region has been 

observed in museum specimens as a common site of spermatangium attach­

ment (Hoving and Vecchione, 2012). 

Previously, presumed mating in Brachioteuthis beanii had been observed 
by a submersible, although alternative hypotheses (e.g. cannibalism) could 

also explain the observed parings (Roper and Vecchione, 1996). In this case, 

mating was in a “head-to-tail” position, with the presumed male grasping 

the posterior portion of the presumed female’s mantle. Judging from 

the observations from Hoving and Vecchione (2012) on P. adami, the 
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Figure 3.8 Spermatophore transfer through the terminal organ. (A) Mating in 
Pholidoteuthis adami documented by ROV. Specimen size approximately 680 mm ML. 
This behaviour was observed during an expedition by NOAA's Ocean Exploration 
programme. (B) Mature male of P. adami from a museum collection, showing 
the terminal organ extending through the funnel. (A) and (B) originally published in 
Hoving and Vecchione (2012) and reproduced with permission. 

presumed male could be transferring spermatophores to the female at the 

region of the ovary, but contrary evidence from Young (1978) and 

K. Bolstad (personal observation) has found spermatangia in the buccal 

membrane of Brachioteuthis. 
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Pholidoteuthis adami was one of the species in which spermatophore 

transfer was previously hypothesized to be performed by the terminal organ, 

based on preserved specimens observed with the terminal organ tip exten­

ding beyond the mantle margin and lacking a hectocotylus (Nesis, 1995). 

Following confirmation of this hypothesis, as discussed in the previous par­

agraph, other deep-sea squid families with similar reproductive structure 

morphologies (e.g. Octopoteuthidae, Onychoteuthidae, Gonatidae and 

Architeuthidae; Nesis, 1995) are anticipated to perform spermatophore 

transfer through the terminal organ as well. Several questions remain to 

be answered, however. For example, the mechanism enabling terminal 

organ extension is completely unknown. Detailed morphological investiga­

tion could help reveal whether the terminal organ of deep-sea squid func­

tion, for instance, as muscular hydrostats. Spermatophore orientation and 

placement are poorly understood even for species with a hectocotylus. In 

the case of the terminal-organ-mediated transfer, however, the mechanism 

by which the spermatophores are correctly oriented remains unknown yet 

must have great importance as they are always released with the aboral ends 

first (the oral end of the spermatophore being the implanting region). In 

some species, the tip of the terminal organ exhibits complex morphology 

(e.g. Nesis, 1995), suggesting a possible role in spermatophore orientation 

and placement, but much remains to be discovered about this enigmatic 

process. 

5.1.4 Spermatangium attachment sites 
Spermatangium attachment sites vary considerably among deep-sea cepha­

lopods. In some species, no special receptacles are present, and the 

spermatangia are implanted into external surfaces of the female’s body, such 

as the mantle, arms, tentacles and head region (e.g. Architeuthidae Hoving 

et al., 2004; Cranchiidae Nesis et al., 1998; Cycloteuthidae Clarke, 1980; 

Histioteuthidae Voss et al., 1998; Octopoteuthidae Hoving et al., 2008a, 

2010b; Onychoteuthidae Bolstad and Hoving, 2011; Pholidoteuthidae 

Hoving and Vecchione, 2012; and Sepiolidae Hoving et al., 2008b; 

Figure 3.9), and/or within the mantle cavity in the vicinity of the genital 

opening (e.g. Cranchiidae Nesis et al., 1998; Enoploteuthidae Burgess, 

1998; Histioteuthidae Voss et al., 1998; Illex spp. O’Dor, 1983; 

Onychoteuthidae Laptikhovsky et al., 2007; and Sepiolidae Hoving 

et al., 2008b). 

In other species, specialized receptacles for spermatangium deposition/ 

implantation are present, such as those found in the nuchal region of squids 



Figure 3.9 Spermatangium attachment sites. (A) and (B) Spermatangia implanted on 
external surfaces of the female body in (A) Octopoteuthis deletron (ML ca. 130 mm) 
and (B) Rossia macrosoma. (C) Abraliopsis felis, which has spermatangium receptacles 
in the nuchal region (arrow). (D) Spermatangia attached to the nuchal receptacle of 
A. felis. (E) Posterior seminal sac (arrow) containing a spermatangium in Heteroteuthis 
dispar. (F) and (G) Seminal receptacle (arrow) in the ventral buccal membrane of 
Bathyteuthis berryi. (A) © 2006 MBARI. (B) Originally published in Hoving et al. (2009); 
(C) © 2010 MBARI; (E) originally published in Hoving et al. (2008b) With kind permission 
from Springer Science and Business Media; (F) and (G) originally published in Bush et al. 
(2012). All reproduced with permission. 
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of the enoploteuthid families (Ancistrocheiridae, Enoploteuthidae, 

Lycoteuthidae and Pyroteuthidae; Burgess, 1998; Hoving et al., 2007; 

Hoving and Lipinski, 2014; Young and Harman, 1998; Figure 3.9). Some 

species of Rossinae (Sepiolidae) bear a bursa copulatrix (which involves the 

modification of the distal oviduct) or a ridged area near the oviduct ( Hoving 

et al., 2008b), where spermatangia are found; in the pelagic Heteroteuthinae 

(Sepiolidae), a posterior seminal sac accommodates typically a single large 

spermatangium (Hoving et al., 2008b; Figure 3.9). Female vampire squid 

(Vampyroteuthis infernalis) bear large subcutaneous pouches located in front 
of the eyes, each able to store a spermatangium (Pickford, 1946, 1949). 

Other groups bear seminal receptacles, specialized sperm storage organs with 

morphological and histological specializations that enable them to store sper­

matozoa released from the spermatangia (Marian, 2014). For example, in 

some ommastrephids, numerous seminal receptacles occur in a ring on 

the buccal membrane (Arkhipkin et al., 1998; Ikeda et al., 1993; 

Nigmatullin and Markaida, 2009; Nigmatullin et al., 2002; Zuyev et al., 

2002), and in bathyteuthids, a single main receptacle is located ventrally 

on the buccal membrane (similar to the neritic loliginids and sepiids; 

Bush et al., 2012; Figure 3.9). Exceptions to this general pattern (the pres­

ence of sperm and/or spermatangium receptacles) include some species in 

which the spermatangia are implanted within the mantle cavity in the vicin­

ity of the genital opening (e.g. Illex spp. O’Dor, 1983; some 

Enoploteuthidae Burgess, 1998). 

In incirrate octopods, seminal receptacles, when present, are located 

inside the oviducal glands (Froesch and Marthy, 1975). Octopods from 

incirrate Eledone, however, lack spermathecae in the oviducal glands and 

store spermatozoa inside the ovary, where the apical filaments of the 

oocytes serve as sperm storage sites (Perez et al., 1990). The sperm packets 

of cirrate octopods are transferred to the female oviducal gland (Aldred 

et al., 1983), but the presence of a seminal receptacle in this group is 

uncertain. 

Basically, there are three types of spermatangium attachment in coleoids 

(Marian, 2014). One of them is typical of incirrate octopods, where the 

spermatangium is “plugged” into the distal oviduct, finding its way 

through it into the oviducal gland or into the ovary (Froesch and 

Marthy, 1975; Mann et al., 1970; Perez et al., 1990; Wells and Wells, 

1972; Figure 3.10). Decapods may exhibit “shallow attachment,” in which 

only the base of the spermatangium is implanted and cemented into the 

female tissue (e.g. Ommastrephidae, Durward et al., 1980; Sepiidae, 
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Figure 3.10 Types of spermatophore attachment in cephalopods. (A–B) Deep implan­
tation (e.g. Architeuthidae, Cranchiidae and Octopoteuthidae). (C) Shallow implantation 
(e.g. Ommastrephidae, Enoploteuthidae). (D) Plugged attachment (e.g. incirrate octo­
pods). Abbreviations: ft, female tissue; ov, oviducal gland; sp, spermatangium. Originally 
published in Marian (2014) and reproduced with permission from Taylor & Francis Ltd. 
www.tandfonline.com. 

Hanlon et al., 1999; Figure 3.10), or “deep implantation,” in which nearly 

the entire length of the spermatangium is implanted into female tissue (e.g. 

Architeuthidae Hoving et al., 2004; Cranchiidae Nesis et al., 1998; Octo­

poteuthidae Hoving et al., 2008a; and Sepiolidae Hoving et al., 2009; 

Figure 3.10). Shallow attachment is found in both neritic (e.g. Loliginidae) 

and deep-sea squids (e.g. Enoploteuthidae), but deep implantation appears 

restricted to deep-sea squid. 

Until recently, the mechanism that enables deep implantation of 

spermatangia has been uncertain. Early hypotheses attributed the enabling 

of spermatangium implantation to extrinsic factors, such as a hydraulic sys­

tem presumably performed by the terminal organ, or cuts made by the 

male hooks or beaks ( Jackson and Jackson, 2004; Nesis et al., 1998; 

Norman and Lu, 1997). However, several recent lines of evidence 

(Hoving and Laptikhovsky, 2007; Hoving et al., 2009) have demonstrated 

that deep implantation is autonomous, that is, achieved by the spermato­

phore itself. Based on experimental data from neritic squid and published 

information from deep-sea squid, a common mechanism was proposed to 

http://www.tandfonline.com
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explain both shallow and deep implantation (Marian, 2011, 2012a,b), 

involving the action of the ejaculatory apparatus and its containing spiral 

filament and stellate particles. This theoretical model, however, still needs 

to be tested (Marian, 2012b). 

It is relevant to note that, among such variation in sperm-transfer mech­

anisms, some common patterns have been identified. Marian (2014) found 

evidence for convergent evolution in some cephalopod reproductive strat­

egies: shallow implantation and seminal or spermatangium receptacles may 

have coevolved more than once independently (including in deep-sea lin­

eages) and deep-spermatangium implantation multiple times independently, 

depending on the phylogenetic hypothesis under consideration. Arkhipkin 

and Laptikhovsky (2010) hypothesized that the evolution of sperm-transfer 

mechanisms in Decapodiformes followed two distinct pathways: transfer of 

spermatophores by the hectocotylus to specialized female receptacles in sev­

eral neritic and epi/mesopelagic squids and transfer of spermatophores 

through the terminal organ with deep implantation of spermatangia on 

the surface of the female’s body in several deep-water squids. However, this 

hypothesis has not yet been successfully tested. Also, because exceptions to 

this suggested pattern exist (e.g. bathypelagic squids having seminal recep­

tacles, Bush et al., 2012), it remains unclear whether and how the evolution 

of these reproductive strategies has been influenced by the marine habitat. 

Further investigation requires detailed morphological and functional data 

on the reproductive system of the majority of the species (not currently 

available) and further resolution of the conflicting phylogenetic hypotheses 

among cephalopods (Marian, 2014). 

5.1.5 Fertilization and egg (mass) production 
Despite the great abundance of some oceanic cephalopods, the egg masses of 

many remain very poorly known or entirely unknown. Ommastrephids 

produce large, spherical, neutrally buoyant pelagic egg masses, which have 

been reported for several species (Bower and Sakurai, 1996; Durward et al., 

1980; Laptikhovsky and Murzov, 1990; O’Shea et al., 2004; Staaf et al., 

2008). These egg masses are spawned “on” the pycnocline (the layer 

between water masses of different densities) where the density gradient is 

the steepest, and are subsequently generally found in relatively shallow 

waters (up to 30 m). Encounters with egg masses are infrequent, however, 

and even for the well-studied, commercially valuable species Dosidicus gigas, 
of egg masses have rarely been reported (Staaf et al., 2008). Egg masses of 

Thysanoteuthis rhombus Troschel, 1857, have been repeatedly described in 
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the literature (e.g. Guerra et al., 2002; Nigmatullin and Arkhipkin, 1998; 

Nigmatullin et al., 1995), and recently, pelagic egg masses encountered in 

South African waters were attributed to a Lycoteuthis species (Roberts 

et al., 2011). 

In some deep-sea cephalopod families, females maintain contact with 

their eggs and embryos after spawning, a phenomenon known as post-

spawning egg care or “brooding” (Okutani et al., 1995; Seibel et al., 

2005). Brooding is common in benthic and pelagic octopods including 

deep-sea species (e.g. Voight and Grehan, 2000; Young, 1972a, 1995, 

2013) but has also been reported in two deep-sea squid families: Gonatidae 

and Bathyteuthidae (Arkhipkin and Bjørke, 1999; Bower et al., 2012; Bush 
et al., 2012; Okutani et al., 1995; Seibel et al., 2000, 2005). 

Fertilization mechanisms in deep-sea cephalopods remain a similar mat­

ter of conjecture and extrapolation. The species for which information on 

fertilization does exist all spawn in shallow oceanic waters in the upper 

100 m, but summarizing the available information for these species is the 

only way to infer how fertilization and spawning may happen in species that 

spawn in the deep sea. Observations by Durward et al. (1980) and O’Dor 

and Balch (1985) on Illex illecebrosus (Lesueur, 1821) have suggested the fol­
lowing scenario. Thousands of eggs are released into a concentrated gel 

secreted from the nidamental glands. The gel is mixed with sperm from 

the attached spermatangia and possibly whole spermatangia that break loose 

from the mantle wall. The whole mixture (gel, eggs and sperm) is moved 

into the funnel and combined with a large quantity of water by mantle con­

tractions (O’Dor and Balch, 1985). The occurrence of empty spermatangia 

inside the egg masses of Illex illecebrosus suggests that fertilization may also 

happen inside the egg mass (Durward et al., 1980). 

One clue in understanding the fertilization processes in other cephalo­

pods is the location of stored sperm. Presumably, eggs are passed along this 

location, wherever it may be in various taxa, so that sperm can be brought 

into contact with the eggs. In most ommastrephids (except Illex), as well as in 

most gonatids, sperm is stored on the buccal membrane, either in 

spermatangia that are superficially implanted (Gonatidae; H.J. Hoving, per­

sonal observation) or inside seminal receptacles (Ommastrephidae; e.g. 

Ikeda et al., 1993; Nesis, 1995). Eggs leaving the funnel are presumably sub­

sequently brought into contact with the sperm from the buccal area. Thy­

sanoteuthis rhombus is another species that stores sperm in spermatangia on 

the buccal membrane, but its characteristic cylindrical egg masses suggest 

a somewhat different process of spawning and fertilization. One proposed 
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fertilization scenario for this species is as follows: (1) A mass of nidamental­

gland secretions is moulded into a cylinder (Nigmatullin et al., 1995); (2) 

eggs from the oviduct are coated by jelly from the oviducal gland, forming 

threads that merge into one in the mantle cavity; (3) this single thread with 

two series of eggs is passed close to the buccal area, perhaps during exit via 

the funnel, and is fertilized; (4) the thread, with now-fertilized eggs, is wrap­

ped around the cylinder of nidamental-gland secretion, forming the final 

columnar egg mass (e.g. Nigmatullin et al., 1995). 

Species with post-spawning egg care (i.e. gonatids and bathyteuthids) 

also store sperm on the buccal membrane, but in these taxa, fertilization 

mechanisms remain unknown. 

Enoploteuthids lack nidamental glands; their eggs are coated in clear 

oviducal-gland secretions and released as thin threads (Hayashi, 1989; 

Young and Harman, 1985; Young et al., 1985). These presumably pass 

along both sides of the nuchal cartilage, where spermatangia are stored in 

spermatophore receptacles (Burgess, 1998; Nesis, 1995). The collection 

of individual enoploteuthid eggs in plankton samples may indicate one of 

three things: eggs are spawned individually (Laptikhovsky, 1999); the jelly 

holding the eggs together in threads disintegrates after contact with water 

(Nesis, 1995); or the egg threads are damaged by plankton nets, releasing 

individual eggs (R. Young, personal communication). In other squids where 

females have been found with spermatangia stored in the nuchal area 

(Ancistrocheirus lesueurii Hoving and Lipinski, 2014; Taningia danae Hoving 

et al., 2010b; Lycoteuthis lorigera Hoving et al., 2007; and Pyroteuthidae 

Lindgren et al., 2013), eggs are also presumably passed along this region 

before fertilization, and spawning mechanisms might be similar to those 

of the Enoploteuthidae. 

From these hypothesized scenarios, it seems that in decapod cephalopods 

in general, fertilization of the eggs occurs outside the body (external fertil­

ization). However, as the eggs and sperm are first brought together in a con­

fined space inside the mantle, nuchal area or arms, fertilization might more 

properly be considered “confined external” (Hanlon and Messenger, 1996; 

Naud and Havenhand, 2006). True internal fertilization has been hypoth­

esized for the sepiolid Heteroteuthis dispar because the anatomy of this species 

allows for eggs to be fertilized inside the oviduct or ovary (Rü ppell, 1844)— 

the posterior seminal receptacle in H. dispar is in contact with the 
visceropericardial coelom (Hoving et al., 2008b). Internal fertilization also 

happens in incirrate octopods, in which sperm is stored within the oviducal 

gland or within the ovary (Froesch and Marthy, 1975; Perez et al., 1990), 
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and possibly also in the deep-sea squid Planctoteuthis oligobessa Young, 1972, 
where spermatangia have been found inside the ovary around the oocytes 

(Hoving, 2008; Young, 1972b). For species where sperm (or spermatangia) 

are implanted on external body sites, far from the oviduct openings, fertil­

ization methods can only be hypothesized (Hoving, 2008). In Octopoteuthis 
spp., spermatangia have been reported all over the outer surface of the 

female’s body, including the anterior and posterior mantle, (both dorsally 

and ventrally), on the head, on the arms and on the fins and tail (Hoving 

et al., 2008a, 2012; Nesis, 1995). In these species, immobile stored sperm 

from spermatangia may be mobilized by a chemical cue (e.g. from secretions 

from the nidamental or oviducal glands) produced by egg spawning. This 

cue could trigger the movement of the sperm from the implanted 

spermatangia through the water to the eggs, as has been suggested for other 

species (Durward et al., 1980). 

5.1.6 Reproductive strategies 
Coleoid cephalopods are considered semelparous (Boyle and Rodhouse, 

2005; Cole, 1954): the spawning of eggs happens during one reproductive 

cycle, although eggs may be spawned over an extended period of time. 

Within semelparity, different traits (e.g. variability in egg size, ovulation 

and spawning patterns and patterns of somatic and reproductive growth) 

define the exact reproductive strategy that a cephalopod species uses. Based 

on the differences between these traits, it is possible to further categorize 

cephalopod reproductive strategies even if the overall strategy is semelparity 

(Hoving, 2008; Laptikhovsky et al., 2007; Rocha et al., 2001). It should be 

noted that recent observations on the first known mature female of 

Kondakovia longimana Filippova, 1972, have also suggested the potential 
for multiple reproductive cycles and, therefore, iteroparity in this species 

(Laptikhovsky et al., 2013). However, evidence remains inconclusive. 

Various categories of reproductive strategies were recognized for some 

cephalopod families (e.g. Nesis, 1995; Nigmatullin and Laptikhovsky, 

1994) before the comprehensive classification by Rocha et al. (2001) was 

published; this study defined five reproductive strategies for cephalopods 

based on ovulation patterns and whether or not growth occurred between 

spawning events. Four of these strategies can be found in coleoid cephalo­

pods: (1) continuous spawning (as occurs in cirrate octopods), (2) simulta­

neous terminal spawning (spawning all eggs at once), (3) multiple spawning 

(eggs spawned progressively in separate batches, with growth between 

spawning events), and (4) intermittent terminal spawning (similar to 
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multiple spawning, but without growth between spawning events). The 

classification proposed by Rocha et al. (2001) mostly applied to neritic 

species, because little information was available at that time on deep-sea 

cephalopods other than cirrates. Using new data on the deep-sea squids 

Gonatus antarcticus L€onnberg, 1898, and Onykia ingens, Laptikhovsky et al. 
(2007) divided coleoid cephalopods into two groups based on their 

ovulation patterns: species that ovulate (and spawn) their eggs synchro­

nously (“simultaneous terminal spawners” sensu Rocha et al., 2001) and 

species that ovulate asynchronously (and spawn repeatedly). Asynchronous 

ovulation may involve the asynchronous ripening of individual eggs or 

batches of eggs. Repeated spawning includes the strategies “multiple 

spawning” and “intermittent terminal spawning” as defined by Rocha 

et al. (2001). Sample size in studies on deep-sea squids is generally small 

and often does not allow for identification of growth in between spawning 

events, making “multiple spawning” a challenging strategy to identify. 

However, using the division proposed by Laptikhovsky et al. (2007), it is  

possible to allocate squid species to a reproductive strategy based on oocyte 

length frequencies. 

Repeated spawning is known to occur in various pelagic deep-sea ceph­

alopods including members of the Enoploteuthidae, Lycoteuthidae, 

Ommastrephidae, Pyroteuthidae and Thysanoteuthidae (e.g. Hoving, 

2008; Laptikhovsky et al., 2007); this strategy is also likely to occur in 

other species with asynchronous ovulation (e.g. Octopoteuthidae and 

Architeuthidae). Squids with this strategy have relatively high fecundities 

and release their small eggs in pelagic egg masses (strings, spheres or cylin­

ders) in very high numbers. For example, 35,000–75,000 eggs have been 

estimated in egg masses of Thysanoteuthis rhombus (Nigmatullin et al., 

1995), up to �100,000 in Illex illecebrosus (Durward et al., 1980) and 

200,000 in Todarodes pacificus (Bower and Sakurai, 1996). Based on the num­

ber of eggs observed in the oviduct, Lycoteuthis lorigera likely produces egg 
masses of 1000–3000 eggs (Hoving et al., 2014). Sepiolids also commonly 

have asynchronous ovary maturation, high fecundity and continuous 

repeated spawning, a suite of reproductive strategies that may have contrib­

uted to their evolutionary success in deep-sea habitats (Laptikhovsky et al., 

2008). Moreover, benthic deep-sea sepiolids have considerably larger egg 

sizes (>10% ML) than shallow-water relatives (Laptikhovsky et al., 2008). 

Pelagic sepiolids (Heteroteuthinae) produce small eggs, have relatively high 

fecundity (Hoving et al., 2008b) and are thought to attach eggs to the sea 

floor (Okutani and Tsuchida, 2005). 
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Pelagic incirrates display the most elaborate reproductive strategies 

within cephalopods (Naef, 1921–1923; Young and Vecchione, 2008): 

females of Argonauta spp. secrete a delicate, calcareous, shell-like structure 
in which they brood multiple batches of eggs; females of Tremoctopus spp. 
brood multiple batches of eggs attached to elongated rods, which are held 

by suckers at the bases of their dorsal arms; Ocythoe tuberculata Rafinesque, 

1814, is ovoviviparous, with the eggs developing in the oviducts until 

hatching. In some cirrate octopods, egg laying is apparently continuous 

throughout most of the lifespan, as has been suggested for Opisthoteuthis 
spp., based on observations that continuous egg production occurs in the 

ovary, growth continues after the onset of maturity and oviducal-gland full­

ness is not related to body size (Boyle and Daly, 2002; Villanueva, 1992). 

Moreover, females of these species are often found with a single mature 

egg in the distal region of the oviduct; this egg, ready to be spawned (most 

probably individually), is encapsulated in a sticky substance secreted by the 

oviducal gland that becomes a rigid shell when exposed to sea water 

(Vecchione et al., 1998b). Although Aldred et al. (1983) found sperm 

packets inside the oviducal gland of Cirrothauma murrayi Chun, 1911, sub­
sequent surveys of the oviducal gland of several specimens of Opisthoteuthis 
failed to find stored sperm (Boyle and Daly, 2002), which would be 

expected in a continuous-spawning strategy in the deep sea. Vampyroteuthis 
infernalis apparently releases individual eggs in midwater (Nesis, 1995; 

Pickford, 1946, 1949). 

Cephalopods with synchronous ovulation (“simultaneous terminal 

spawning” sensu Rocha et al., 2001) accumulate ripe ova in the ovary 

and presumably spawn all their eggs at once or within a short period of time. 

Females of some synchronously ovulating squids have been observed to 

carry their egg masses in pelagic waters; this phenomenon is known as 

“post-spawning egg care” or “egg brooding” and has been observed for 

Gonatus onyx Young, 1972 (Seibel et al., 2005), Gonatus madokai Kubodera 
and Okutani, 1977 (Bower et al., 2012), Gonatopsis spp. (Okutani et al., 

1995) and Bathyteuthis berryi Roper, 1968 (Bush et al., 2012). Remains of 

egg masses have also been found on trawl-captured specimens of Gonatus 
fabricii and Gonatus antarcticus L€onnberg, 1898, suggesting that these species 
likely also brood their eggs (Arkhipkin and Bjørke, 1999; Hoving, 2008; 

Laptikhovsky et al., 2007). Deep-sea benthic incirrate octopods produce 

large eggs (10–30 mm) and have low fecundity (up to a few hundred 

oocytes) (e.g. Barratt et al., 2007; Laptikhovsky, 2013). Although some stud­

ies have suggested that some deep-sea incirrate octopods could possibly be 
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multiple spawners (Barratt et al., 2007), Laptikhovsky (2013) recently dem­

onstrated, by identifying the postovulatory follicles, that females of deep-sea 

incirrates probably spawn a single egg mass simultaneously or a series of sev­

eral small batches over a short period of time (1–3 weeks). The same study 

suggested that the evolution of this strategy among deep-sea incirrates might 

be associated with the costs of parental care, a common strategy within these 

cephalopods (Voight, 2008; Voight and Grehan, 2000). 

Deep-sea cephalopods produce a wide range of egg sizes and numbers 

(e.g. Laptikhovsky, 2013; Laptikhovsky et al., 2007, 2008), with deep-sea 

and polar incirrates at the high end of the size spectrum, having among 

the largest eggs known for any invertebrate (generally 10–30 mm, 

Laptikhovsky, 2013; up to 41.5 mm in length; Allcock et al., 2003). Large 

squids like Architeuthis and Dosidicus produce millions of small eggs (�2 mm  

and �1 mm, respectively) and are repeated spawners, having the highest 

fecundities of all cephalopods (e.g. Hoving et al., 2004; Nigmatullin and 

Markaida, 2009). Among deep-sea cephalopods, pelagic brooding species 

(squids and octopods) and benthic cephalopods (octopods) produce larger 

eggs than pelagic repeated spawners. This trend also seems to be true 

within families. For example, Heteroteuthis dispar, a pelagic squid from the 

family Sepiolidae (which has mainly truly benthic species), produces signif­

icantly more and smaller eggs than similarly sized and even larger species 

in the family (Hoving et al., 2008b). Similarly, pelagic octopods like 

Argonauta produce more and smaller eggs than Muusoctopus spp., a genus 
of benthic octopod species from the same suborder (Laptikhovsky, 2001; 

Laptikhovsky and Salman, 2003). Cirrate octopods have intermediate sizes 

and number of eggs, compared to Muusoctopus and Argonauta (Laptikhovsky, 
2001; Laptikhovsky and Salman, 2003), which may be related to their 

continuous-spawning strategy (Villanueva, 1992). Egg size and fecundity 

seem inversely correlated, and fecundity is related to body size, with ceph­

alopods only capable of spawning as many eggs as the coelomic cavity can 

hold. Therefore, repeated spawners can increase their actual fecundity com­

pared to synchronous spawners (Laptikhovsky et al., 2007). 

5.2. Age analysis and longevity 
Cephalopod longevity has implications for many other aspects of these ani­

mals’ biology and evolution, but the impracticality of making direct obser­

vations in most instances has required the development of other means for 

inferring life-cycle length. 
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One technique is to keep individuals alive in the laboratory; this 

approach is very valuable but also very difficult, especially for deep-sea taxa. 

To date, to our knowledge, only one study has successfully tracked the 

growth rate of a living deep-sea cephalopod in the lab: O’Dor and 

Malacaster (1983) maintained Bathypolypus arcturi and reported low 

growth-rate estimates (0.18 % body mass/day) and a relatively high longev­

ity (>4 years) for this species compared to other neritic octopods. 

The age of an individual cephalopod may be determined postmortem by 

quantifying increments in its hard body structures. By determining the ages 

of individuals of a wide variety of sizes, it is possible to reconstruct growth 

curves and estimate longevity. Structures useful for age determination of 

individual cephalopods must meet three criteria: (1) they must contain 

“interpretable increment structures that are sufficiently clear to facilitate pre­

cise interpretation,” (2) “the increment structure is able to be correlated with 

a regular and determinable time scale,” and (3) the incremented parts con­

tinue “to grow at a measurable rate throughout the life of the cephalopod” 

(Beamish and McFarlane, 1983 from Arkhipkin, 2005). In cephalopods, 

statoliths, gladii, stylets, beaks and eye lenses are all structures that meet 

the aforementioned criteria and will be discussed in the succeeding text. 

Statoliths (calcium carbonate concretions located in the statocysts, the 

cephalopod’s organs of balance) are the most widely used structures to esti­

mate age at size in squid. Hurley et al. (1979) and Lipinski (1979) provided 

the first evidence of daily deposition of statolith increments, confirming their 

potential as proxies for individual squid age. Their periodic growth, which is 

correlated with growth of the animal, results in the formation of increments, 

which can be counted using microscopy. However, the periodicity of stato­

lith increment formation requires validation (e.g. Lipinski, 1986; Lipinski 

et al., 1998); at present, deposition is known to occur daily in several 

ommastrephid species (Arkhipkin, 2004), in the oceanic squid Onychoteuthis 
borealijaponica Okada, 1927 (Bigelow, 1994) and in juveniles of the oceanic 

squid Abralia trigonura Berry, 1913 (Bigelow, 1992). These species comprise 

a very small proportion of the known oegopsid squid taxa (24 families, 

69 genera and 206 currently described species; ToLweb Young and 

Vecchione, 2004), but this is not surprising as validation studies, although 

necessary, require husbandry of living deep-sea cephalopods. 

Oceanic squid age estimations based on statolith increments suggest a 

wide range of lifespans for different taxa (see Arkhipkin, 2004 for review). 

Small squids of the families Enoploteuthidae and Pyroteuthidae appear to 

have life cycles that are completed in less than 6 months (Arkhipkin, 
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1996a; Young and Mangold, 1994). Larger enoploteuthids and small 

ommastrephids (8–15 cm ML) also live for approximately half a year (refer­

ences in Arkhipkin, 2004). Larger ommastrephids (Sthenoteuthis pteropus 
Steenstrup, 1855, and S. oualaniensis Lesson, 1830) and Thysanoteuthis rhom­
bus each appear to have a 1-year lifespan (Arkhipkin and Mikheev, 1992; 

Nigmatullin et al., 1995). 

Other oceanic squids seem to live longer and grow more slowly. Female 

Ancistrocheirus lesueuri mature at about 2 years and reach a mantle length of 

�400 mm (Arkhipkin, 1997). On the South Atlantic continental slope of 

South Africa, female Lycoteuthis lorigera reach maturity around 11 months 

(ML 100 mm) and have been estimated to live for 1 year (Hoving et al., 

2007), while Histioteuthis miranda Berry, 1918, from the same area may live 

for up to 2 years (Hoving and Lipinski, 2009). 

While counting statolith increments can be a powerful tool for investi­

gating the life-cycle length—and other aspects of ecology (migration, 

ontogeny, etc.; Arkhipkin, 2005) of some deepwater squid—their interpre­

tation has also resulted in some questionable age estimations. If daily depo­

sition occurs in the giant squid, Architeuthis, the total number of statolith 

increments suggests extremely high growth rates and ages of just 1–2 years 

for large animals of 975–2168 mm ML (e.g. Gauldie et al., 1994; 

Lordan et al., 1998; Roeleveld and Lipinski, 1991; review O’Shea, 

2004a). Age estimations of Architeuthis based on other body structures 
(eye lenses and gladii), or using theoretical predictions, suggest a longer 

lifespan (Grist and Jackson, 2007; O’Shea, 2004a). The one-increment­

per-day hypothesis should thus be tested for as many squid species as possi­

ble, in particular from different families. 

In some cephalopods, statoliths are not suitable for quantification of 

increments. In Vampyroteuthis infernalis, for example, the statolith is not a 

solid concretion, but just crystals loosely clinging together (H.J. Hoving, 

personal observation). In octopods, the statoliths appear to have no incre­

ments and are soft and “chalklike” (Clarke, 1978), so other structures should 

be investigated for suitability in age determination. 

The shell in squid, the gladius (or “pen”), provides quantifiable incre­

ments in both juvenile and post-juvenile phases of some species 

(Arkhipkin and Perez, 1998). Validation experiments have shown that these 

increments (in the ostracum) are also laid down daily in some oceanic squid 

species (e.g. Illex, Perez et al., 1996; Schroeder and Perez, 2013), but it has 

not yet been possible to calculate total age. One advantage of using the 

gladius for age estimation is that the structure size is directly related to the 
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size of the squid, allowing reconstruction of individual growth rates and tra­

jectories. These have allowed, for example, the identification of important 

growth shifts during the life history of Illex illecebrosus, as the animal transi­

tions from oceanic to neritic environments in the Northwest Atlantic (Perez 

and O’Dor, 2000). Conversely, a disadvantage is that early increments are 

subsequently overgrown and can therefore be unreadable. The gladius is also 

a good alternative when statolith increments become faint and unreadable, a 

process that happens particularly in larger squid (e.g. Onykia robusta (Verrill, 
1876); Bizikov and Arkhipkin, 1997). In Architeuthis from New Zealand, six 

large increments in the gladius have been found, which could potentially 

indicate an age of 6 years (O’Shea, 2004a). 

Incirrate octopods do not have gladii; some species instead have vestigial 

shell remnants called stylets, which are two very fine, elongate structures in 

the mantle muscle at the base of the gills (Bizikov, 2008; Wells, 1978). Con­

centric rings have been observed in sectioned stylets, and experiments where 

individuals were exposed to a fluorescent marker that becomes incorporated 

into the stylet indicate that these, too, form daily (Doubleday et al., 2006; 

Hermosilla et al., 2010). However, assuming daily deposition of stylet incre­

ments, specimens of the deepwater octopod Bathypolypus sponsalis were esti­
mated to be <1 year old (Barratt and Allcock, 2010), which does not 

agree with the longer lifespan (3–4 years) suggested by laboratory-kept indi­

viduals (O’Dor and Malacaster, 1983). A very large deepwater octopod, 

Megaleledone setebos Robson, 1932, was estimated to attain an age of 3–4 years 

(potentially including embryonic development) based on the number of 

increments in the stylets (Barratt and Allcock, 2010). 

Doubleday and Semmens (2011), using the shallow-water octopod Octo­

pus pallidus Hoyle, 1885, found that the age pigment lipofuscin (visible in 

brain tissue using standard histological techniques) is highly exponentially 

correlated with age in laboratory-reared animals. Because the age deter­

mined by stylets corresponded well with the age estimations from lipofuscin 

quantification, this method may have potential as an alternative ageing 

method for octopus and perhaps other deep-sea cephalopods. 

Structures that may prove particularly valuable in ageing cephalopods, but 

which have received relatively little scientific attention thus far, are the growth 

increments in cephalopod beaks. Beaks are present in all cephalopods, and 

their species-specific morphology can be used for identification (Clarke, 

1986). Daily deposition of increments in the beaks has been validated for adult 

Octopus vulgaris Cuvier, 1797 (Canali et al., 2011; Oosthuizen, 2003; Perales-

Raya et al., 2010), and this method has now been successfully applied to assess 
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the growth differences in wild populations of O. vulgaris (Perales-Raya et al., 

2013). Quantification of increments in the beaks of squid for the purpose of 

age estimation has only been studied for the deep-sea squid Onykia ingens 
(Clarke, 1965). Growth increments have been observed in the beaks of the 

deep-sea squids Liocranchia reinhardtii Steenstrup, 1856, and Chiroteuthis cf. 
veranyi Ferussac, 1835 (Franco-Santos and Vidal, 2014). However, one poten­

tial drawback to using beaks for ageing is the fact that feeding causes structural 

wear, especially in voraciously predatory cephalopods. 

Age estimation could also be accomplished using the cephalopod eye 

lens, which develops before hatching and grows throughout the individual’s 

life, and shows visible growth increments in cross section (Baqueiro 

Cárdenas et al., 2011; O’Shea, 2004a). In Architeuthis, the total number of 

rings in one eye lens suggested (assuming daily formation) an age of 6.1 years 

in an individual of ML 1845 mm (O’Shea, 2004a). The low variation found 

in eye lens growth in O. vulgaris, contrary to highly variable mantle 

length/body mass relationships, suggests that it may also be a suitable struc­

ture to use for age estimations in octopods (Baqueiro Cárdenas et al., 2011). 

In addition to providing insight into overall longevity, some of these 

structures may also allow more specific life-history inferences to be drawn. 

For example, microstructure of the statolith can sometimes suggest the dura­

tion of various life-cycle stages. Species of the family Cranchiidae have been 

suggested to spend the first part of their life (�6 months) in epi- and meso­

pelagic waters, after which they descend into the bathypelagic to mature 

(Arkhipkin, 1996b,c). Gonatus onyx lives at least 2 years before reproducing 
(Hunt and Seibel, 2000) in the bathypelagic, and then females brood the eggs 

(whose development is slow, due to low temperatures at bathypelagic 

depths) for up to 6–9 months (Seibel et al., 2005). Therefore, the brooding 

time, combined with maturation time, suggests a total lifespan of approxi­

mately 3 years, at least for females. Using the model on cephalopod embryo-

genesis developed by Laptikhovsky (2001), the development time for 

Gonatus fabricii eggs was estimated to be 12 months, based on the size of 

the eggs (approximately 4–6 mm) and the temperature of Arctic bathypelagic 

waters (�0.7 to 0.8  �C) (Arkhipkin and Bjørke, 1999). Similarly, Bathyteuthis 
berryi embryos are estimated to require 12 months to reach a TL of 5 mm at 

2–4 �C (Bush et al., 2012). These findings indicate that the brooding times for 

some bathypelagic cephalopods are longer than the complete life cycles of 

some coastal and epipelagic squids (e.g. Jackson, 2004). 

Other indications of deepwater cephalopods’ longevity can be derived 

from chemical analyses of body tissues. The digestive gland of Architeuthis 
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from the Bay of Biscay showed increased levels of cadmium, compared with 

other smaller mesopelagic squids and even higher compared to neritic 

species (Bustamante et al., 2008). Such levels could mean that Architeuthis 
preys upon taxa that are more contaminated than the prey of other 

mesopelagic squid, or that giant squid live longer than other cephalopods, 

allowing higher concentrations of contamination to accumul ate 

(Bustamante et al., 2008). Isotopic analysis of body tissues from Tasmanian 

giant squid has suggested an age of 14 years (ML 1910–2400 cm) (Landman 

et al., 2004). 

5.3. Trophic ecology 
Oceanic squids of the families Ommastrephidae, Gonatidae and 

Onychoteuthidae are known for their versatile predatory feeding behaviour. 

Their high metabolic requirements, the generally short life cycle and the 

semelparous life-history strategy demand a high nutritional intake 

(Rodhouse and Nigmatullin, 1996). Therefore, it is not surprising that these 

animals feed on a wide variety of prey from pelagic crustaceans to fish to 

other cephalopods, which they may catch at night in surface waters after 

undertaking diel migrations from deeper strata (Table 3.5). This opportun­

ism often includes cannibalism, which sometimes forms a significant dietary 

component in species such as Dosidicus gigas (Ibañez and Keyl, 2010). Can­
nibalism is often a response to stress (Ibañez et al., 2008), particularly during 

fishing operations (Markaida and Sosa-Nishizaki, 2003), and so may be 

overestimated in some cases, but it also appears to emerge as a natural strategy 

when food is scarce (Maurer and Bowman, 1985). Smaller examples of 

opportunistic predators likely include members of the enoploteuthid fami­

lies. For example, Watasenia scintillans is known to prey upon crustaceans and 
pelagic fish (Hayashi, 1995). 

Since these nektonic predators may hunt within the water column as 

well as near (or even on) the sea floor, versatility is required in body mor­

phology, particularly structures involved in prey capture and feeding. The 

agility and strong swimming abilities of many oceanic cephalopods allow 

the capture of fast-moving prey (O’Dor and Shadwick, 1989), and the bra­

chial crown (arms and tentacles) in many squid species also allows for the 

efficient capture of a wide range of prey sizes and types (Packard, 1972). 

A tremendous morphological diversity has also evolved among the armature 

of these structures (sucker rings and hooks), likely facilitating the capture and 

handling of prey (Engeser and Clarke, 1988; Nixon and Dilly, 1977). 
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Table 3.5 Diets of selected deep-sea cephalopods 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Order Octopoda 

Suborder Incirrata 

Family Japetella 100 Crustaceans Passarella and 

Amphitretidae diaphana (euphausiids, Hopkins (1991) 

copepods) 

Family Alloposidae Haliphron 4000 TL Crustaceans, Willassen (1986) 

atlanticus cnidarians and O’Shea 

(2004b) 

Family Graneledone 145 Molluscs, Voight (2000) 

Octopodidae boreopacifica crustaceans 

Megaleledone 280 Ophiuroids, Piatkowski 

setebos amphipods, fish (unpublished) 

Pareledone 70 Crustaceans Piatkowski 

charcoti mainly (unpublished) 

Pareledone 120 Benthos Piatkowski 

turqueti (unpublished) 

Vulcanoctopus 50 Polychaetes, González et al. 

hydrothermalis amphipods, (1998), Rocha 

other et al. (2002), and 

crustaceans Voight (2005) 

Suborder Cirrata 

Family Opisthoteuthis 90 Small Pereyra (1965) 

Opisthoteuthidae californiana crustaceans, 

polychaetes 

Opisthoteuthis 100 Crustaceans, Villanueva and 

calypso polychaetes, Guerra (1991) 

gastropods 

Stauroteuthis 350 Copepods Jacoby et al. 

syrtensis (mostly Calanus (2009) 

finmarchicus) 

Order Sepiolida 

Family Sepiolidae Rossia 85 Benthos, shrimp Mangold-Wirz 

macrosoma (1963) 

Continued 
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Table 3.5 Diets of selected deep-sea cephalopods—cont'd 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Order Teuthoidea 

Family Architeuthis dux <3000 Fish, squid,	 Peréz-Gándaras 

Architeuthidae crustaceans	 and Guerra 

(1978), F€orch 
(1998), Lordan 

et al. (1998), and 

Bolstad and 

O’Shea (2004) 

Family Chiroteuthis 200 Pelagic small Kubota et al. 

Chiroteuthidae veranyi crustaceans, (1981) 

mollucs, fish 

Grimalditeuthis 250 Cephalopods, Hoving et al. 

bonplandi crustaceans (2013b) 

Family Galiteuthis <190 Zooplankton, Rodhouse and 

Cranchiidae glacialis euphausiids Piatkowski 

(Antarctic krill) (1995) 

Family Abralia redfeldi 30 Copepods, Passarella and 

Enoploteuthidae euphausiids Hopkins (1991) 

Abraliopsis 33 Copepods, Passarella and 

atlantica euphausiids Hopkins (1991) 

Watasenia 70/60	 Shrimp, Hayashi (1995) 

scintillans	 planktonic 

crustaceans, 

pelagic fish 

Family Gonatidae Berryteuthis 430 Fish, squid,	 Kuznetsova and 

magister	 pelagic Fedorets (1987) 

crustaceans, and Nesis (1997) 

large 

zooplankton 

Berryteuthis 150 Crustacean Uchikawa et al. 

anonychus zooplankton, (2004) 

fish 

Gonatopsis 300/280 Pelagic Reviewed in 

borealis	 crustaceans, fish, Roper et al. 

squid, (2010a,b) 

zooplankton 
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Table 3.5 Diets of selected deep-sea cephalopods—cont'd 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Gonatus fabricii 385 Fish, pteropods, Kristensen 

chaetognaths, (1984) and 

cephalopods, Wiborg et al. 

crustaceans (1984) 

Family Histioteuthis 330 Mysids, shrimp, Quetglas et al. 

Histioteuthidae bonnellii zooplankton, (2010) and 

mesopelagic fish Fanelli et al. 

(2012) 

Histioteuthis 200 Myctophid fish, Quetglas et al. 

reversa pelagic (2010) 

crustaceans, 

cephalopods 

Histioteuthis 260/270 Crustaceans Clarke (1980) 

miranda 

Histioteuthis 190/170 Copepods and Passarella and 

corona corona euphausiids Hopkins (1991) 

Histioteuthis 280/230 Crustaceans and Voss (1962) 

celetaria pacifica fish from Voss et al. 

(1998) 

Histioteuthis 130/210 Copepods and Passarella and 

arcturi euphausiids Hopkins (1991) 

Family Lycoteuthis 190 Pelagic Voss (1962) and 

Lycoteuthidae lorigera crustaceans and Lipinski (1992) 

myctophids 

Family Dosidicus gigas 1200 Epi- and Braid et al. 

Ommastrephidae mesopelagic (2012) 

fish, squid, Nigmatullin 

shrimp, et al. (2001), 

euphausiids, Markaida (2006, 

cannibalism 2008), and 

Hoving et al. 

(2013a) 

Hyaloteuthis 105 Juvenile pelagic reviewed in 

pelagica fish and squid, Roper et al. 

crustaceans (2010a,b) 

Continued 
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Table 3.5 Diets of selected deep-sea cephalopods—cont'd 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Illex argentinus 400 Fish, squid, Ivanovic and 

crustaceans Brunetti (1994) 

(mostly and 

euphausiids) Laptikhovsky 

(2002) 

Illex coindetii 379/279 Fish, Rasero et al. 

crustaceans, (1996) and 

cephalopods, Sánchez et al. 

gastropods (1998) 

Illex illecebrosus 340/270 Mostly fish and Froerman 

pelagic (1984) and 

crustaceans O’Dor and 

Shadwick 

(1989) 

Martialia 400 Euphausiids,	 González et al. 

hyadesi mesopelagic fish	 (1997) and 

Dickson et al. 

(2004) 

Nototodarus 420 Crustaceans reviewed in 

sloanii (euphausiids), Roper et al. 

fish, squid (2010a,b) 

Ommastrephes 420/900 Squid, fish	 Lipinski and 

bartramii (mostly Linkowski 

myctophids), (1988), Seki 

shrimp, (1993), and 

cannibalism Watanabe et al. 

(2004) 

Ornithoteuthis 300 Crustaceans,	 Arkhipkin et al. 

antillarum	 fish, (1998) 

chaetognaths, 

squid 

Sthenoteuthis 650 Mostly pelagic	 Shchetinnikov 

oualaniensis	 fish (1992), Snyder 

(myctophids), (1998), and 

squid, shrimp Parry (2006) 

Sthenoteuthis 650 Mostly pelagic	 Reviewed in 

pteropus	 fish Zuyev et al. 

(myctophids), (2002) 

squid, shrimp 
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Table 3.5 Diets of selected deep-sea cephalopods—cont'd 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Todarodes 433 Mostly fish Reviewed in 

angolensis Roper et al. 

(2010a,b) 

Todarodes 540 Fish, Reviewed in 

filippovae crustaceans, Roper et al. 

cephalopods (2010a,b) 

Todarodes 500 Planktonic Okiyama 

pacificus crustaceans, fish, (1965), Okutani 

squid (1983) and Song 

et al. (2006) 

Todarodes 750/640 Fish, Piatkowski et al. 

sagittatus crustaceans, (1998), Quetglas 

squid et al. (1999), 

Lordan et al. 

(2001), and 

Fanelli et al. 

(2012) 

Family Ancistroteuthis 300 Fish and reviewed in 

Onychoteuthidae lichtensteinii crustaceans Roper and Jereb 

(euphausiids) (2010) and 

Fanelli et al. 

(2012) 

Onychoteuthis 370 Fish and squid Arkhipkin and 

banksii Nigmatullin 

(1997) 

Onychoteuthis 370/300 Small fish, squid Okutani and 

borealijaponica Murata (1983) 

Onykia ingens 520 Euphausiids Jackson et al. 

(Antarctic krill), (1998) and 

mesopelagic Phillips et al. 

fish, squid (2003a,b) 

Onykia robusta 2300 Benthic fish, Reviewed in 

echinoderms, Roper and Jereb 

jellyfish (2010) 

Continued 
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Table 3.5 Diets of selected deep-sea cephalopods—cont'd 
Size 
(mm) 

Higher (male/ Dietary 
classification Species female) components Reference 

Family Taningia danae 1700 Fish crustaceans	 Santos et al. 

Octopoteuthidae	 (2001) and 

González et al. 

(2003) 

Family Pterygioteuthis 40 Copepods, Passarella and 

Pyroteuthidae gemmata euphausiids Hopkins (1991) 

Pyroteuthis 
margaritifera 

50 Copepods, 

euphausiids 

Passarella and 

Hopkins (1991) 

Family Thysanoteuthis 1300 Fish, squid Nigmatullin and 

Thysanoteuthi dae rhombus Arkhipkin 

(1998) 

Order 

Vampyromorphida 

Family 

Vampyroteuthida e 

Vampyroteuthis 
infernalis 

22–210 (Remains of) 

gelatinous 

zooplankton, 

crustaceans 

(copepods, 

amphipods), 

detritus, remai

of fish and squ

ns 

id 

Hoving and 

Robison (2012) 

Opportunistic feeding behaviour in some oceanic squids has also become 

apparent from stable isotope analysis (SIA) of body tissues. In SIA, an organ­

ism’s carbon and nitrogen stable isotope signatures are assumed to be 

influenced by what it has consumed (e.g. Kelly, 2000). In the marine envi­

ronment, stable isotope ratios of carbon (d13C) and nitrogen (d15N) are indi­

cators of the main feeding areas and trophic levels of consumers, respectively 

(Cherel and Hobson, 2005). Stable isotope analysis can also provide infor­

mation on the habitat in which the individual has grown and hence yields 

clues to migration behaviour and habitat utilization (e.g. Cherel and 

Hobson, 2005; Jackson et al., 2007; Ruiz-Cooley et al., 2013). 

In cephalopods, SIA has been performed on various body structures, 

including the mantle, beaks, gladii, arms, eye lenses and digestive glands 
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(e.g. Cherel and Hobson, 2005; Jackson et al., 2007). Using SIA on Dosidicus 
gigas muscle tissue and gladii, for example, small individuals have been found 

to migrate into the northern California Current System from different regions 

to feed and grow (Ruiz-Cooley et al., 2013). High-resolution sampling of 

metabolically inactive body structures like gladii (“with no metabolic turnover 

after synthesis” as per Lorrain et al., 2011) may provide other information on 

dietary preferences and trophic position throughout ontogeny. In another 

study on D. gigas, stable isotope signatures were analysed along the gladius, 
revealing that this species does not necessarily increase its trophic level with 

age, showing that individual squid have a highly varied diet, are flexible in 

their feeding strategy, and migrate actively (Lorrain et al., 2011). 

A potentially unusual trend was identified using cephalopod beaks retrieved 

from stomachs of dead emperor penguin chicks at Pointe Géologie, Terre 

Adélie, Antarctica: varying d15N signatures in the onychoteuthid Kondakovia 
longimana showed that larger individuals of this squid tended to source prey 
from lower in the food web than smaller individuals, suggesting a dietary shift 

from fish to euphausiids during growth (Zimmer et al., 2007). 

Fatty-acid analysis is another technique that can reveal valuable informa­

tion on trophic position and diet but that has rarely been used for deep-sea 

cephalopods to date (Rosa et al., 2013b). Fatty-acid analysis utilizes the fact 

that certain fatty acids can only be biosynthesized by phytoplankton and 

macroalga species, which have distinct ratios in fatty acids that influence 

the ratios of fatty acids in consumers and thus give information on position 

in the food web (Graeve et al., 2002). Individual fatty acids or groups of fatty 

acids may also be related to prey type or species. The combination of fatty-

acid analysis and stomach-content analysis can enable detection of temporal 

and spatial variations in feeding and also recognition of specific prey items 

that cause temporal differences in uptake of dietary lipids. In the 

onychoteuthid Onykia ingens, fatty acids analysed from the digestive gland 

have revealed dietary differences among regions, seasons and years, which 

were attributed to a dietary change from myctophids to crustaceans 

(Phillips et al., 2003a,b). In another study, distribution and lipid composition 

were studied in the Antarctic cranchiid squid Galiteuthis glacialis Chun, 1906 
(Piatkowski and Hagen, 1994). Storage lipids (triacylglycerols) were found 

to be low, comprising 18–26% of total lipid, which in turn made; the latter 

made up only 8–11% of the dry weight, which reflected the early develop­

mental stage of the specimens examined. 

In many oceanic cephalopod families, some or all species accumulate 

ammonium in their tissues to increase buoyancy (see Voight et al., 1994 
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for review); these are called “ammoniacal cephalopods.” Although some 

ammoniacal cephalopods are obviously very strong swimmers (e.g. Octo­

poteuthidae), many ammoniacal species have reduced metabolic rates and 

swimming capabilities (e.g. Seibel and Drazen, 2007; Seibel et al., 1997, 

2004). Histioteuthids, an ammoniacal family, are known to ingest typical 

cephalopod prey like crustaceans, fishes and cephalopods (Table 3.5) but 

overall diet information on ammoniacal squid is virtually absent. 

Species that certainly have a less active lifestyle are the cephalopods that 

have adopted an ambush-predatory (or “sit-and-wait”) feeding strategy. 

Squids of the family Chiroteuthidae have large, robust ventral arms, with 

sheaths into which the very long tentacles that can be retracted (Young 

and Roper, 2011c). The large tentacle club is equipped with many small 

suckers and a distal photophore; photophores are also present along the 

length of the tentacle stalk. In Chiroteuthis calyx Young, 1972, the tentacle 
has been observed to be deployed and retracted, presumably to capture mid-

water fish (Robison, 2004). 

In the same family, Grimalditeuthis bonplandi has tentacles that presently 
appear to be unique among cephalopods: the stalks are very thin and the 

clubs bear no armature or photophores (Hoving et al., 2013b; Young 

et al., 1998). ROV observations show that the club swims out from the bra­

chial crown by undulating movements and, when positioned at some dis­

tance from the squid, is manoeuvred in such a way that it resembles the 

movement of a small organism. This apparently lures other cephalopods 

and crustaceans to within reach of the arms (Hoving et al., 2013b), demon­

strating a feeding strategy known as aggressive mimicry or luring (Wickler, 

1965). Mastigoteuthids, the “whiplash” squids, have been observed by 

ROV to hover above the sea floor with their tentacles extended just milli­

metres off the bottom (Roper and Vecchione, 1997). The tentacles of most 

species bear numerous tiny (sometimes microscopic) suckers, which are pre­

sumably used to capture copepods or perhaps larger prey (Roper and 

Vecchione, 1997). Magnapinnids, the “bigfin” squids, are an elusive family 

of deep-sea cephalopods that have only been observed below 2000 m. These 

squids possess exceedingly long, slender extensions of all arms, which are 

deployed below the squid and may be several metres long (Vecchione 

et al., 2001), and appear to be highly adhesive. The function of this mod­

ification is unknown but may well be related to feeding. 

Deep-sea octopods also show a great variety of feeding strategies. 

A comprehensive review of the main prey found in stomachs of cirrate octo­

pods was provided by Collins and Villanueva (2006, their table 7). Small 
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crustaceans, such as gammarid amphipods, mysids, copepods, isopods and 

decapods, and polychaetes and bivalves are the most abundant prey items 

(e.g. Collins, 2003; Collins and Villanueva, 2006; Vecchione and Young, 

1997; Villanueva and Guerra, 1991). Most of these studies concluded that 

epibenthic and benthopelagic feeding seem to be very common 

(Vecchione, 1987; Villanueva and Guerra, 1991). Additionally, fatty-acid 

analysis has revealed a benthic detrital feeding strategy in the cirrate 

Opisthoteuthis calypso Villanueva, Collins, Sanchez and Voss, 2002 (Rosa 

et al., 2013b). The only direct observations on the feeding behaviour of cir­

rate octopods were reported from laboratory studies of Grimpoteuthis sp. 
(Hunt, 1999), which exhibited three distinct feeding modes in the labora­

tory: envelopment of the prey (Artemia nauplii), entrapment and current 

feeding by movement of the cirri. The large pelagic incirrate octopus 

Haliphron atlanticus apparently feeds on crustaceans and cnidarians 

(O’Shea, 2004b; Willassen, 1986). Among the bottom-dwelling incirrate 

deep-sea octopods, Graneledone cf. boreopacifica and Vulcanoctopus hydro­
thermalis prey upon gastropods, polychaetes and crustaceans (González 
et al., 1998; Rocha et al., 2002; Voight, 2000), with the latter species also 

feeding on swarming amphipods by engulfing with the arms, a strategy 

apparently specialized to target one particular species of amphipod Halice hes­
monectes (Voight, 2005). Another deep-sea octopod that seems to specialize 

in a single prey item is Stauroteuthis syrtensis Verrill, 1879, which was found to 
prey solely on the copepod Calanus finmarchicus ( Jacoby et al., 2009) 
(Table 3.5). 

A particularly peculiar feeding behaviour has recently been described for 

Vampyroteuthis infernalis. This species was observed (by ROV) to extend its 

retractile filament, which may be up to 9 � the body length (Hoving and 

Robison, 2012). Under laboratory conditions, food particles were found 

to adhere to this filament, which is equipped with microscopic hairs; the 

food-laden filament was then withdrawn between the arms and the food 

was removed and later observed as a clump in the beak (Hoving and 

Robison, 2012). Additional ROV observations repeatedly showed vampire 

squid with clumps of food in their beaks. Stomach-content analysis revealed 

a variety of zooplankton, crustacean moults, faecal pellets from copepods, 

amphipods and larvaceans, gelatinous material and incidental fragments of 

fish and squid that appeared to have been scavenged, based on isolated 

occurrence (Hoving and Robison, 2012). Larger macerated prey items such 

as fishes or crustaceans, which are typical of many other deep-sea cephalo­

pods and require active hunting, were never observed. It therefore appears 
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that vampire squid feed on already-dead, decomposing material from the 

water column and may opportunistically ingest copepods and other crusta­

ceans, either dead or alive. Recent studies suggest that the ram’s horn squid 

Spirula spirula is another cephalopod that ingests detrital material and marine 

snow (Ohkouchi et al., 2013); as mentioned in the preceding text, a third 

instance of benthic detrital feeding has been reported in the cirrate 

Opisthoteuthis calypso (Rosa et al., 2013b). 

Although SIA and fatty-acid analysis have proven to be valuable tools in 

dietary analysis, they may lead to confusing results when used without other 

lines of evidence. For example, SIA on cephalopod beaks sourced from 

stomach contents of various predators from the subantarctic Crozet and Ker­

guelen archipelagos and Adélie Land, Antarctica, revealed a cephalopod 

diversity of 18 species spanning three trophic levels (Cherel and Hobson, 

2005). Interestingly, the largest cephalopods did not necessarily occupy 

the highest trophic position, that is, body size was independent from the 

stable isotope ratios of nitrogen. For example, Chiroteuthis veranyi was posi­
tioned higher in the food web than the giant squid Architeuthis dux (Cherel 
and Hobson, 2005). SIA should therefore preferably be used in combination 

with stomach-content analysis. Visual identification of stomach contents, 

however, is time consuming and difficult; cephalopods macerate their food 

considerably, sometimes making identification nearly impossible. 

DNA sequencing of prey tissue recovered from stomachs may help with 

this problem. Although this method is rather elaborate and a library of 

potential prey items needs to be available for comparison, when used, it 

can reveal interesting insights into deep-sea cephalopod diet, for example, 

cannibalism in giant squid (Deagle et al., 2005, confirming earlier reports 

by Bolstad and O’Shea, 2004) and Vampyroteuthis infernalis ingesting pieces 
of Gonatopsis borealis (Hoving and Robison, 2012). The advantage of direct 

identification (visual or via DNA sequencing) is that the results provide an 

instant insight into recently consumed food items. Stomach-content analy­

sis, however, may be biased by the phenomenon of “net feeding,” where 

cephalopods under stress begin consuming any nearby organism 

(Markaida and Sosa-Nishizaki, 2003; Rodhouse and Nigmatullin, 1996). 

Therefore, stomach-content analysis of deep-sea cephalopods that have 

been captured by ROV (e.g. Hoving and Robison, 2012) may provide a 

more unbiased source of dietary data and should be investigated where pos­

sible in future studies. 

The diets of many species are likely to change ontogenetically, but rel­

atively few studies have compared diets across different life stages to date. 
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The limited available data have shown interesting and dramatic changes in 

dietary preferences and morphology of feeding-associated structures. In 

Architeuthis, d15N profiles of beaks have indicated an early-life dietary shift, 

although the exact diet composition of early life stages of Architeuthis remains 

unknown (Guerra et al., 2010). Stable isotope analysis on eye lenses of the 

gonatid Berryteuthis magister (Berry, 1913) revealed an increase by one tro­
phic level from juvenile to adult stages (Hunsicker et al., 2010). In addition 

to these dietary shifts, major morphological modifications have also been 

observed in some species. For example, in the cranchiid Galiteuthis glacialis, 
probable adaptive allometry of the brachial crown has been discussed as a 

response to the general increase of pelagic prey size with depth 

(Rodhouse and Piatkowski, 1995). Doratopsid paralarvae of the 

Chiroteuthidae differ radically from the subadult and adult forms 

(Sweeney et al., 1992; Vecchione et al., 1992), and the mechanics and func­

tion of this metamorphosis remain unknown. Interestingly, one exception 

seems to be the vampire squid, whose feeding apparatus in the juvenile form 

is almost identical to that of the adult (Young and Vecchione, 1999). 

Forage locations (benthic vs. pelagic or geographical area) adopted dur­

ing different cephalopod life stages may also be detected via SIA. Pelagic 

cephalopod species (e.g. histioteuthids and Vampyroteuthis infernalis) are 
reported to have carbon-depleted tissues and structures, while benthic ceph­

alopods (e.g. Bathypolypus sponsalis) are generally enriched in carbon (Cherel 
et al., 2009; Fanelli et al., 2012). Two of the 18 species examined in 

Kerguelen waters (Architeuthis and the brachioteuthid Slosarczykovia 
circum-antarctica (Lipinski, 2001) were found to have spent considerable time 

in waters outside Kerguelen (Cherel and Hobson, 2005). 

Large deep-sea squid are rarely collected or encountered in adequate 

numbers to achieve a good representative idea of their feeding strategies. 

However, the piecemeal insights that has been reported provides some inter­

esting information. One individual of the poorly known mastigoteuthid 

Idioteuthis cordiformis (Chun, 1908) had remains of snapper (Lutjanus sp.) 
and birdbeak dogfish (Deania calcea) in its stomach (Braid, 2013). Onykia 
robusta has been reported to feed on benthic fish and echinoderms, as well 

as on the pleustonic jellyfish Velella velella (from Jereb and Roper, 2010). 

Examined stomach contents of the giant squid Architeuthis dux have con­
tained benthic prey such as octopods and the Norway lobster Nephrops 
norvegicus, among other pelagic prey such as whiting and squid (probably 

remains of histioteuthids, onychoteuthids and ommastrephids; Bolstad 

and O’Shea, 2004; F€orch, 1998; Lordan et al., 1998; Peréz-Gándaras and 
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Guerra, 1978) (Table 3.5). Several specimens of the “colossal” squid 

Mesonychoteuthis hamiltoni have been captured by longliners targeting 
Patagonian toothfish (Dissostichus eleginoides), but whether this is its natural 
prey remains uncertain. 

6. DISCUSSION AND CONCLUSIONS 

Deep-sea cephalopods have been recognized and studied for hundreds 

of years, and although much information remains to be gathered, many 

techniques for researching these animals have been developed. Great 

advances have already been made in the twenty-first century, with a number 

of these species having been observed alive in their natural habitats for the 

first time within just the past decade. However, deep-sea cephalopods 

remain difficult to collect and observe, even with large deep-sea sampling 

gear like double-warped trawls and advanced observation equipment such 

as ROVs. Every sampling device has advantages and disadvantages, and col­

lection tools should be used in combination where possible to obtain a more 

complete understanding of the true community composition of any deep-

sea habitat. Tools that can only observe cannot replace nets as samples are 

required for validation of observations and also for further biological analysis. 

On the other hand observational tools are crucial for providing insight into 

behaviour and microhabitat and also for the collection of living cephalopods 

for experiments. Nets cannot do this. Ideal cephalopod survey methods use a 

combination of observational tools that can also collect (e.g. ROVs with col­

lection devices) and nets that can also observe (e.g. cameras integrated onto 

nets). Predators can provide useful corroborative data on deep-sea cephalo­

pods (e.g. distribution, role in the food web and the location and capture of 

large and sexually mature specimens in particular), but studies on teu­

thophagous animals’ feeding ecology require input from experts on cepha­

lopod systematics, especially when using beaks. Existing museum collections 

of cephalopods are another important resource for the research community, 

but only if there is awareness of their holdings and location. Rare specimens 

housed in these institutions may be used to substantiate otherwise small data 

sets, for example, for stomach-content analysis (e.g. Vampyroteuthis infernalis 
Hoving and Robison, 2012; Grimalditeuthis bonplandi Hoving et al., 2013b) 

and morphological and taxonomic studies. Museum specimens also have 

great value for testing hypotheses based on in-situ observations and vice 

versa (Hoving and Vecchione, 2012; Hoving et al., 2012). Archived 

in situ observations on deep-sea cephalopods via different initiatives are 
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now complementing the vast number of museum specimens housed in 

worldwide collections, and it is important to note that the value of each 

is greatly increased by the other. Utilizing these two data sources in concert 

can greatly increase the knowledge gained from both, and this interplay of 

resources can only become stronger and more productive in the future. 

The paucity of fossil cephalopods means that much information about 

the phylogeny and evolution of this class must be inferred from studies of 

extant groups. Once consistent systematic information is gained, processed 

and accepted for many recent deep-sea cephalopod taxa, researchers may 

be able to interpret fossil records more successfully and better understand 

some of the many unresolved evolutionary questions. To this end, scien­

tific cruises using a variety of collection and monitoring techniques are 

needed in the areas where major gaps exist worldwide, such as the Arctic, 

southwest Atlantic, Indian and Pacific Oceans. Material from these regions 

would yield additional morphological and genetic information for known 

taxa (and would probably reveal new taxa), adding important data to our 

still-incomplete understanding of cephalopod biogeography and systemat­

ics. With a relatively small number of species, compared to other animal 

groups, it may even be feasible for the whole class to be eventually exam­

ined using both morphology and DNA sequencing—techniques that 

should be used in concert for systematic work wherever possible. Improve­

ments in DNA extraction from formalin-fixed tissue, particularly the buc­

cal mass, may also enable new data to be gathered from the vast museum 

holdings of recently and historically collected cephalopod specimens 

worldwide. 

Like many habitats on Earth, the deep-sea environment is changing 

physically and chemically. Understanding the phylogenetic linkages among 

cephalopods is imperative in order to understand the physiological and 

behavioural patterns observed within family groups and to predict how they 

may react to large-scale global events such as climate change. 

One of many exciting challenges in deep-sea cephalopod research is 

exploring the pelagic or “deep water.” Only a fraction of this, the largest 

biome on Earth, has been explored (Ramirez-Llodra et al., 2010). In par­

ticular, the bathypelagic (the ocean layer between 1000 and 3000 m) may 

provide new insights into cephalopod biology. This habitat may hold the 

key to encountering and understanding mature life stages and egg masses of 

deep-sea cephalopods; brooding female squids have been observed here 

(Bush et al., 2012; Seibel et al., 2005) and, as so few egg masses have ever 

been observed, other nonbrooding species may spawn here too. However, 
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fully understanding the biology of many deep-sea taxa requires an under­

standing of photic-zone communities as well, given the commonly 

observed life-history strategies of ontogenetic descent and diel vertical 

migration in these animals. 

Recent insights into reproductive strategies, tactics and behaviours of 

deep-sea cephalopods have shown interesting patterns that are radically dif­

ferent from those of well-studied coastal species. One of the key remaining 

questions is whether (and to what extent) the evolution of reproductive 

strategies in deep-sea cephalopods has been driven by habitat-related pres­

sures. Understanding the interplay of distinct selective pressures that poten­

tially influence the evolution of cephalopod reproductive biology will 

certainly require an integrative approach, including studies on phylogeny, 

life history and genetics as well as experimentation. 

Methods for investigating trophic position, longevity and age–size compar­

isons in neritic species should be applied to deep-sea cephalopods in order to 

investigate how their life cycles differ from their shallow-water counterparts. 

An open question in deep-sea cephalopod biology is whether (and in what taxa) 

growth increments in various hard body structures may provide a proxy for age. 

Basic data on size-at-age trends are lacking for the majority of squid species, in 

part because validation (which requires the husbandry of deep-sea cephalo­

pods) is necessary for trustworthy age estimations. Fortunately, advances in col­

lecting living cephalopods using ROVs have allowed for improvements in 

husbandry and experimental designs for investigating deep-sea cephalopods 

(e.g. Hoving and Robison, 2012; Hunt, 1999; Robison et al., 2003). Signifi­

cant progress has also been made in techniques for culturing cephalopods in the 

last three decades, which could serve as the foundation for technological 

improvements in rearing deep-sea cephalopods. If successful, captive observa­

tions could greatly enhance our ability to gain information on these animals’ 

biology and life cycles (Vidal et al., 2014, this volume). 

Although proof is accumulating that deep-sea cephalopods occupy a 

wide range of trophic levels, for many species and in some cases whole fam­

ilies, dietary information remains completely unknown. One particular 

combination of techniques that should be more widely applied is the tradi­

tional identification of stomach contents (visually or using molecular tools) 

and analysis of stable isotopes and fatty acids of body tissues. From the data 

that are accumulating, it seems that deep-sea cephalopods have evolved 

diverse feeding strategies and range from the typical, opportunistically feed­

ing strong swimmers, to sit-and-wait predators (which in some cases may 

even deploy lures), to planktivores to detritivores. 
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While future research efforts on deep-sea habitats will likely result in excit­

ing discoveries on deep-sea cephalopods, there is also reason for concern. 

Examples of change in the ocean environment and anthropogenic impacts 

that may influence deep-sea cephalopods include expanding hypoxia, ocean 

acidification, pollution, deep-ocean warming, low-frequency anthropogenic 

noise and deep-sea fishing (e.g. Balmaseda et al., 2013; Gilly et al., 2013; 

Morato et al., 2006; Seibel et al., 2004; Solé et al., 2011, 2013; Unger 

et al., 2008). With increasing fishing pressure on deep-sea fish stocks, high 

numbers of nontarget species may also be captured, including cephalopods; 

for example, deep-sea bottom trawling may have resulted in regional extinc­

tion for some cephalopods in New Zealand waters (Freeman et al., 2010). 

Another consequence of deep-sea fishing may be that cephalopods expand 

into the niches of exploited and removed fish, a phenomenon that has been 

hypothesized for several squid species (e.g. Zeidberg and Robison, 2007). 

Deep-sea cephalopods are also vectors of persistent anthropogenic pollutants: 

relatively high levels of flame retardants have been measured in deep-sea ceph­

alopods from >2500 m (Unger et al., 2008) and mercury concentrations in 

the tissue of some specimens of the giant squid Architeuthis have been found 
to be higher than has been reported in any coastal cephalopod species 

(Bustamante et al., 2008). In addition, low-frequency anthropogenic noise 

similar to that produced in the marine environment by shipping, acoustic 

exploration and deep-sea drilling has been shown to affect neritic and oceanic 

cephalopods in the lab (Solé et al., 2011, 2013) and has been hypothesized to 

impact deep-sea species in their natural environment also (Guerra et al., 2004). 

Most recently, Golikov et al. (2013) examined the distribution of cephalopods 

in the Arctic region and found extensive geographical range extensions of 

deep-sea cephalopods and attributed this to warming of the Arctic. 

Understanding the biology of these animals under both current and poten­

tial future conditions will require ongoing dedication, innovation and collab­

oration. Much of the research will need to be interdisciplinary in nature, 

linking cephalopod researchers with colleagues from other fields, such as pred­

ator ecologists, oceanographers and fisheries biologists. Many major gaps 

remain in our knowledge of deep-sea cephalopods, including (but not limited 

to) basic biology (reproduction and life cycle), basic ecology (distribution, 

abundance and availability to predators) and trophic roles, at various temporal 

and spatial scales. These gaps can eventually be filled, but only by using the 

collective expertise and resources of the greater cephalopod research commu­

nity and by keeping abreast of technological advances that may improve 

sampling and observational capabilities. 
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APPENDIX A. WORKING LIST OF CEPHALOPOD 
COLLECTIONS 

Institution (* indicates online database 
Acronym available) Location 

AM Australian Museum* Sydney, Australia 

ANSP Academy of Natural Sciences* Philadelphia, PA, 

the United States 

ARC Atlantic Reference Centre* St. Andrews, 

Canada 

BMNH Natural History Museum* London, the 

United Kingdom 

BPBM Bernice Pauahi Bishop Museum* Honolulu, HI, 

the United States 

CASIZ California Academy of Sciences, San Francisco, CA, 

Invertebrate Zoology* the United States 

CBR Colecciones Bioló gicas de Barcelona, Spain 

Referencia*, Institut de Ciè ncies del 
Mar 
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CMN Canadian Museum of Nature Ottawa, Canada 

FMHU Hokkaido University Museum Hakodate, Japan 

FMNH Field Museum of Natural History Chicago, IL, 

the United States 

NTM (formerly National Taiwan Museum Taipei, Taiwan 

FMT) 

FURG Universidade Federal do Rio Grande Rio Grande, Brazil 

FWRI Florida Wildlife Research Institute* St. Petersburg, FL, 

the United States 

IMAS (formerly Institute for Marine and Antarctic Hobart, Australia 

IASOS) Studies 

IRSNB Institut Royal des Sciences Naturelles Brussels, Belgium 

de Belgique* 

JAMSTEC Japan Agency for Marine-Earth Yokosuka, Japan 

Science and Technology* 

LIPI Indonesian Institute of Sciences Jakarta, Indonesia 

LKCNHM Lee Kong Chian Natural History Singapore 

(formerly NMS, Museum, National University of 

RMBR) Singapore 

LS Linnaean Society London, the 

United Kingdom 

MCZ Museum of Comparative Zoology, Cambridge, MA, 

Harvard University* the United States 

MfN (formerly Museum fü r Naturkunde* Berlin, Germany 

ZMB) 

MFRDB Marine Fisheries Research and Bangkok, 

(formerly MFDT) Development Bureau, Department of Thailand 

Fisheries 

MHNG Muséum d’Histoire Naturelle de la Geneva, 

Ville de Genève Switzerland 

MMI Museum of Marine Invertebrates, Isla Magü eyes, 

University of Puerto Rico, Mayagü ez * Puerto Rico 

MNCN Museo Nacional de Ciencias Madrid, Spain 

Naturales* 

MNHN Musé um National d’Histoire Paris, France 

Naturelle* 
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MOM Musé e Océ anographique de Monaco Monte Carlo, 

Monaco 

MSUT (formerly University Museum, University of Tokyo, Japan 

FUMT) Tokyo* 

MV Museum Victoria* Melbourne, 

Australia 

MZUSP Museu de Zoologia da Universidade São Paulo, Brazil 

de São Paulo 

MZUS Musée Zoologique de la Ville de Strasbourg, France 

Strasbourg, University of Strasbourg 

NCB (merger of Naturalis Biodiversity Center Leiden, the 

RMNH, ZMA) Netherlands 

NIWA National Institute of Water and Wellington, New 

Atmospheric Research, Ltd* Zealand 

NMNH (formerly National Museum of Natural History, Washington, DC, 

USNM) Smithsonian Institution* the United States 

NMNZ National Museum of New Zealand Te Wellington, New 

Papa Tongarewa* Zealand 

NMSIB (formerly National Museums Scotland, Edinburgh, the 

NMSZ) Invertebrate Biology* United Kingdom 

NRM Naturhistoriska Riksmuseet (Swedish Stockholm, 

Museum of Natural History) Sweden 

NMNS (formerly National Museum of Nature and Tokyo, Japan 

NSMT) Science* 

PIFSC Pacific Islands Fisheries Science Honolulu, HI, 

Center, National Marine Fisheries the United States 

Service 

RSMAS (formerly Invertebrate Museum, Rosenstiel Miami, FL, 

UMML) School of Marine & Atmospheric the United States 

Science, University of Miami 

SAM South African Museum Cape Town, South 

Africa 

SBMNH Santa Barbara Museum of Natural Santa Barbara, CA, 

History* the United States 

SIO Scripps Institute of Oceanography La Jolla, CA, 

the United States 

SMF Senckenberg Forschungsinstitut und Frankfurt, 

Naturmuseum (Senckenberg Germany 

Museum, Frankfurt) 
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SZN Stazione Zoologica Anton Dohrn di 

Napoli* 
Naples, Italy 

UMUB (formerly 

ZMUB) 

University Museum, University of 

Bergen 

Bergen, Norway 

WAM Western Australian Museum Perth, Australia 

ZIN Zoological Institute of the Russian 

Academy of Sciences 

St. Petersburg, 

Russia 

ZMH Zoologisches Museum, Universität 

Hamburg 

Hamburg, 

Germany 

ZMMGU Zoological Museum, Moscow State 

University 

Moscow, Russia 

ZMUC Zoological Museum, University of 

Copenhagen 

Copenhagen, 

Denmark 

ZSI National Zoological Collections, 

Zoological Survey of India 

Kolkata, India 

APPENDIX B. RECENT AND ONGOING SURVEYS 

Ongoing surveys open to collection requests 

Nature and location Contact 

Live Hawaiian bobtail squid (Euprymna) collected 

via dipnet in Oahu, Hawaii, shipped live to 

Wisconsin, the United States, and maintained 

N. Bekiares 

squidroom@gmail.com 

Caribbean cephalopods collected from by-catch; 

specimens retained at MMI 

N. Schizas n_ 

schizas@cima.uprm.edu 

Atlantis Project: targets cephalopods as well as 
recover y from by-catch, Falkland Islands and SW 

Atlantic; retained at the Spanish Institute of 

Oceanography, Vigo 

J. Portela julio.portela@ 

vi.ieo.es 

Trawl, by-catch, ROV capture (via Alvin) and 

donation programmes from the eastern Pacific off 

North and Central America; specimens retained at 

FMNH 

J. Voight 

jvoight@fieldmuseum.org 

Hawaii Institution of Marine Biology targets 

Octopus oliveri and O. cyanea, intertidal and shallow 
reef by hand; specimens retained at HIMB 

H. Ylitalo hyw@hawaii. 

edu 

http://squidroom@gmail.com
http://n_schizas@cima.uprm.edu
http://n_schizas@cima.uprm.edu
http://julio.portela@vi.ieo.es
http://julio.portela@vi.ieo.es
http://jvoight@fieldmuseum.org
http://hyw@hawaii.edu
http://hyw@hawaii.edu
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Instituto Português do Mar e da Atmosfera collects J. Pereira jpereira@ipma.pt 

cephalopod by-catch from Portugese Groundfish 

Survey; specimens retained at IPMA 

Consejo Superior de Investigaciones Cientı́ficas R. Villanueva roger@icm. 

works with biodiversity surveys, deep-sea sampling, csic.es 

groundfish by-catch and donations from the 

northeastern Atlantic; specimens retained at CSIC 

Museum of Aquatic Organisms (FURG) targets T. Silva Leite 

cephalopods via diving, trawl net and recover y from leite_ts@yahoo.com.br 

by-catch and predators, southwestern Atlantic 

LIPI, CASIZ undertake a variety of collection Various 

programmes, via trawl, ROV, hand lines and 

by-catch recover y, equatorial Pacific and Southern 

Ocean; specimens retained at LIPI, CASIZ, 

SBMNH and BPBM. Openness to sampling 

depends on organization and cruise 

Recently completed surveys 

Nature and location Contact 

Cephalopod paralarvae targeted via bongo and neuston R. De Silva Dávila 

nets, 0–200 m, Gulf of California and eastern Pacific off rdesilva@ipn.mx 

Mexico, 1996–1998, 2003–20 07, 2010; specimens 

retained at the Departamento de Plancton y Ecologı́a 

Marina, Centro Interdisciplinario de Ciencias Marinas 

(CICIMAR-IPN), La Paz, México 

Mesopelagic and bathypelagic cephalopods targeted via E. Kenchington 

midwater trawl, Gully Marine Protected Area, ellen.kenchington@ 

northwestern Atlantic, 2007–2010; specimens retained dfo-mpo.gc.ca 

at Delaware Museum of Natural History. 

Pelagic and benthic cephalopods targeted via trawl E. Willassen 

during the MAR-ECO cruises along the Mid-Atlantic endre.willassen @um. 

Ridge, North Atlantic, 2004; specimens deposited at uib.no 

UMUB 
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Geol. Paläontol. Abh. 266, 77–83. 

Haas, W., 2002. The evolutionary history of the eight-armed Coleoidea. 
In: Summesberger, H., Histon, K., Daurer, A. (Eds.), Cephalopods—Present & Past. 
Abhandlungender Geologischen Bundesanstalt, vol. 57. pp. 341–351. 

Haimovici, M., Perez, J.A., 1991. Coastal cephalopod fauna of southern Brazil. Bull. Mar. 
Sci. 49 (1–2), 1–2. 

Haimovici, M., Santos, R.A., Fischer, L.G., 2009. Class Cephalopoda. In: Rios, E.C. (Ed.), 
Compendium of Brazilian Seashells. Evangraf, Rio Grande, pp. 610–649. 

Hanlon, R.T., Messenger, J.B., 1996. Cephalopod Behaviour. Cambridge University Press, 
Cambridge. 

Hanlon, R.T., Ament, S.A., Gabr, H., 1999. Behavioral aspects of sperm competition in cut­
tlefish, Sepia officinalis (Sepioidea: Cephalopoda). Mar. Biol. 134, 719–728. 

Harman, R.F., Young, R.E., 1985. The larvae of ommastrephid squids (Cephalopoda, 
Teuthoidea) from Hawaiian waters. Vie Milieu 35, 211–222. 

http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0730
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0730
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0730
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0730
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0735
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0735
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0740
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0740
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0740
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0745
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0745
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0745
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0750
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0750
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0755
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0755
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0755
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0760
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0760
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0765
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0765
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0765
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0770
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0770
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0770
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0775
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0775
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0775
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0780
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0780
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0780
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0785
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0785
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0785
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0790
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0790
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0790
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0795
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0795
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0795
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0800
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0800
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0800
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0805
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0805
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0810
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0810
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0815
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0815
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0820
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0820
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0825
http://refhub.elsevier.com/B978-0-12-800287-2.00003-2/rf0825


339 The Study of Deep-Sea Cephalopods 

Hayashi, S., 1989. Spawning behavior and development of the firefly squid, Watasenia 
scintillans. Bull. Toyama Prefect. Fish. Exper. Stat. 1, 1–14. 

Hayashi, S., 1995. Fishery biological studies of the firefly squid, Watasenia scintillans (Berry), in 
Toyama Bay. Bull. Toyama Prefect. Fish. Exper. Stat. 7, 1–128. 

Healy, J.M., 1989. Spermatozoa of the deep-sea cephalopod Vampyroteuthis infernalis Chun: 
ultrastructure and possible phylogenetic significance. Philos. Trans. R. Soc. Lond. B 
323, 589–600. 

Healy, J.M., 1990. Ultrastructure of spermiogenesis in Vampyroteuthis infernalis Chun, a 
relictic cephalopod mollusc. Hel. Meer. 44, 95–107. 

Healy, J.M., 1993. Sperm and spermiogenesis in Opisthoteuthis persephone (Octopoda: 
Cirrata): ultrastructure, comparison with other cephalopods and evolutionary signifi­
cance. J. Mollus. Stud. 59, 105–115. 

Hebert, P.D.N., Gregory, T.R., 2005. The promise of DNA barcoding for taxonomy. Syst. 
Biol. 54, 852–859. 

Helm, R.C., 1984. Rate of digestion in three species of pinnipeds. Can. J. Zool. 
62, 1751–1756. 
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Abstract 

Cephalopod life cycles generally share a set of stages that take place in different habitats 
and are adapted to specific, though variable, environmental conditions. Throughout the 
lifespan, individuals undertake a series of brief transitions from one stage to the next. 
Four transitions were identified: fertilisation of eggs to their release from the female 
(1), from eggs to paralarvae (2), from paralarvae to subadults (3) and from subadults 
to adults (4). An analysis of each transition identified that the changes can be radical 
(i.e. involving a range of morphological, physiological and behavioural phenomena 
and shifts in habitats) and critical (i.e. depending on environmental conditions essential 
for cohort survival). This analysis underlines that transitions from eggs to paralarvae (2) 
and from paralarvae to subadults (3) present major risk of mortality, while changes in the 
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other transitions can have evolutionary significance. This synthesis suggests that more 
accurate evaluation of the sensitivity of cephalopod populations to environmental var­
iation could be achieved by taking into account the ontogeny of the organisms. The 
comparison of most described species advocates for studies linking development 
and ecology in this particular group. 

Keywords: Cephalopod ontogeny, Life stages, Morphological changes, Acquisition of 
behaviours, Habitat shifts, Environmental variability, Cohort survival, Paralarvae, Juvenile, 
Subadult, Adult 

1. INTRODUCTION 

A very common statement about cephalopod populations is that their 

abundance and dynamics are very variable and that this variability is due to 

the sensitivity of these organisms to environmental parameters and to their 

fluctuations. In fished species, the high productivity of cephalopod stocks is 

limited by variable recruitment (Boyle and Rodhouse, 2005; Rodhouse 

et al., 1998), but many noncommercial species are also spatially and tempo­

rally variable in their patterns of occurrence or distribution (Collins et al., 

2001; Voss, 1988). A number of environmental parameters explain popula­

tion variability; however, comparisons among species are often impaired by 

the fact that different life stages are considered. Although most cephalopods 

share common life traits, such as a relatively short life span and a fast growth 

rate, this group of molluscs is very diverse. Cephalopods have invaded almost 

all marine ecosystems, and there is diversity in life histories, from “big bang” 

spawners to “prolonged multiple” spawners (Boyle and Boletzky, 1996; 

Hoving, 2008; Hoving et al., 2013; Laptikhovsky et al., 2007, 2009; 

Rocha et al., 2001). A series of stages in an organism’s life represents in itself 

a range of adaptations to variable environments, and it is worth investigating 

in cephalopod life stages how the animal ecology changes between tiny eggs 

and large adults (Ebenman and Persson, 1988). 

The main features of cephalopod life cycles were reviewed and described 

in detail three decades ago (Boyle, 1983b, 1987) and updated for some 

groups since Rosa et al. (2013). Our use of the terms embryo, paralarvae, 

juvenile, subadult and adult is consistent with those previously described 

by these authors and with Young and Harman (1988). From egg to 

spawning adult, a series of stages are undertaken (Figure 4.1) and are com­

mon to all coleoid cephalopods, with the exception of the “paralarvae”, 

which occur only in species in which the hatchlings show either discrete 

morphological differences from the adults (such as the rhynchoteuthis stage 
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Figure 4.1 General framework for the transitional phases (shaded bars) between life 
stages for octopods, cuttlefish and squid for benthic, neritic and pelagic species. The 
scheme underlines common stages in cephalopod life cycles in spite of complex situ­
ations (change of habitats) and species differences. 

of ommastrephids) or behavioural differences with planktonic posthatching 

versus nektonic or benthic adults (Boletzky, 1977). Life history theory 

(Stearns, 1992) suggests that the schedule and duration of key events in 

an organism’s lifetime are shaped by natural selection to produce the largest 

possible number of surviving offspring and that these events depend on the 

ecological environment of the organism. The analysis of key events guided 

this chapter to explore how significant changes during ontogeny correspond 

to increased risks for a cohort’s survival. While the life of an organism is a 

continuum of change, marine species often undergo a series of changes in 

life stage that can be characterised by either dramatic changes in shape 

and environment or subtle changes in behaviour and growth and develop­

ment of internal organs. Each cephalopod life stage has its strengths and 

weaknesses and provides a response that fits best to the average environmen­

tal conditions. However, in a species life cycle, transitions need to be exam­

ined because they involve radical changes both in the organism and in its 

relationship to the environment. Transitions are critical to survival of ceph­

alopod cohorts, and comparisons among groups of species or between eco­

systems will be facilitated by looking at common transitions. 

A transition refers to the time over which individuals move from one 

stage of their life cycle to the next (Figure 4.1). The rationale for introducing 
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the concept of “transitions” between cephalopod life stages lies in the idea 

that ontogenic stages are not artificial entities defined by the observer within 

a continuum, but rather, they result from interactions between the organism 

and its environment. Each life stage corresponds to a temporary, stable inter­

action of the organism with the environment that lasts for a measurable dura­

tion, and during which time, the individual adopts a mode of life. As 

individuals move from one stage to the next, there is a transition, usually 

short relative to the length of the stages they are transiting between, and 

the start and end of each transition are defined by the change in mode of 

life. During the transition, individuals undergo a suite of changes that permit 

a change in mode of life and that contribute to cohort success, if they occur 

under the best possible biotic and abiotic conditions. Some of these changes 

may be prepared during the previous stages as the whole development is 

governed by the activation of a set of genes. A series of four transitions com­

mon to most cephalopod groups is presented in Figure 4.1 and will be 

referred to with the following headings: 

1.	 Adult to egg: it is the transition from the mature egg inside the female to 

the release of the eggs, which is change in mode of life from inside the 

female to outside the female. 

2.	 Egg to paralarvae: this transition is defined as the change in mode of 

internal to external sources of food and includes hatching that occurs 

during this transition. 

3.	 First feeding to subadult: this transition is from the plankton mode of life 

to entering the nektonic or benthic mode of life, which involves 

adopting the adult lifestyle (will apply differently to species without a 

paralarval stage). 

4.	 Subadult to adult: it is the transition from immature to mature adult 

mode of life. 

This chapter examines the morphological, physiological, ecological and 

behavioural changes associated with each of the four transitions and their 

consequences at the population level. The objective of this analysis is not 

only synthesis but also extraction (when possible) unifying principles 

explaining which transitions are most critical and how transition success is 

related to habitats (or influenced by environmental variation). With this 

aim, this chapter does not intend to make a comprehensive list of all species 

whose life cycle changes were described, but rather to highlight phenomena 

of general interest. The scope of knowledge about each transition is inevi­

tably limited by our capacity to sample and observe specimens at any stage of 

the life cycle. The bias related to sampling issues is mentioned in many 
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reviews (Boyle and Rodhouse, 2005). One should keep in mind that the 

species most studied are either abundant, supporting intensive fisheries, or 

easy to observe under rearing conditions. 

2. TRANSITION #1: ADULT TO EGG (COMPLETE 
FERTILISATION OF EGG CLUTCH TO EGG LAYING) 

2.1. Introduction 
As stated by Young and Harman (1988), the adult phase in cephalopods is 

defined by individuals who are sexually mature and of adult size. Reproduc­

tion and spawning punctuate the final stage of the adult phase, which is ter­

minated by senescence and death and results in the transfer of adult genetic 

material to a new generation. The transition from adult to egg (transition 1) 

is defined here as the time from complete fertilisation of the egg clutch to 

the release of the eggs, as a drifting mass, either attached to the benthos or 

retained within the arms of the female. This transition involves the change 

from the relatively well-protected adult stage to the relatively vulnera ble 

stage of newly deposited or released eggs. Unlike in most marine inver­

tebrates, this transition is critical for survival, both at the individual level 

(e.g. transfer of genes) and at the population level (e.g. successful annual 

recruitment), because the short lifetime of most cephalopods (Boyle, 

1983a,b, 1987; Boyle and Rodhouse, 2005; Rodhouse, 2010) means  

that the majority of populations consist of only one generation and 

thus failure to spawn will result in recruitment failure and a subsequent 

population crash. 

Cephalopods are not broadcast spawners; instead, the female fertilises 

each egg, using stores of sperm provided by the male, as she releases the 

egg from her oviduct and encases it in a protective layer. All cephalopod 

species provide a protective coat for the developing eggs, but there is a diver­

sity of habitats that the protected developing embryos are released into and 

the degree to which the female uses the habitat to protect the eggs also varies. 

Eggs can be released into the water column to move with the currents, 

attached to sand or macroalgae or hidden within the matrix of corals or boul­

der habitats; it is only in octopuses and a few oceanic squid that protection of 

the developing embryos by the female is provided. This section will examine 

the fertilisation process, the timing of egg release and the changes that occur 

as the egg is released, the behaviours associated with spawning and 

postspawning and the habitats used for spawning. 
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2.2. Morphological, suborganismal and physiological changes 
during transition 

The first transition begins with the fertilisation process, which is well 

described in Sepia officinalis, where sperm are stored in the mantle cavity 

or in the copulatory pouch and encapsulated eggs are fertilised by sperm 

externally (Boletzky, 1989). The sperm-attracting peptide SepSAP pro­

duced by eggs diffuses through the gelatinous layers, directing spermatozoa 

so that they can reach the egg while the female is holding the egg in her arms 

before attaching it to the substrate (Tosti et al., 2001; Zatylny et al., 2002). It 

is hypothesised that once fertilised, polymerisation of the egg capsule stops, 

and release of SepSAP from the oocyte prevents polyspermy (Zatylny et al., 

2002). For species that store sperm in the ovary, for example, Eledone, 

fertilisation occurs as eggs leave the ovary and before encapsulation 

(Boyle and Rodhouse, 2005; Cuomo et al., 2005). Octopods are the only 

group of cephalopods where fertilisation is internal, occurring in most spe­

cies in the oviducal gland (Hanlon and Messenger, 1998; Mangold, 1987). 

The only known exception is the genus Eledone in which fertilisation occurs 
in the ovary (Boyle, 1983a,b). Once fertilised, the egg undergoes cell 

division and embryonic development proceeds, which usually is after 

deposition, although eggs can go through cleavage stages while still inside 

the oviduct (Argonauta and Tremoctopus) (Boletzky, 1989). In the squid 
species Doryteuthis opalescens, an individual female was observed while lay­

ing an egg mass in the laboratory. During the process, a capsule sheath 

was produced within the mantle cavity of the female and then ejected 

out slowly through the siphon. The sheath was then manipulated within 

her arms so that the anchor strand was distal to her arms and the free-

floating end was below her head. The female then pumped embryos into 

the capsule sheath from the top portion towards the end that would 

become the anchor (video: http://gilly.stanford.edu/video/; Zeidberg, 

2009). Orientation of the capsule suggests that both locations of sper­

matophore placement, within the mantle of guarding males or in the 

seminal receptacle on the buccal membrane of guarding males, provide 

opportunities for fertilisation. 

The physiological changes and processes that occur as eggs are released 

and leave the ovary are best described for S. officinalis but are unknown for 
other cephalopods. Storage of ovulated eggs in the oviduct is controlled by a 

suite of ovarian peptides, which prevent oviducal contractions (Bernay et al., 

2004, 2005; Zatylny et al., 2000a,b); this allows eggs to be ready for 

http://gilly.stanford.edu/video/
http://gilly.stanford.edu/video/
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deposition once mating occurs. Once ready for release, oocytes of 

S. officinalis move from the oviduct to the funnel via oviduct contractions, 

modulated by neuropeptides, for example, FMRFamide-related peptides 

and APGWamide-related peptides (Henry et al., 1997, 1999), and ovarian 

peptides, for example, ILME and SepOvotropin (Bernay et al., 2006; 

Zatylny et al., 2000a,b). 

The degree and nature of the encapsulation of the eggs vary among the 

cephalopod species, but in all cases, it is the role of the oviducal gland to 

produce the substances that surround the eggs, and without these gelatinous 

substances, fertilised eggs die several days later (Ikeda et al., 1993). The single 

(octopus) or paired (decapods) oviducal gland secretes the first gelatinous 

envelope enclosing the egg, while the cuttlefish and myopsid squid secrete 

a second layer of encapsulation provided by the nidamental gland (Boletzky, 

1989). The cylindrical egg of Octopus lacks a gelatinous envelope, and the 
follicular tissue around the egg forms a stalk that thins out proximally 

(Boletzky, 1998; Naef, 1928). The eggs are coated with the encapsulation 

substances in the cavity of the oviducal gland after fertilisation and subse­

quently enter the distal oviduct before being released in a cluster (Froesch 

and Marthy, 1975). Like Octopus, the cuttlefish species deposit eggs singu­

larly within a jelly-like substance; S. officinalis inserts a small quantity of ink 

into the egg capsule giving it the distinctive black colour. The loliginid squid 

deposit egg capsules that contain multiple eggs: three to eight eggs in the case 

of Sepioteuthis australis (Steer et al., 2003) to hundreds, for example, 

D. opalescens (Roper, 1965). Myopsid squid also encapsulate eggs in a sheath 

created by the accessory nidamental gland that is intercalated with bacteria 

transferred from the female (Biggs and Epel, 1991; Kaufman et al., 1998). 

The ommastrephid squids, for example, Illex illecebrosus and Todarodes 
pacificus, release the eggs within a fragile gelatinous matrix mass 

(O’Dor, 1983). 

2.3. Ecological changes 
2.3.1 Habitat and egg brooding 
The first transition is complete when the adult female has deposited or 

released her eggs. The habitats used for egg deposition or release are diverse 

and range from inshore sites to open water. The squid egg masses of 

Thysanoteuthis are neustonic and thus are the most commonly observed 

oegopsid eggs. Eggs of the other non-deep-sea squid are found in mixed 

layer depths, for example, a Dosidicus gigas egg mass observed at 17 m depth 

(Staaf et al., 2008). Subsurface egg masses are laid by the female in the mixed 
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layer, but the egg mass has a greater ion content than sea water and is rapidly 

inflated via osmosis: the infusion of a sea water of a certain specific density 

enables the inflated egg mass to be neutrally buoyant at the depth of the 

water where it was laid (Rodhouse et al., 1998). The exact location and 

depth of egg mass release are unknown for many species. Hatching exper­

iments determined that D. gigas eggs have a thermal limit of 15–25 �C (Staaf 

et al., 2011), suggesting that D. gigas could spawn 500 km offshore of Cal­

ifornia as far as 45�N assuming that egg masses float at the pycnocline (Staaf 

et al., 2011). Ommastrephid egg masses were first observed in the laboratory 

in 1981 (I. illecebrosus; O’Dor and Balch, 1985) and more recently in situ, for 
example, D. gigas in the Gulf of California (Staaf et al., 2008), Nototodarus 
gouldi in New Zealand (O’Shea et al., 2004) and Thysanoteuthis rhombus in 
the Sea of Japan (Miyahara et al., 2006a). 

Egg capsules of the loliginid squid are negatively buoyant, and the female 

attaches the egg capsules to the substrate using a mucilaginous adhesive sub­

stance (Boletzky, 1998). The nature of the substrate used varies with species; 

for example, D. opalescens attaches eggs to sandy substrates in 10–12 �C water 
(Roper, 1965); Doryteuthis gahi attaches capsules to frondless kelp stipes 
0.5–2.5 m from the benthos (Arkhipkin et al., 2000); Doryteuthis pealeii 
anchor eggs to seaweed, pilings or rocks (Summers, 1983); Loligo vulgaris 
eggs are found in 20–25 m on fixed or floating supports (Worms, 1983); 

Loligo reynaudii deposit eggs on sand or low-profile rock (Sauer et al., 
1993); and S. australis attaches eggs onto the base of the sea grass Amphibolis 
antarctica (Moltschaniwskyj et al., 2002). Cuttlefish species tend to spawn rel­

atively few, large eggs that the females attach in clusters to structures on the 

seabed including plants, submerged debris and rocks (Roper et al., 1984). 

The requirement to attach eggs to suitable structures may be a driving force 

for the inshore spawning migration (Hall and Fowler, 2003). Sepia latimanus 
attaches the eggs between the corallites of dead Lobophyllia colonies with 
females temporarily compressing and elongating the egg between their arms 

to deposit them through the opening (Corner and Moore, 1980). The eggs 

of Sepia apama (approximately 2 cm in diameter; Cronin and Seymour, 

2000) are attached to the undersides of rocks, ledges and caves (Hall and 

Hanlon, 2002). Aggregative spawning activity may be facilitated by 

b-microseminoprotein found in the capsule sheath that stimulates males 

to engage in aggressive mating behaviours (Cummins et al., 2011). 

S. officinalis females use their tentacles to manipulate the basal ring of the 

egg’s gelatinous envelope around a support (e.g. Zostera marina, Sabella 
pavonina, Porifera sp. and Nemertesia sp.) to fix it in place (Blanc, 1998; 
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Bloor, 2012; Boletzky, 1983). The majority of squid and cuttlefish species 

attach their eggs to the benthos and do not provide parental care to their 

offspring. However, brooding behaviour has been observed in at least 

one genus of oceanic squid Gonatopsis (Gonatidae) (e.g. Okutani et al., 

1995; Seibel et al., 2000). 

Female octopods are known to undertake parental care of their eggs, 

which they brood in a rocky or coralline overhang or within an enclosed 

space (Boyle and Rodhouse, 2005; Mangold, 1987; Voight and Grehan, 

2000). Octopod eggs are deposited by two methods in the den: cemented 

individually in hard substrate and cemented in clusters where individual 

eggs are intertwined with each other (Hanlon and Messenger, 1998; 

Rocha et al., 2001). Alternatively, female octopods that occur in habitats 

without shelters or dens (e.g. sand or mud) will carry the developing eggs 

in the web of their arms, e.g. Octopus burryi and Wunderpus photogenicus 
(Miske and Kirchhauser, 2006), Hapalochlaena (Norman and Reid, 2000) 

and Amphioctopus (Huffard and Hochberg, 2005). Pelagic octopus females 

carry eggs in a range of different ways: attached to mineralised rods (family 

Tremoctopodidae), within elongated distal oviducts (family Ocythoidae), 

within the arm crown (families Amphitretidae, Bolitaenidae, Vitreledonellidae 

and Alloposidae) and within a thin calcareous chamber (family Argonautidae) 

(Boletzky, 1998). Bathybenthic cirrate octopuses such as Opisthoteuthis 
may represent an exception, since the female deposits her eggs freely and 

individually onto the seabed (Boletzky, 1982). 

2.3.2 Mortality 
The first transition involves the change from a relatively well-protected adult 

stage to the relatively vulnerable stage of newly deposited or released eggs. 

The eggs of cephalopods, compared with most marine invertebrates, are rel­

atively well protected by encapsulation that provides a physical and chemical 

buffer (Boletzky, 2003). In some cephalopod species, for example, Octopus, 

parental care (Section 2.3.1) also helps increase the rate of survival and thus 

the success of the first transition, which is critical for survival of the 

population. 

Incirr ate benthic octopuses deposit their eggs in close spaces to protect 

them during brooding. Bathybenthic cirrate octopuses deposit their eggs 

individually on the seabed. Female pelagic octopuses carry their eggs in 

their arm crown while brooding (Boyle and Rodhouse, 2005). Predation 

pressure from conspecific and congeneric males is considera ble (Anderson, 

1997; Ibáñez and Keyl, 2010), although there is no relationship between 

octopus and potential reefal predators (eels) or reefal prey (crayfish) species 
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(Anderson, 1997). However, the consequences of predation on brooding 

females on the survival of the egg clutch are not known. No major preda­

tion pressures have been reported for the relatively large and well-

protected, benthic egg capsules of cuttlefish (Guerra , 2006 ). The infusion 

of ink into the outer envelope of the egg capsule by female S. officinalis may 

aid in protection of embryos by camouflaging the eggs (Guerra and 

Gonzal ez, 2011) and also potentially acting as a chemical deterrent to pred­

ators (Derby et al., 2007). Despite the intrinsi c protection afforded to cut­

tlefish eggs, predation does occur in several species; for example, in Guam, 

butterfly fish (Chaetodon ulietensis) predate on and eat accessible eggs of 
S. latimanus (Corner and Moore, 1980). Predat ion on S. officinalis eggs does 
occur by the tompot blenny (Parablennius gattorugine) (Guerra and 

Gonzalez, 2011). While predators are seen on the grounds of spawning 

squid, it appears that the eggs are not the target, but spent females are 

targeted (Sauer et al., 1992). There is little in the literature to suggest that 

predation is a major source of mortality for either benthic squid or 

cuttlefish eggs. 

2.3.3 Environmental variables 
In general, the reproductive cycle of marine molluscs, such as cephalopods, 

is associated with nutrient storage and environmental parameters such as 

water temperature and food availability (Pliego-Cárdenas et al., 2011). 

Spawning sites are related to specific temperature zones, mainly because 

temperature regimes affect rates of embryonic development and success 

of hatching (Boletzky, 1974; Ortiz et al., 2011). 

The eggs of most sepiolids, many octopods and myopsid squid are 

attached to fixed structures or substrates, and so, their successful embryonic 

development and survival are dictated almost entirely by biological and 

physical conditions encountered at the fixed spawning site. Eggs deposited 

at different times or locations will experience a variety of different environ­

mental conditions including temperature, light intensity, oxygen saturation, 

pollution, salinity, photoperiod and predation. Bloor et al. (2013a) presented 

a detailed review of S. officinalis spawning, highlighting the importance of 

regulation of both temporal (e.g. timing of reproduction) and spatial (e.g. 

site and habitat selection) reproductive outputs of adult females to ensure 

successful regeneration of the spawning stock. Oceanic circulation can gov­

ern the distribution of spawning octopuses with pelagic paralarvae, for 

example, spawning Octopus vulgaris in the Strait of Sicily concentrate at 
the margin of eddies, favouring site retention and benthic settlement of 

the paralarvae (Garofalo et al., 2010). 
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2.4. Behavioural changes 
2.4.1 Spawning patterns 
Spawning patterns of cephalopods differ among species. Squid commonly 

form spawning aggregations with large groups of individuals at the surface 

or in the mid-water and smaller groups at the sea floor (Vaughan and 

Recksiek, 1978). Egg masses are deposited close to one another, for exam­

ple, S. australis (Moltschaniwskyj et al., 2002), L. reynaudii (Sauer et al., 
1992), D. opalescens (McGowan, 1954), Loligo gahi and Loligo sanpaulensis 
(Baró n, 2001). Cuttlefish are generally considered solitary animals that do 

not shoal, but interaction between individuals does occur particularly during 

the reproductive period (Naud et al., 2004). In contrast, octopods are gen­

erally solitary animals with spawning also observed to be a solitary event with 

individuals displaying little or no courtship behaviour prior to mating 

(Hanlon and Messenger, 1998; Voight and Feldheim, 2009). 

Female D. opalescens spawn 36% of their potential fecundity on the first 
day and 9% on each subsequent day (Macewicz et al., 2004). A small pro­

portion of the population will continue to spawn for up to 6 days, depositing 

78% of their total estimated potential fecundity, with, on average, females 

depositing eggs for 1.67 days on the spawning grounds before being lost 

from the population by natural or fishing mortality (Macewicz et al., 

2004). In many squid species, the length of spawning events remains 

unknown. L. reynaudii tracked with acoustic tags were observed to perform 

daily migrations on and off the spawning grounds for up to 5 days (Sauer 

et al., 1997) and to migrate between spawning grounds for a mean of 

43 km over 2 weeks (Sauer et al., 2000). This squid shows indications of 

atresia (degeneration and resorption of an oocyte and its follicle) that are 

absent in D. opalescens (Macewicz et al., 2004; Melo and Sauer, 1998; 

Sauer et al., 1999). However, serial spawning in L. reynaudii may occur quite 

rapidly, over several days to weeks (Melo and Sauer, 1999). Furthermore, 

individual D. pealeii produced multiple clutches in the laboratory over 

3–6 weeks, often with several days between ovipositions (Maxwell and 

Hanlon 2000). Squids demonstrate a wide variety of reproductive patterns, 

simultaneous terminal spawning, multiple spawning, intermittent terminal 

spawning and continuous spawning (Rocha et al., 2001). D. opalescens has 
been described as simultaneous terminal spawner, but it seems the term 

“simultaneous” could range between 4 min (Hanlon et al., 2004) and 6 days 

(Macewicz et al., 2004) or possibly 42 days (Yang et al., 1986). 

Several species of cuttlefish (e.g. S. latimanus and S. officinalis) are solitary 
for the majority of the year before aggregating in small loose associations (up 
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to five individuals) in shallow coastal waters during the reproductive period 

to compete for mates (Boletzky, 1983; Corner and Moore, 1980). Polypep­

tidic waterborne pheromones expressed and secreted by accessory sex glands 

may facilitate aggregative egg laying behaviour in S. officinalis (Boal et al., 
2010; Enault et al., 2012). In the Spencer Gulf, Australia, the giant cuttlefish, 

S. apama, forms the only known large spawning aggregation of cuttlefish in 

the world, with up to 170,000 individuals recorded (Hall and Fowler, 2003). 

Adults migrate inshore to this area between April and July to mate and spawn 

over a restricted area of rocky reef (e.g. Hall, 2002; Naud et al., 2004). The 

cues or mechanisms responsible for the formation of these large spawning 

groups in cuttlefish remain largely unknown; however, the requirement 

for a specific rock-based spawning substrate, the availability of which is 

restricted within the area, may explain the large cuttlefish spawning aggre­

gations that occur at this specific location (Naud et al., 2004). 

Cuttlefish exhibit a high degree of flexibility in their spawning patterns 

(e.g. S. officinalis; Boletzky, 1986, 1987a), including spawning once (simul­

taneous terminal spawning) and spawning more than once, with multiple 

repeated spawning events over a period of several months (intermittent ter­

minal spawning) (Rocha et al., 2001). In several species of Sepia (e.g. 
S. officinalis, Sepia pharaonis, S. apama and Sepia dollfusi), a range of develop­
mental stages and egg sizes are found within the ovaries of sexually mature 

females during the spawning season, indicating that not all eggs mature 

simultaneously and that eggs are produced in multiple batches suggestive 

of an intermittent terminal spawning strategy in these species (Boletzky, 

1987a; Gabr et al., 1998; Hall and Fowler, 2003). Telemetry studies of both 

S. officinalis (Bloor et al., 2013b) and S. apama (Hall and Fowler, 2003) indi­

cate that females are present in the aggregation area over an extended period 

during which they are not continuously involved in oviposition, but are 

often relatively mobile with a high degree of plasticity in reproductive 

behaviour and general movement patterns. Postspawning mortality is sub­

stantial in all cuttlefish species (Roper et al., 1984). 

Several species of octopods perform inshore–offshore migration associ­

ated with seasonal changes in temperature such as reported for Enteroctopus 
dofleini in Hokkaido waters (Rigby and Sakurai, 2004); others such as 

O. vulgaris and Eledone cirrhosa made onshore shallow-water migrations in 

spring to match with the breeding season (Mangold, 1987). Migration of 

medium and large octopuses to deeper water during periods of strong ther­

mocline (e.g. summer) is suggested to be related with a reduction of ener­

getic cost at colder temperature in O. vulgaris (Katsanevakis and 
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Verriopoulos, 2004a,b). Thus, suitable conditions for embryonic develop­

ment under stable temperature may constrain breeding in octopods 

(Boletzky, 1987b). Spawning sites may vary within the same species 

depending on the region. Before reproduction, adult O. vulgaris from the 

Atlantic coast of Spain migrate to coastal waters. Breeding occurs mainly 

in summer; however, mature males can be found throughout the year 

(Rodrı́guez-Rú a et al., 2005). Shallow-water cephalopods tend to spawn 

in cold months, so the offspring hatch at warmer temperatures. In Octopus 
pallidus, maturation is faster when exposed to decreasing temperatures so that 

spawning occurs in cold months. However, it has been suggested that the 

spawning period for this species occurs in late summer–early autumn 

(Semmens et al., 2011). In Octopus hubbsorum, there have been reports of 
two different spawning seasons: for one region in autumn and for another 

region in winter–spring. Differences in spawning seasons within the same 

species may be due to the differences in regional environmental conditions 

(Pliego-Cárdenas et al., 2011). 

2.4.2 Female choice 
Copulation is often assumed the final criterion for female choice, but in ani­

mals that adopt internal fertilisation strategies, copulation seldom results in 

direct or inevitable fertilisation (Eberhard, 1985). Prior to the start of the first 

transition, processes that occur both before (e.g. direct female mate choice) 

and after (e.g. cryptic female choice) copulation can affect the chance of a 

copulation ending in fertilisation (Eberhard, 1996). The classic view of mate 

choice is that males compete for copulations and fertilisation but that females 

choose which males to mate with through assessment of some male second­

ary sexual trait or ornamentation, potentially preferring healthier males or 

those with good genes (Bateman, 1948). 

2.4.2.1 Direct female mate choice 
Mate choice by females is known to occur in cuttlefish (e.g. S. officinalis; 
Boal, 1997), but the secondary traits or ornamentations used are not well 

defined. In the laboratory, Boal (1997) showed that while female 

S. officinalis did consistently prefer some males over others, these choices 

were not based on characteristics known to correlate with male dominance 

(e.g. body patterning or body size). In fact, Boal (1997) argued that female 

mate choice was more likely to be based on olfactory cues rather than visual 

cues. In S. apama, direct mate choice by females has also been observed, with 

females actively rejecting unwanted mating attempts. A total of 70% of 
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female rejection attempts were observed to be successful with only 3% 

resulting in forced copulations (Hall and Fowler, 2003). Females were 

not receptive to mating attempts while an egg was held in the arms, and 

one-third of the observed rejections occurred while females were holding 

an egg; the remaining two-thirds of the rejections were considered a result 

of direct choice by the female (Hall and Fowler, 2003). 

Octopuses are presumed to be solitary and polygamous animals (how­

ever, see Huffard et al., 2008 for Abdopus aculeatus) resulting in no clear 
female choices (Hanlon and Messenger, 1998). 

2.4.2.2 Cryptic female choice 
Observational studies of loliginids indicate that, despite arriving on the 

spawning ground with filled spermathecae, females copulate with multiple 

males (e.g. Hanlon et al., 2002) resulting in multiple paternity of eggs within 

the egg masses produced by loliginid squid (Buresch et al., 2001; Shaw and 

Boyle, 1997; Shaw and Sauer, 2004). DNA fingerprinting of L. reynaudii 
embryos indicates that four to five males can contribute their paternity with 

an emerging picture of complex genetic mating systems in squid that indi­

cates potential for overt and cryptic female choice (Shaw and Sauer, 2004). 

Female cuttlefish are also polyandrous, accepting and storing sperm packages 

from multiple males. Females thus have access to sperm from two different 

sources: (1) sperm packages from recently mated males, which are deposited 

onto the buccal area (Naud et al., 2005), and (2) sperm from previous mat­

ings that are stored in their internal sperm-storage receptacles (copulatory 

pouch) located under the buccal mass (Hanlon et al., 1999). In S. apama, 
a study by Naud et al. (2005) confirmed that these two sperm stores con­

tained sperm from between two and more than five males, indicating a high 

probability of sperm competition prior to fertilisation and highlighting a 

potential for stored sperm to be manipulated by females during fertilisation. 

This process could reflect the “cryptic female choice hypothesis” proposed 

by Eberhard (1996) that suggests that by actively influencing which sperm is 

utilised for fertilising eggs after copulation, polyandrous females who have 

mated with multiple males can still control which male ultimately sires 

her offspring. Naud et al. (2005) used microsatellite DNA analyses to deter­

mine the genetic diversity of the stored sperm in S. apama females and then 

compared it with that of their offspring. Their results indicated that 

fertilisation patterns with respect to the sperm stores used were not random 

(Naud et al., 2005). While these results represent the first account in cuttle­

fish of the use of sperm from multiple stores, it remains to be determined 
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whether this fertilisation bias results from active female manipulation of 

stored sperm (postcopulatory choice) or from simple physical constraints 

on sperm access to eggs (Naud et al., 2005). 

While multiple paternity has also recently been confirmed in some spe­

cies such as Graneledone boreopacifica (Voight and Feldheim, 2009) and 

O. vulgaris (Quinteiro et al., 2011), the hypothesis of cryptic female choice 

has yet to be tested for cephalopods. In a study by Quinteiro et al. (2011), 

analysis of two microsatellite loci of four females and their respective prog­

eny revealed that two male contributors were inferred for all assayed off­

spring. The authors conclude that this reproductive pattern could 

originate from the differential use of sperm depositions (Shaw and Sauer, 

2004; Walker et al., 2006) either through a process of sperm competition 

(Cigliano, 1995; Hanlon and Messenger, 1998) or mediated by a cryptic 

female choice (Quinteiro et al., 2011). 

2.4.3 Sperm competition 
In a promiscuous mating system, like that exhibited by many cephalopod 

species, the sperm from multiple males may compete for fertilisation of a 

given set of ova at the start of this first transition; this is known as sperm com­

petition (Birkhead and Parker, 1997). To try and reduce the influence of 

sperm competition on their fertilisation success, male cuttlefish have devel­

oped a variety of mechanisms including agonistic behaviour (male–male 

aggression), pre- and postcopulatory mate guarding, sperm removal (flush­

ing) and sneaker male mating and female mimicry. 

2.4.3.1 Male–male aggression 
Aggression between males in competition for females has often been 

observed in cuttlefish species (e.g. S. latimanus (Corner and Moore, 1980) 

and S. apama (Hall and Hanlon, 2002; Norman et al., 1999)) and in octopus 

(e.g. A. aculeatus (Huffard et al., 2008)). In field observations of S. latimanus, 
aggression between males was often observed in competition for females 

(Corner and Moore, 1980). In S. latimanus, incidents of male–male aggres­

sion were observed to increase in frequency and intensity during the pre-

copulatory patterns of females; typically, smaller males lost these 

interactions (Corner and Moore, 1980). Males dashed towards each other 

repeatedly; if neither backed away, then both males flared their arms 

upwards and outwards. If neither retreated, then the arms were extended 

to an umbrella pattern and the mouth exposed, which lead to submission 

of one combatant in six out of nine observed encounters. If the larger male 
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was unable to keep an opponent at bay, they resorted to an exaggerated 

umbrella pattern dashing in a side position towards the intruder with his arms 

twisted over the intruders head as if to bite him; this generally resulted in the 

intruder paling his body and retreating several metres (Corner and Moore, 

1980). Ritualistic agonistic displays have also been observed to be used by 

large male S. apama in order to challenge consorts for female matings 

(Hall and Hanlon, 2002). In contests of disparate sized consorts, the agonistic 

display typically results in the loser submitting without physical contact, but 

in more even contests, battles can lead to biting and many males display scars 

or missing arm tips from such encounters (Norman et al., 1999). Male–male 

aggression has also been observed in the octopus species A. aculeatus almost 

exclusively while defending a female (26 of 29 male–male combinations) 

both at and away from the den (Huffard et al., 2008). Male aggression 

included behaviours such as chasing, touching and whipping with one 

straight arm and grappling (Huffard et al., 2008). 

2.4.3.2 Male mate guarding 
Mate guarding is a form of resource defence in which males reduce the prob­

ability that a female will remate with other males, thereby increasing the 

chance of a newly mated male siring most of the next-laid eggs (Hall and 

Hanlon, 2002; Hanlon and Messenger, 1998; Naud et al., 2004). However, 

mate guarding can be time-consuming and reduces the available time that 

males have to seek out new mates (Huffard et al., 2008). Mate guarding 

has been observed in cuttlefish (e.g. S. officinalis (Boal, 1996; Hanlon 

et al., 1999) and S. apama (Hall and Hanlon, 2002)), benthic octopods 

(e.g. A. aculeatus (Huffard et al., 2008)) and squid (e.g. D. opalescens 
(Hurley, 1978)). 

In cuttlefish, temporary postcopulatory mate guarding may serve to pre­

vent the removal of the newly mated male’s spermatangia on the buccal 

membrane during the brief period during which the spermatangia may be 

susceptible to removal or dilution by flushing (Hanlon et al., 1999). During 

this postcopulatory period, the sperm from several males may compete for 

entrance to the two pores of the seminal receptacle (Hanlon et al., 1999). 

A study by Naud et al. (2004) noted a correlation between the time that 

the egg was laid after mating and fertilisation success with eggs laid 

20–40 min following copulation more often fertilised by the mated male 

than those laid before or after this time, and these results may explain the 

strong postcopulatory mate-guarding behaviour observed, such that by 

preventing the female from mating with another male for at least 40 min, 
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the newly mated male would gain more fertilisations (Naud et al., 2004). 

However, postcopulatory mate guarding has been observed to last for up 

to 90 min (S. apama; Hall and Hanlon, 2002), thereby also delaying their 

search for additional female copulations. Mate guarding has also been 

observed in squid in their natural environment; for example, large consort 

Loligo males were observed to guard their paired female mates as they 

descend towards the egg mass to deposit an egg capsule (Hanlon, 1998). 

During egg guarding, male squid were observed to touch the eggs with their 

arms, hover over the egg mass and display red coloration on their arms and 

pale coloration on their mantle and head to any other male that approached 

the egg mass (Hurley, 1978). If the second male did not retreat, the two 

males would line up parallel and perform agonistic behaviours including 

arm touching, pushing and occasionally biting that could result in severed 

arms and tentacles or scars on the mantle. The original guarding male would 

usually win these bouts, but if the challenger won, he would take up 

guarding the eggs. Artificial eggs made of silicon could stimulate females 

to lay eggs, but male agonistic behaviour could not be elicited until natural 

eggs were present. Contact with Loligo b-microseminoprotein (Loligo 
b-msp) immediately alters male squid, causing them to compete with ago­

nistic behaviours even in the absence of females. Loligo b-msp is secreted by 

female exocrine glands and is embedded in egg capsule sheaths (Cummins 

et al., 2011). Large male and female pigmy octopuses (A. aculeatus) were  

found to occupy adjacent dens with copulation between the pair occurring 

frequently in mate-guarding situations over successive days (Huffard et al., 

2008). Mate guarding in A. aculeatus was used by males as an effective tactic 

to temporarily monopolise mating with females (Huffard et al., 2008). 

2.4.3.3 Sneaker mating and female mimicry 
Behaviours like sneaker mating and female mimicry have in theory evolved 

as a reaction to the other males with superior competitive abilities (Parker, 

1990). Sneaker males and female mimics adjust their behaviour to procure 

copulations while reducing aggression from other males as a result of the 

prior knowledge they have of their (in)abilities compared with other indi­

viduals in a group (Parker, 1990). 

Sneaker mating has been observed in cuttlefish, in squid and more 

recently in octopus. In the large spawning aggregations of the giant Austra­

lian cuttlefish (S. apama), sex ratios are skewed and can be as high as 11 males 

to 1 female (Hall and Hanlon, 2002). This leads to intense competition 

between males for copulation, and mate guarding occurs almost 
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continuously (Hanlon et al., 2005). In these aggregations, consort males 

were found to obtain approximately 64% of matings; the remainder are 

obtained by small, unpaired males, known as “sneakers”, which obtain extra 

pair copulations using open stealth (e.g. approaching a guarded female while 

the male is distracted), hidden stealth (e.g. meeting females under rocks) or 

female mimicry (e.g. mimicking the appearance and behaviour of females) 

(Hall and Hanlon, 2002; Hanlon et al., 2005; Norman et al., 1999). In aggre­

gations of S. apama, smaller males have been observed to adopt a strategy of 

switching their appearance from that of a male to that of a female in order to 

foil the mate-guarding attempts of larger males. Single small males accom­

panied mating pairs while assuming the body shape and patterns of a female, 

thereby avoiding agonistic attacks by larger mate-guarding males. On more 

than 20 occasions, Norman et al. (1999) then observed these smaller males to 

change body pattern and behaviour to that of a male in mating display and 

attempt to mate with the female, often with success, while the larger male 

was distracted by another male intruder. Hanlon et al. (2005) verified the 

success of female mimicry by smaller S. apama males to obtain extra pair cop­

ulation (EPCs) and to successfully fertilise eggs. The authors observed five 

initiations of mating by mimics: One attempt was rejected by the female 

and another was interrupted by the consort male, and the remaining three 

attempts however all resulted in successful spermatophore transfer (Hanlon 

et al., 2005). Using DNA fingerprinting, they were able to verify that two 

sneaker EPCs by a small mimic male resulted in successful fertilisation of eggs 

(Hanlon et al., 2005), providing the first confirmed report of sneaker 

fertilisation in a cephalopod. 

In squid, multiple paternity has been detected in the egg capsules of 

L. reynaudii (Shaw and Sauer, 2004), Loligo forbesii (Shaw and Boyle, 
1997), D. pealeii (Buresch et al., 2001) and Heterololigo bleekeri (Iwata and 
Sakurai, 2007) with both guard males and sneaker males providing sperm 

for eggs within the same capsule. Guard or consort males clasp the mantle 

of the female from the ventral side and remain with her for minutes during 

egg laying. Guard males place their spermatophores inside the mantle cavity 

near the oviduct (Hanlon et al., 2002). Larger males are more likely to mate 

via guarding, and smaller males are more often sneakers (Hanlon et al., 2002; 

Iwata et al., 2005). In H. bleekeri, sperm size has been found to correlate to 

mating strategy. Sneaker males place their spermatophores in the seminal 

receptacle below the mouth of the female during very brief head-to-head 

contact. Spermatophores of sneaker males are larger but contained less sper­

matozoa. In vitro artificial fertilisation rates ranged from 70% to 98% in 
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sneaker males and 41% to 98% in consort males (Iwata et al., 2011). Egg cap­

sule paternity tests suggest extra pair mating is successful <10% of the time 

(Iwata et al., 2005). Sperm differed in size and morphology in large and small 

mature H. bleekeri, and smaller sneaker males inserted smaller drop-like 

sperm in the seminal receptacle, and larger guard males inserted larger rope-

like sperm in the mantle cavity (Iwata et al., 2008). Guard males had a greater 

success in paternity (Iwata et al., 2005). Conversely, in L. reynaudii, consort 
males sired 0–48% of the embryos examined in four egg capsules (Shaw and 

Sauer, 2004); in one capsule, a sneaker male or a prior consort male had 

100% paternity, and the consort male captured at the time of egg deposition 

had zero paternity. 

Sneaker mating is not well documented in octopus, a single example of 

sneaker mating has been reported in Octopus cyanea in the wild (Tsuchiya and 
Takashi, 1997) and more recently sneaker mating has also been observed in 

A. aculeatus during focal studies in the wild (Huffard et al., 2008). These 

studies demonstrate that natural history observations remain necessary for 

testing behavioural paradigms. A concerted effort is required to undertake 

further natural history observations of octopus in the wild in order to test 

behavioural paradigms and to document the mating behaviours of additional 

octopus populations (Huffard et al., 2008). 

2.4.3.4 Sperm removal or flushing 
Sperm removal and flushing are behaviours that males of several species of 

cephalopods can incorporate into their reproductive repertoire in order to 

reduce sperm competition. These behaviours are known to occur in several 

cuttlefish species (e.g. S. apama and S. officinalis). Prior to sperm transfer, 

male cuttlefish repeatedly flush strong jets of water through their funnels 

towards the buccal area of the female; this action is thought to result in 

the removal of spermatangia from previous matings, thereby increasing 

the newly mated males’ chance of reproductive success (e.g. S. apama 
(Hall and Hanlon, 2002) and S. officinalis (Hanlon et al., 1999)); however, 

to date, no significant relationship between flushing duration and 

fertilisation success has been found (Naud et al., 2004). However, it is pos­

sible that the effectiveness of this flushing mechanism may be dependent on 

the time elapsed since the prior mating (Hanlon et al., 1999). In octopus, the 

spoon-shaped tip of the male’s hectocotylised arm, known as the ligula, 

could function in the removal of stored sperm, from previously mated males 

and from within the spermatheca of the female’s oviducal gland. This would 

function to try and ensure that the most frequently occurring paternal alleles 
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would be provided from the last copulation event (Hanlon and Messenger, 

1998; Iwata et al., 2005; Quinteiro et al., 2011). However, to date, sperm 

removal and flushing behaviours in octopuses have not conclusively 

been demonstrated (Huffard et al., 2008). A study by Sato et al. (2013) using 

the Japanese pygmy squid (Idiosepius paradoxus) observed a spermatangium­

removing behaviour by eating and blowing, which may be used by females 

for postcopulatory sexual selection. Using this process, females were able to 

remove the spermatangium following matings with unpreferred males 

before completing sperm transfer into their seminal receptacle. 

2.5. Summary 
During the transition from the fertilisation of eggs by spawning adults to egg 

release in the wild, a series of structures and phenomena are involved, which 

provide protection and shelter to the offspring. Fecundation and egg release 

are under the control of hormones and pheromones. The eggs are well 

protected either by encapsulation that provides a physical and chemical 

buffer or by parental care. Adult cephalopods have developed a wide array 

of behaviours, which contribute to the success of reproduction: Migrations 

to suitable habitats for egg release, courtship and mating optimise egg 

fertilisation and sneaker males maintain genetic diversity in size at maturity. 

3. TRANSITION #2: EGG TO THE EXHAUSTION OF YOLK 
RESERVES 

3.1. Introduction 
The transition from egg to the exhaustion of maternally derived yolk 

reserves and first feeding is a critical phase within the early life history of 

cephalopods. This critical phase ends when individuals have survived the 

posthatching stage and are capable of obtaining and using external sources 

of energy in such a way it contributes to individual growth (Vidal et al., 

2002a). It, thus, involves changes from the relatively protected environment 

within the egg to occupying the hatchling habitat and those occurring from 

dependence on maternally derived energy reserves to active predation. 

Newly hatched cephalopods resemble miniature adults (Boletzky, 1974; 

Nesis, 1973) but do generally differ behaviourally, ecologically and morpho­

logically from adults (Bartol et al., 2008). Across the cephalopod taxa, three 

different early life modes occur: (1) squid and a number of octopod (mer­

obenthic) hatchlings are planktonic, referred to as paralarvae (Young and 

Harman, 1988); (2) the hatchlings of a number of benthic octopods display 
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nektonic–benthic behaviour before settling and adopting the benthic mode 

of life (Boletzky, 1977; Boletzky and Boletzky, 1973); and (3) all sepiids, 

most sepiolids and a number of octopod (holobenthic) species have hatch­

lings that immediately adopt the benthic mode of life (Boletzky, 2003; 

Young and Harman, 1988) observed in adults of these species. These large 

benthic hatchlings are referred to as juveniles (Naef, 1928). 

This section will examine environmental factors, both within the egg 

capsule and in the surrounding oceanographic environment, that affect 

embryo survival; it will describe the conditions that determine hatching suc­

cess and major changes occurring posthatching, from dependence on yolk 

reserves to a life stage of exclusive prey capture (Figure 4.3). 

3.2. Hatching environment and key developmental milestones 
among cephalopod taxa 

3.2.1 The egg capsule environment and links to hatch initiation 
As a further result of ecological species adaptations, the size, structure and 

consistency of egg capsules vary considerably across taxonomic levels 

(Boletzky, 1989). Cephalopod embryos are encased in either an eggshell 

(cuttlefish) or a chorion, and within their encasings, all are bathed with per­

ivitelline fluid (PVF). As such, PVF is in direct contact with the embryo and 

is considered important for the hatching process (Marthy et al., 1976). Per­

ivitelline fluid enables a selective exchange between sea water and the 

embryo (Boletzky, 1987b). The buffering function of PVF implies a limited 

and selective exchange with sea water, specifically in terms of water, mol­

ecules (Gomi et al., 1986) and pollutants (Bustamante et al., 2004). Embryos 

therefore develop under abiotic conditions differing from those encoun­

tered as hatchlings. PVF is slightly hypertonic compared to sea water, 

enabling the swelling of cephalopods eggs, increasing surface area and 

decreasing capsule thickness (Cronin and Seymour, 2000). It has also been 

proposed that the osmoregulatory function of PVF could be closely coupled 

to physiological processes during embryonic development (Dorey et al., 

2012). This fluid has also been suggested to act as a natural tranquilliser 

for embryos of loliginid squid, preventing premature hatching (Marthy 

et al., 1976). 

The capsules and chorions act as a barrier to the diffusion of dissolved 

gases such as oxygen, resulting in dissolved oxygen levels within the egg cap­

sules becoming a limiting factor towards the end of embryonic develop­

ment. This has been observed in both benthic cuttlefish eggs (Cronin and 

Seymour, 2000; Gutowska and Melzner, 2009) and octopod eggs (Parra 
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et al., 2000; Uriarte et al., 2012). Low oxygen levels result from the meta­

bolic demands during embryonic development leading to an accumulation 

of metabolic CO2 and a simultaneous drop in pO2 (reviewed recently by 

Marquez et al., 2013). Gutowska and Melzner (2009) found that PVF 

pCO2 increases as a function of embryo mass in cuttlefish. Both the 

postorganogenetic embryonic growth phase (Lacoue-Labarthe et al., 

2010) and the hatching process (Parra et al., 2000) have been found to have 

a high energetic cost resulting in the rapid increase of oxygen consumption 

before and during hatching. The progressive depletion of oxygen at late 

embryonic stages may act as a hatching trigger in some species (Rosa 

et al., 2012). 

Sea water properties such as pH and temperature also affect abiotic con­

ditions of PVF, with important implications for cuttlebone calcification of 

embryonic and juvenile stages of the cephalopod S. officinalis (Dorey 

et al., 2012). Decreasing of sea water pH by 0.25–0.5 units resulted in hyper-

calcification by 17–80% of cuttlebone of cuttlefish embryos and juveniles 

(Dorey et al., 2012). 

Elemental concentrations and requirements differ between eggshell-

protected embryos (e.g. cuttlefish) and chorionic embryos (e.g. octopuses). 

The eggshell acts as a partially selective permeable barrier, depending on 

developmental stage, to both dissolved essential and nonessential trace ele­

ments (Bustamante et al., 2004; Lacoue-Labarthe et al., 2012), whereas in 

eggs surrounded by a chorion only, the uptake of elements is nonselective 

(further details in Villanueva and Bustamante, 2006). Despite the lack of 

information, particularly with regard to implications on the hatching pro­

cess, a number of studies suggest that the bioaccumulation of trace elements 

influences embryonic development. Calcium reserves are needed for met­

abolic process being expected to be contained in yolk of cuttlefish eggs 

(Boletzky, 1989). Thus, calcium concentrations increased over the oocyte 

development of O. vulgaris suggesting the importance of sea water intake 

(Villanueva and Bustamante, 2006). Sea water properties such as pCO2 

may affect this property (Lacoue-Labarthe et al., 2011). Abnormal hatchlings 

resulted from using artificial water without strontium in O. vulgaris, 
L. vulgaris and S. officinalis (Hanlon et al., 1989a). In addition, a high require­

ment of copper for hatchlings and juveniles was found in these species, par­

ticularly in octopus paralarvae, and is suggested to be related with 

haemocyanin requirements for oxygen transport (Villanueva and 

Bustamante, 2006). Not only is the environment within the egg capsule 

important, but also the conditions immediately surrounding the egg clutch 
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also influence mortality. The position of embryos within an egg clutch may 

lead to differences in hatchling traits such as developmental rate, survival and 

growth (Strathmann and Strathmann, 1995). Steer et al. (2003) found dif­

ferences in the embryonic development rate within single egg strands of 

S. australis, with eggs situated at the fixed or proximal end developing more 

slowly than those situated at the free or distal end. It was also noted that 

embryos developing at the proximal end suffered higher mortalities. Differ­

ences in hatchling mantle length (ML) were found in Illex coindetii embryos 

incubated at different eggs densities during an in vitro experiment. Emergent 
-1hatchlings were larger at lower egg densities (:5 eggs ml ) (Villanueva 

et al., 2011). Asynchronous development rates and variation in the size of 

hatchlings within a single egg strand or cluster have also been recorded 

for Sepioteuthis sepioidea and Sepioteuthis lessoniana (Chung, 2003; Ikeda 
et al., 1999; LaRoe, 1971). Strathmann and Strathmann (1995) suggested 

that the proximal embryos were not sufficiently oxygenated and/or accu­

mulated excess excretory products and responded by either retarding or 

arresting development. Chung (2003) observed that large egg clusters 

tended to block the current causing less circulation within the clusters. This 

would indeed influence oxygenation. Pelagic eggs are extruded in a contin­

uous fragile gelatinous mass, which, as a result of water absorption, has a neu­

tral buoyancy. The absorption process increases the space between embryos 

and so allowing proper ventilation throughout the egg mass (Lee and 

Strathmann, 1998). The variability of hatchlings from the same egg strand 

can also be a result of multiple paternities (Buresch et al., 2001). 

3.2.2 The changing oceanographic environment and effects on embryo 
survival and hatching 

Few studies have assessed how natural embryonic mortality results. Steer 

et al. (2002) found that natural mortalities of embryos of the southern cal­

amari (S. australis) can vary between 4% and 20% in late November, decreas­

ing to 10% until late December. In D. gahi, Arkhipkin et al. (2000) reported 
higher mortalities in winter, resulting in four times spring and summer mor­

talities. There is no clarity whether seasonal differences in embryo mortal­

ities are related to thermal variations or other environmental conditions (e.g. 

rainfall (Steer et al., 2002) and salinity (Ş en, 2005)). Recent studies in ther­

mal tolerance in benthic octopus embryos have shown a higher thermal sen­

sitivity in embryos than in preadults and adults (Uriarte et al., 2012). 

Cephalopod embryos are very vulnerable to thermal fluctuations, especially 

to extreme temperatures as those used in laboratory-based studies 
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(Oosthuizen et al., 2002a; Rosa et al., 2012; Uriarte et al., 2012). Further­

more, from embryo position studies, we know that oxygenation is important 

for embryo development and survival (Strathmann and Strathmann, 1995). 

Ocean pH effects on survival are also unknown for most species. 

Cephalopods are well studied in terms of temperature effects on embry­

onic development and hatching. Results of those studies have important 

implications for the prediction of impacts of climate change (e.g. warming 

process). Thermal niche classification throughout embryonic stages has 

resulted in the potential to understand cephalopod distribution and the influ­

ence of oceanographic and physical conditions (e.g. D. gigas (Staaf et al., 
2011)). A study on the effects of temperature on the embryonic develop­

ment of this species found the upper temperature limit for successful 

embryonic development through hatching to be 25 �C (Staaf et al., 

2011). Embryos experiencing temperatures outside the optimal thermal 

range resulted in mortalities by abnormal embryonic development in 

L. reynaudii (Oosthuizen et al., 2002a). A study by Rosa et al. (2012) inves­

tigated the effects of ocean warming (+2 �C) on L. vulgaris embryonic devel­

opment. A metabolic suppression of embryos incubated at +2 �C of the 
optimal thermal range resulted in premature hatching under hypoxia. 

Most cephalopod species are stenohaline with some exceptions (i.e. 

Lolliguncula brevis; Hendrix et al., 1981; Laughlin and Livingston, 1982) 

and are osmoconformers. Salinity was shown to affect the hatching rate, eggs 

size, first hatching time and dorsal ML of L. vulgaris under controlled con­
ditions (Ş en, 2005). Low salinity levels have been reported to have more 

severe effects on S. lessoniana embryonic development, in terms of abnor­

malities, compared to temperature (Chung, 2003). Very low salinity levels 

(20% and 25%) were found to cause the death of S. lessoniana embryos, 

even at optimal temperatures (Chung, 2003). Similarly, the survival of 

loliginid embryos appears to be more affected by heavy rainfall and conse­

quent reduction in salinity levels, rather than temperature changes 

(S. australis, Steer et al., 2002). Areas where salinity is expected to rapidly 
change (e.g. places with more frequent rain events) may negatively affect 

cephalopod inhabitants. 

The global decrease of pO2 concentration in the ocean, deoxygenation, 

is caused by global warming and increased stratification (Keeling et al., 

2010). Increasing declines in pO2 availability are predicted to affect cepha­

lopod physiology, behaviour and demographics (Gilly et al., 2013; Pauly, 

2010; P€ortner et al., 2005). The beginning of the transition, from hatch ini­

tiation to the exhaustion of yolk reserves, is especially susceptible to 
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deoxygenation as critical pO2 levels can be reached just prior to hatching in 

“normal” environmental conditions (Cronin and Seymour, 2000; 

Gutowska and Melzner, 2009). Although the metabolic demands differ 

among taxa, Pimentel et al. (2012) found that L. vulgaris had significantly 
higher demand than S. officinalis. They attributed this demand to reflect taxa 

differences in locomotion ( Aitken and O’Dor, 2004), activity (Aitken et al., 

2005), buoyancy (Denton and Gilpin-Brown, 1961) and oxygen extraction 

capabilities (Gutowska et al., 2010b; Strobel et al., 2012; Wells et al., 1988). 

In general, teuthiods have faster metabolic rates than octopods or sepiids 

throughout life stages including during the hatching process (Wells et al., 

1988). Taxa with greater metabolic demands during embryogenesis may 

be especially vulnerable to asphyxiation or premature hatching in areas 

intensely impacted by deoxygenation. 

To keep pO2 levels above critical low levels, hypoxia-induced metabolic 

suppression occurs until the embryo is mature enough to hatch, and it is 

suspected that this continues until a threshold of low pO2 ultimately triggers 

hatching (Pimentel et al., 2012). For loliginids, the PVF likely plays a key 

role during the transition by tranquillising near-hatch embryos, suppressing 

metabolic demand and allowing the embryo to fully develop (Marthy et al., 

1976). L. vulgaris metabolic rate is more than doubled after hatching 

(Pimentel et al., 2012). 

From what is known about cephalopods, teuthoids may be the most sen­

sitive to deoxygenation with a broad spectrum of effects across species. 

These effects can be categorised as one of two types: lethal and sublethal. 

Lethal effects include underdevelopment or behavioural impairment 

preventing embryos from hatching, whereas sublethal effects include under­

development and/or malformations that carry over negative effects to later 

life stages (i.e. carry-over effects). Sublethal effects lower survivorship rates 

for paralarvae, reducing their abilities for feeding and/or for defence, and 

overall lower their fitness. 

Ongoing anthropogenic pCO2 uptake by the ocean increases acidifica­

tion of sea water and decreases global ocean pH (ocean acidification; Doney 

et al., 2009; Feely et al., 2004, Orr et al., 2005). Molluscs are vulnerable to 

acidification during larval stages (Bryne, 2011). Many invertebrate embryos 

exposed to global warming experience a mortality “bottleneck” leaving lar­

val stages (and presumably the transition from hatch initiation to yolk 

exhaustion) vulnerable to acidification (Bryne, 2011). Gastropod embryos 

exposed to a pH of 7.6 exhibited “subtle” effects such as a slower heartbeats 

and reduced locomotion implicating lower survival rates in later life stages 
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including the larval stage (Ellis et al., 2009). Abalone and oyster were also 

found to be susceptible to acidification during the larval stage (Parker 

et al., 2013). Most mollusc ocean acidification studies have not focused 

on cephalopod embryos or young hatchlings (Bryne, 2011). Gutowska 

and Melzner (2009) showed that cuttlefish embryos experience low 

levels of pH naturally (i.e. 7.2). However, it is an open question whether 

low environmental pH interacts with PVF pH and, if so, whether the 

PVF is lowered by environmental pH. Large gaps remain in the study of 

ocean acidification effects on cephalopods; the effects of organisms exposed 

to increased concentrations of hydrogen ion and pCO2 (i.e. lower pH) are in 

their infancy. 

Several burgeoning fields are developing in ecotoxicology and compar­

ative physiology. Bioaccumulation of pollutants under low-pH conditions 

has been found for some species of sepiids (Lacoue-Labarthe et al., 2009, 

2012) and teuthiods (Lacoue-Labarthe et al., 2011). Sepiids have been 

shown to calcify at higher rates having thicker densities possibly leading 

to negative effects on locomotion (Gutowska et al., 2008, 2010b). This 

likely impacts sensory abilities necessary for locomotion as has been found 

in fish. Sepiids could perform “normal” acid–base regulation under 

environmental pH below 7.2 (Gutowska et al., 2008, 2010a). Physiological 

study on gill membranes showed that late-stage embryos did experience 

significant reduction in somatic growth and incomplete development 

(Hu et al., 2011). Although some have suggested that cephalopods are 

“unscathed” by ocean acidification (Branch et al., 2013), we caution that 

many more studies across cephalopod taxa are needed to arrive at a clear 

understanding of the effects of high environmental pCO2 and associated 

low-pH exposure to cephalopods. 

3.3. Hatching 
Hatching conditions in cephalopods are flexible suggesting a phase of hatch­

ing competence rather than a well-defined hatching stage by morphological 

and/or physiological features (Boletzky, 2003). This flexibility is suspected 

to optimise posthatching survival (Boletzky, 2003). The timing of hatching, 

or hatching period, varies greatly across systematic groups, ranging from 

2 days in Octopus laqueus (Kaneko et al., 2006) to 78 days in E. dofleini 
(Gabe, 1975). Villanueva and Norman (2008) undertook an extensive 

review of hatching times for many merobenthic octopods. They suggest that 

reported periods may be underestimated since observations likely come 
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from a single major hatching event. In Octopus maya, an observed variation in 
hatching time and size of emergent hatchlings from a single female implied a 

source of variation in initial conditions (e.g. initial size) (Briceño 

et al., 2010). 

Mechanical stimulation, as well as biological and environmental factors, 

is suggested to trigger hatching (under wild and laboratory conditions). 

The mechanical stimulation of eggs, such as agitation or turbulence gen­

erated by a brooding octopus female, has also been suggested to promote 

or regulate the timing of hatching in benthic octopods (Villanueva and 

Norman, 2008). Octopus females are able to expel water forcibly over 

the eggs, aiding the ejection of hatchlings out of the den (Boletzky, 

2003; Hanlon and Messenger, 1998). This behaviour has been largely 

observed at night, possibly enhancing hatchling survival (Hanlon and 

Messenger, 1998). The agitation of eggs incubated under artificial condi­

tions (without parental care) was observed to promote hatching in 

E. dofleini (Snyder, 1986), Octopus tetricus ( Joll, 1976) and  O. maya 
(C. Rosas, personal observation). 

Light has been proposed to modulate the hatching process in cephalo­

pods, with most hatching events occurring during sunset and at night, which 

possibly minimises predatory risk (Rodrigues et al., 2011; Summers, 1985; 

Villanueva and Norman, 2008). Fields (1965) suggested that by emerging in 

darkness, hatchlings will be transported by tidal drift to clear spawning areas 

before light returns sight to any predators present in the vicinity of the 

spawning grounds. Under laboratory conditions, a majority of night-time 

hatchings were recorded for O. vulgaris (Villanueva and Norman, 2008), 

Octopus briareus (Hanlon and Wolterding, 1989), S. pharaonis (Nair et al., 

1986) and S. officinalis (Paulij et al., 1991). In loliginid squid, such as 
L. vulgaris, hatching is  influenced by light–dark transiti on, which is 

suggested to act as “zeitgeber” or synchroniser (Paulij et al., 1990). Other 

factors such as tidal and lunar rhythms, as well as external synchronisers and 

circadian rhythms in adults, are suggested to be associated with the hatch­

ing process (Villanueva and Norman, 2008). Variation in light regimes, the 

degree of exposure of study animals, observer behaviour, use of flash pho­

tography, mechanical vibrations and temperature fluctuations have been 

proposed as hatching stimuli under laboratory conditions (Villanueva 

and Norman, 2008). 

Hatching success depends partially on the degree to which the chorion 

membrane swells (Villanueva et al., 2011). For example, the swelling process 

in O. vulgaris eggs has been found to occur in two distinct phases: first, an 
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initial slow swelling from Naef’s stages 1 to 10–15 and, second, a subsequent 

accelerated swelling of the eggs (Marquez et al., 2013). Marquez et al. (2013) 

compared these two chorion swelling phases to a number of other studies 

and reported a second accelerated swelling process for loliginids, sepiolids, 

cuttlefish and octopods. Chorion expansion is essential to allow space for 

embryos to move and respire (Sakurai et al., 1995) and is said to be essential 

for successful hatching (Villanueva et al., 2011). 

The hatching process begins with increased mantle contractions and fin 

movement by the embryo (Lee et al., 2009). Hoyle’s organ, located at the 

distal tip of the mantle (Boletzky, 2003), and terminal spine are pushed 

directly against the inner wall of the chorion (Lee et al., 2009). This is 

thought to activate the secretion of enzymes from the hatching gland cells 

(Boletzky, 1987b; Villanueva and Norman, 2008). These enzymes digest the 

chorion membrane, while the terminal spine perforates the chorion and the 

enzyme-resistant outer capsule (Lee et al., 2009). Using mantle contractions 

and fin undulations, the embryo expels itself out of the opening (Lee 

et al., 2009). 

3.4. From dependence on yolk reserves to exclusive prey 
capture 

3.4.1 Changes from an internal to external energy source 
The yolk mass of late-stage cephalopod embryos is made up of the outer yolk 

sac, remaining outside of the embryo, and the inner yolk, the portion lying 

inside the embryo (Boletzky, 2002). The yolk neck connects the outer and 

inner yolk sacs (Boletzky, 2002). Towards the end of embryonic develop­

ment, a shift in partial pressure, as a result of further development of the vis­

ceral mass, causes the yolk to “flow” from the outer to the inner sac 

(Boletzky, 2002). In cuttlefish S. officinalis, the transfer of yolk has been 
noted to take place during the final 2 weeks of embryonic development 

(Lacoue-Labarthe et al., 2010). The yolk volume inside the mantle cavity 

would peak around hatching, as has been observed in T. rhombus embryos 

(Miyahara et al., 2006b). These inner yolk reserves are essential to the sur­

vival of hatchlings during the first few days posthatching (Vidal et al., 2002a). 

As the outer yolk sac is normally shed after hatching (Boletzky, 2002), hatch­

ing before all the yolk has been transferred into the mantle cavity would limit 

the energy available (Boyle and Rodhouse, 2005). 

After the yolk reserves are completely exhausted, hatchlings need to 

catch prey in order to survive (Vidal et al., 2002a). The switch from yolk 

utilisation to exclusive prey capture is a critical phase in the early life history 
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of cephalopods, and hatchlings are extremely sensitive to starvation during 

this period (Boletzky, 2003; Vidal et al., 2002a, 2006). The high mortality 

rates shortly after hatching, observed in numerous cephalopod rearing 

experiments (Boletzky and Hanlon, 1983; Vidal et al., 2002b; Villanueva, 

2000; Yang et al., 1983), confirm this. 

The rates of yolk utilisation in fed and starved laboratory-reared loliginid 

paralarvae suggest that yolk utilisation is dependent on feeding conditions, 

with fed paralarvae having lower utilisation rates (Vidal et al., 2002a). Ini­

tially, loliginid paralarvae undergo a no-net-growth phase as a result of 

the exponential rate of yolk utilisation to support the metabolic costs of 

maintenance (Vidal et al., 2002a, 2005). The weight lost is regained by feed­

ing and the end of the no-net-growth phase reached when hatching weight 

is achieved (Vidal et al., 2002a, 2005).The no-net-growth phase shortly after 

hatching corresponds to the high mortality rates observed during this period 

(Vidal et al., 2002a, 2005). Loliginid statolith growth studies too indicate a 

period of no growth (Villanueva et al., 2007). This no-net-growth phase has 

also been observed in O. maya juveniles (Moguel et al., 2010). Analysis of 

RNA/DNA ratios in D. opalescens paralarvae confirms the poor nutritional 

condition of paralarvae during this period and their extreme sensitivity to 

starvation (Vidal et al., 2006). To survive the transition from yolk utilisation 

to exclusively prey capture, cephalopod hatchlings must not only initiate 

exogenous feeding but also find sufficient food to fuel metabolism and 

growth and improve prey-capture efficiency (Vidal et al., 2002a). 

3.4.2 Hatchling morphology and prey capture 
O. maya (Moguel et al., 2010) and S. officinalis (Darmaillacq et al., 2006) 

hatchlings do not immediately respond to or attack prey within the first 

few days posthatching. This lack of predatory behaviour has been attributed 

to the use of yolk reserves as the main energy source immediately after 

hatching (Moguel et al., 2010). Although hatchlings can survive on yolk 

reserves alone for a number of days (Miyahara et al., 2006b; Vidal et al., 

2002a), yolk energy is used to fuel standard metabolism and activity and 

is quickly depleted (Vidal et al., 2005, 2006). The inner yolk reserve in ceph­

alopods is separated from the digestive gland and is directly connected to the 

venous system (Boletzky, 2002). This enables simultaneous endogenous 

(yolk utilisation) and exogenous (prey-capture) feeding (Boletzky, 2002) 

and an opportunity to develop and improve prey-capture skills (Kier, 

1996; Shea, 2005; Vidal et al., 2005). The capture and ingestion of prey 

at the first feeding induce the digestive process and the secretory activity 
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of the digestive gland (Boletzky, 2002; Boucaud-Camou and Roper, 1995; 

Mangold and Young, 1998; Moguel et al., 2010). Active feeding during the 

yolk utilisation phase has been observed in cuttlefish (Boletzky, 1975), 

O. maya (Moguel et al., 2010) and D. opalescens (Vidal et al., 2002a). 
The first feeding depends on the cephalopod’s ability to process visual 

and chemosensory information to recognise the sight or odour of poten­

tial prey (Romagny et al., 2012). This abilit y develops differently among 

cephalopod taxa. Young S. officinalis hatchlings innately prefer and target 
shrimplike prey (Darmaillacq et al., 2006). However, visually exposing 

embryos during late-stage embryonic development (Darmaillacq et al., 

2008) or new  hatchlings  (Darmaillacq et al., 2006) of crab results  in  a  

preference for crab when active feeding commences a number of days 

later (Darmaillacq et al., 2006, 2008). Darmaill acq et al. (2006) also 

showed that the efficiency of this familiarisation in young hatchlings 

was dependent on the length of time and the number of crab that were 

visually exposed. The ability to learn the visual characterist ics of prey in 

ova immediately after hatching facilitates imprinting and preference for 

prey abundant in the immediate area (Darmaillacq et al., 2008; Guerra 

and Gonzalez, 2011). This could have a beneficial effect during the tran­

sition from endogenous (yolk utilisation) to exogenous feeding (active 

predation), during which hatchlings are extremely sensitive to starvation 

(Vidal et al., 2006). Guerra and Gonzalez (2011) suggested that similarly 

late-stage embryos can recognise potential predators in ova and avoid 

them after hatching. 

In contrast, prey selection experiments on O. maya suggest that prefer­
ence in early juveniles (7 and 16 days posthatching) has a strong innate com­

ponent that cannot be modified through imprinting or associative learning 

during the first weeks of life (Portela E., unpublished data). To preferentially 

attack prey that follow a predetermined search image of food may result in 

fast and successful foraging bouts that reduce both the time spent searching 

and testing alternative prey and the risk of failing to identify a deadly threat. 

In addition, to attack prey resembling a predetermined search image when­

ever it is present but readily to consume unfavoured prey when these are 

abundant would confer flexibility in foraging and allow predators to adjust 

to unpredictable changes in food quantity and quality. 

Newly hatched cephalopods have a saclike mantle and a circular fin shape 

(Sweeney et al., 1992). Whether planktonic, nektonic–benthic or benthic, 

hatchlings swim by way of jet propulsion. Initially, the fins of squid para-

larvae are small and rudimentary, and jet propulsion is the primary means 
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of locomotion (Bartol et al., 2008, 2009). After hatching, paralarvae imme­

diately begin swimming within intermediate Reynolds numbers (Re) (Bartol 

et al., 2008). The viscosity at this Re range prevents coasting, the continuous 
forward momentum observed in adults after the expulsion of water from the 

mantle (Bartol et al., 2008). As a result, paralarvae make use of pulse jet pro­

pulsion, with more rapid and frequent mantle contractions than observed in 

adults (Bartol et al., 2008; Thompson and Kier, 2001). Bartol et al. (2008) 

also noted that squid paralarvae swim predominately along a vertical axis, 

with sinking occurring as the mantle is refilled. Backward swimming is con­

sidered routine swimming and has been observed in planktonic squid 

(L. vulgaris, L. forbesii and I. illecebrosus) and octopus (O. vulgaris) hatchlings 
(Villanueva et al., 1997). Forward swimming forms part of predatory swim­

ming behaviour (Villanueva et al., 1997). 

Prey capture in cephalopods is both instinctive and experience-

dependent (Messenger, 1977). In D. opalescens paralarvae, fundamental fea­

tures of basic attack have been observed as early as the day of hatching (Chen 

et al., 1996). A rearing study has shown that the capture of copepods by squid 

paralarvae is a skill that must be acquired in an experience-dependent man­

ner (Chen et al., 1996). Over the course of numerous unsuccessful attempts 

and the occasional successful capture, paralarva attacks become progressively 

more refined and complex (Chen et al., 1996). 

Cephalopod hatchlings are visual predators (Boletzky, 1977; Villanueva 

and Norman, 2008) with prey capture achieved by a visual feedback system 

involving fixating the prey binocularly, assuming an attack position and 

striking the prey (Nair et al., 1986). According to Nair et al. (1986), it is  

essential that prey must be within the visual field of the hatchling in order 

for an attack to be initiated. Most teuthoids do not hatch with functional 

feeding tentacles, and the strike behaviour of young hatchlings differs from 

that of adults (Kier, 1996). In contrast, most sepiolids capture prey using the 

rapid tentacle elongation observed in adults (Boletzky 1987b; Boyle, 

1983a,b). Kier (1996) noted that, considering the longer embryonic devel­

opment phase in sepiolids compared with teuthoids, it appears that a longer 

developmental period is required for hatchlings to emerge with functional 

feeding tentacles. Changes in arm size relative to mantle size in early O. maya 
hatchlings suggest variations in attack success rate and prey capture as octo­

puses grow into full juveniles (Moguel et al., 2010). These changes together 

with those in the number (Boletzky and Boletzky, 1969) and structure of 

suckers (Kier and Smith, 1990) are believed to be in close correspondence 

with the transition from nektonic–benthic to fully benthic habits in 

octopuses. 
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Figure 4.2 Overview of the main phenomena occurring to the organism during the 
transition from egg to paralarvae with qualitative indications of their intensity. 

3.5. Summary 
The numerous changes that occur during this transition are represented in a 

schematic diagram (Figure 4.2), which shows that some phenomena start 

before (and others continue after) the boundaries of this transition. Both 

the environment within the embryo and the surrounding oceanographic 

environment affect embryonic survival and hatching success. Once hatched, 

survival is largely dependent on passing through the critical transition from 

endogenous to exclusively exogenous feeding. Feeding and digestion of new 

items take part gradually. Brain development and learning start in the late 

embryo, and early acquisition of essential sequences such as feeding, swim­

ming or predator escape might explain the high variability in the perfor­

mance of specimens within the same cohort. 

4. TRANSITION #3: FIRST FEEDING TO SUBADULT 

4.1. Introduction 
The transition from paralarva to subadult in cephalopods does not involve a 

metamorphosis as found in many other marine invertebrates (Boletzky, 

1974). Paralarvae have, in general, similar morphology to subadult and adult 
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individuals. The changes occurring are subtle and concern the variation in 

growth rates, changes in body proportions or changes in the structure or 

function of specific organs, for example, the separation of the fused tentacles 

(proboscis) in ommastrephid rhynchoteuthion. In this respect, the transition 

from paralarva to subadult should be identified for each family or even for 

each species since the transition into a subadult is not followed by ecological 

or habitat changes in all species (Shea and Vecchione, 2010). For example, 

morphological aspects, such as the presence of a proboscis, have been used to 

identify ommastrephid squid paralarva (Froerman and Dubinina, 1984; 

Harman and Young, 1985; Wormuth et al., 1992), while for other oegopsid 

squid and sepiids, the differentiation of the tentacles has been also used as 

marker of the end of the paralarval stage (Kier, 1996). Both examples are 

not linked with changes in ecological function of tentacles but are used as 

keystone criteria to identify the transition between paralarva and subadult. 

Obvious morphological changes during growth are characterised by dis­

continuities in relative growth that highlight crucial limits in stages of devel­

opment (Nesis, 1979), and the first discontinuity seems to coincide with the 

transition from paralarva to subadult (Young and Harman, 1988). These 

changes in growth have been documented in many families including 

changes in body proportions in the Cranchiidae (Voss, 1980) and changes 

in chromatophore patterns in the Brachioteuthidae (Young et al., 1985). 

Many other examples can be found in Sweeney et al. (1992) and 

Vecchione (1983). 

Shea and Vecchione (2010) examined the timing of ecological and mor­

phological changes in oegopsid squids (Chtenopteryx sicula, Mastigoteuthis 
magna and Brachioteuthis sp.), and their results showed that the diel vertical 
migration (DVM) patterns are species-specific, and the end point of the 

paralarval stage cannot be defined ecologically in these three species. None 

of the three species examined had a sudden, obvious onset of DVM, and no 

clear pattern was found in the size of the specimens collected deeper than 

250 m by day, the main benchmark for having left the paralarval stage 

(Young and Harman, 1988). In their work, Shea and Vecchione (2010) pro­

posed a revised definition of paralarvae: “newly hatched cephalopods that 

have a distinctly different mode of life from the adults, with an endpoint 

identified by ecologically significant allometric changes in morphological 

characters”. After going through these significant changes in morphology, 

the subadults grow until the onset of the maturity process. 

All stages of transition from one development stage to another are crucial 

to the survival of any animal, including cephalopods. The transition between 
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paralarva and subadult is not an exception. Mortality rates are higher during 

the early paralarval stages in many small-edged octopod species, and high 

peaks of mortality occur at settlement. Villanueva and Norman (2008) 

reviewed this aspect and showed that in laboratory experiments, the survival 

of benthic octopus at settlement is around 10% for individuals fed with crus­

tacean zoeae. For species for which the transition from paralarva to subadult 

does not involve habitat changes as in oegopsid or myopsid squid, the sur­

vival numbers grow considerably. Using indirect mortality estimates, 

Bigelow (1992) estimated for Abralia trigonura an average instantaneous mor­

tality rate of 7%, while González et al. (2010) using the same methodology 

estimated for L. vulgaris an instantaneous mortality rate between 5% and 10% 

depending on biotic and abiotic factors. In their study, González et al. (2010) 

showed that survival of paralarvae decreases with age and this trend is stron­

ger between 40 and 50 days after hatching. The recruitment, which is an 

arbitrary measure of population breeding success, is also very dependent 

on the growth and survival of the paralarva to subadult stage (Boyle and 

Rodhouse, 2005). 

Nixon and Young (2003) had provided an extensive range of examples 

in which one can observe changes in the nervous system and sense organs as 

animal transitions from a paralarva to a subadult and the consequences on 

behaviour. Therefore, this chapter will not discuss neurological underpin­

nings of this transition. Additionally, environmental factors evolved in this 

ecologically significant change in the mode of life can be quite diverse. The 

importance of each specific environmental factor in the transition from para-

larva to subadult depends on the habitat occupied by the adult form of the 

species or group of species. For example, in the ommastrephid squid such as 

Illex argentinus, a significant change in feeding habitats marks the change in 

life stage (Vidal, 1994; Vidal and Haimovici, 1998). In others, as O. vulgaris, 
paralarvae become subadult when they settle to the benthic habitat 

(Villanueva and Norman, 2008). Thus, we have attempted to create a gen­

eral synthesis of the broad morphological, physiological, ecological and 

behavioural changes associated with the transition from paralarva to sub­

adult, but the specific context for groups and subgroups of cephalopods is 

equally important in our understanding of the importance of these changes. 

4.2. Morphological, suborganismal and physiological 
changes during transition 

Paralarvae exhibit distinct growth patterns that change as the animal transi­

tions into subadulthood. The ML, the head length, the arm lengths and the 
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proboscis length of the paralarvae of the squids I. illecebrosus and I. argentinus 
grow allometrically (Froerman and Dubinina, 1984; Vidal, 1994). 

The transition from paralarva to subadult often involves the modifica­

tion, appearance or loss of the function of some organs. The newly hatched 

and paralarvae of all Ommastrephidae are known as rhynchoteuthions, in 

which both tentacles are fused into a “proboscis”. This organ becomes sep­

arated as individuals grow. The end of the rhynchoteuthion stage is marked 

by the complete separation of both tentacles, but the size at which this is 

completed is variable both within and between species (Okutani, 1987). 

The squid I. argentinus has three stages of growth during transition 3: (1) 
a rapid development of arms, suckers and fins with positive allometric 

growth (1–14 mm ML); (2) a rapid development of tentacles and clubs with 

isometric growth (14–28 mm ML); and (3) a greater increase in length 

relative to the other body parts with negative allometric growth 

(>28 mm ML) (Vidal, 1994). These shifts in growth pattern seem to be 

related to animal activity and food acquisition in different environments 

(Vidal et al., 2010). 

In benthic octopuses with planktonic stages, the metamorphosis from 

paralarva to subadult occurs at settlement. Morphological changes associated 

with settlement include positive allometric arm growth; chromatophore, 

iridophore and leucophore geneses; the loss of K€ coverolliker organs that 

the body surface; the loss of the “lateral line system”; and the loss of 

the oral denticles of the beaks (Villanueva and Norman, 2008). Changes 

in body proportions in O. vulgaris during this transition are shown in 
Figure 4.3. 

According to Young and Harman (1988), the number of chromato­

phores on the dorsal surface of the mantle (and others body surfaces) varies 

during the transition between stages of paralarva and subadult. There is an 

increase in number and complexity of changes in the disposition of chro­

matophores. An increase in number of chromatophores and change in pig­

mentation pattern on the mantle were observed in three Onychoteuthis 
species at 12–16 mm dorsal ML (Young and Harman, 1987), between 

14 and 17 mm ML for I. argentinus (Vidal, 1994), at 4.5 mm ML for 

Doryteuthis pealeii (Vecchione, 1981), between 7 and 10 mm ML for 

S. lessoniana (Segawa, 1987) and at 20 mm ML for Gonatus madokai 
(Kubodera and Okutani, 1977). 

The size and shape of the eyes, especially in the oegopsid squids, vary 

widely within the paralarvae. Given that the major causes of mortality for 

the paralarvae are starvation and predation and that both depend critically 
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Figure 4.3 Life cycle of Octopus vulgaris from hatching to settlement. Recently hatched 
O. vulgaris paralarva have three suckers per arm (paralarvae on the left in A, 2.1 mm 
DML; photo by Jorge H. Urcera). After a period of constant swimming the planktonic 
octopuses undergo a transitional period from a pelagic lifestyle (juvenile on the right 
in A, 5.75 mm DML with 21 suckers; modified with permission from Iglesias et al., 
2007) to the adult benthic life (subadult in B, 5 cm DML; photo by Manuel E. Garci). 
Figure composition by Alvaro Roura and Sílvia Lourenço. 

on visual adaptations, it is likely that ocular specialisations that enhance visual 

efficacy have been favoured by evolution (Weihs and Moser, 1981). The 

two major limitations for foraging efficiency are the perception distance 

and the aperture of the visual field. Increasing the panoramic field of vision 

in cephalopod paralarvae has followed a progressive course. The first of these 

steps involves the possession of sessile eyes, round and firmly seated in their 

sockets. This type of eye is characteristic of loliginid paralarvae, paralarvae of 

some oegopsid squid species (e.g. the rhynchoteuthion of ommastrephids, 

Onychoteuthis banksii and/or Gonatopsis borealis) and species of octopuses with 
planktonic stages. The second stage involves the development of short eye-

stalks, so that the eyes are directly in line with the outer margin of the head, 

such as in Helicocranchia pfefferi paralarvae. Such eyes rotate freely, allowing 
the animal to redirect the visual cone without moving the body. In the third 

stage, the eyestalks are arranged at different lengths. These eyes, besides all­

owing changes in the direction of the visual axis, increase visual perception 

of distance, so the volume of observable water from a given point becomes a 

sphere. Additionally, prey can be detected from farther away and with min­

imal movement of the paralarva. This is the case, for example, of the 

cranchiid squid Bathothauma, which stalked eyes may be connected with 

plankton feeding at great depths, perhaps improving distance judgement 

(Young, 1970). The disappearance of these eyestalks with growth could 



398 Jean-Paul Robin et al. 

be related to the different strategies of prey capture and predator avoidance 

for paralarvae and adults. For paralarvae, visual perception and immobility 

may be crucial, whereas in adults, these characteristics are less important 

(Guerra and Pérez-Gándaras, 1984). 

In many cephalopods, the shape and features of the beak change during 

the transition from paralarva to subadult. In their planktonic stages, 

L. vulgaris and D. pealeii have teeth on the lower jaw, while the upper 
jaw is toothless (Boletzky, 1971). The beaks of the squid paralarvae also have 

a similar structure. Franco-Santos and Vidal (2014) observed that at hatch­

ing, the beak is rudimentary. Additionally, all beaks measured showed strong 

positive allometry in relation to ML, which has clear implications in a diet 

change as the animal grows. This character is found in both myopsid and 

oegopsid squids (Wakabayashi et al., 2005). In many species of incirrate 

octopods, such as O. vulgaris, Octopus joubini, E. cirrhosa, Argonauta argo 
and Tremoctopus violaceus, the anterior margin of both lower and upper beaks 

forms a row of relatively large teeth. This dentition is more important in 

species with planktonic paralarvae than in those whose offspring are benthic, 

like O. maya or O. briareus, in which the reinforced edges of the beaks seem 

more like the smooth cutting edges of the adult mandibles. 

Although there is no direct evidence that toothed beaks are related to 

the planktonic life stages, this assumption is endorsed by the fact that teeth 

are present in common, newly hatched planktonic stages of different 

cephalopod groups: Octopoda with planktonic early life stages and 

paralarval Teuthida that are all planktonic. Whereas in all young Sep­

ioidea, most of which are benthonic, the beaks are adult-like. The func­

tion of the teeth is possibly related to quick ingestion of planktonic prey 

(Boletzky, 1974). In cons equence, this paralarval feature could be consid­

ered as a transitory formation in adaptation to the type of diet as the indi­

vidual grows. Thus, the progressive strengthening of the jaws and teeth 

of planktonic larvae of cephalopods represents a change of role in the 

trophic web. 

Photophore development can also mark the transition out of the para-

larvae, especially in Myopsida and Oegopsida. Examples of photophore 

development have been shown in many oegopsid families, especially within 

Enoploteuthidae, Cranchiidae and Ommastrephidae, which are typically 

photophore-bearing squids (see Henning et al., 2002 and Okutani, 1987 

for a review). Photophores develop on the ventral region of the eye in 

Stenoteuthis oualaniensis between the paralarval sizes of 1.8 and 6.3 mm 

(Ramos-Castillejos, 2007). Bykov and Dubinina (1984) examined the early 
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ontogenic stages of the squids of the families Enoploteuthidae. They iden­

tified successive development stages on the basis of the appearance of pho­

tophores on the ventral arms (Abraliopsis morisii) and intramantle 

photophores (Pterygioteuthis giardi) that defines roughly the morphological 

changes occurring during the transition from paralarva to subadult stage. 

Four stages were established for A. morisii: (1) stage without photophores 
(1.5–3.1 mm ML), (2) stage with one photophore on the ends of the ventral 

arms (2.7–3.8 mm ML), (3) stage with two photophores on the ventral arms 

(3.7–5.5 mm ML) and (4) stage with three photophores on the arms of 

the four pair; numerous photophores appear on the ventral surface of 

mantle, head and eyes (over 5.5 mm). Four stages were also established 

for P. giardi: (1) stage without photophores (ML is less than 1.9 mm); 

(2) stage with 1 pair of anal photophores, 1 photophore on each eye 

(ML 1.9–2.5 mm); (3) stage of branchial photophores, 3 photophores on 

each eye (ML 2.9–4.0 mm); and (4) stage of ventral photophores (ML more 

than 4.5 mm), 8 intramantle photophores—one paired anal, one paired 

branchial and four unpaired ventral—and 9–10 photophores on eyes. 

An excellent example of the morphological changes with growth in 

paralarvae can be found with the diamond squid T. rhombus (Wakabayashi 

et al., 2005). Paralarvae with ML <3 mm possessed a round mantle with 

many chromatophores, long tentacles and small fins. At 3–6 mm ML, 

paralarval arms grew rapidly, and a primordial protective membrane devel­

oped simultaneously. By 15 mm ML, the shape of the mantle has become 

similar to that of the subadults, and fins were present along the entire length 

of the lateral mantle. Although arm suckers were present, they were not 

prominent and were absent from the distal third of the arms in specimens 

smaller than 6 mm ML. The development of protective membranes and 

the relatively long arms in the postlarval stage may be adaptations for floating 

in ocean currents rather than for active swimming and suggest that 

T. rhombus might have a long planktonic phase (Wakabayashi et al., 2005). 

Arm and tentacle morphologies change to accommodate new methods 

of food acquisition (Kier, 1996; Messenger, 1977; Shea 2005). In cephalo­

pod families such as Onychoteuthidae, Enoploteuthidae, Pyroteuthidae, 

Ancistrocheiridae, Octopoteuthidae, Gonatidae and Cranchiidae, some suc­

tion rings develop during ontogeny to form chitinous hooks, which facilitate 

grab and tighten the prey (Engeser and Clarke, 1988; Falcon et al., 2000; 

Kubodera and Okutani, 1977; Vecchione et al., 2001; Young and 

Harman, 1988). In other occasions, the transition between paralarva and 

subadult stages is marked by a loss. In Taningia danae, the tentacles are 
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reduced to minute appendages in young subadults, and they are absent in 

later stages, which influences hunting behaviour (Kubodera et al., 2007). 

Similar losses have been observed in Octopoteuthis and in Chiroteuthis spp., 
where the initial tentacular clubs are lost (Young, 1991). 

Although only external morphological changes in the transition from 

paralarva to subadult stage have been discussed, there are also modifications 

in the functional morphology of some internal organs. However, these 

transformations mainly affect the size, growth and maturation of the gonads. 

No changes in the digestive tract were observed between paralarva and adult 

stages in many species, as cephalopods maintain carnivorous diet throughout 

their life (Boucaud-Camou and Roper, 1995). Nevertheless, the prey type 

proportion in the cephalopod diet changes ontogenically. While paralarvae 

fed mostly in larval stages of decapod crustaceans, subadult and adult shift 

their diet to larger crustacean life stages and species and to fishes and other 

cephalopods during growth (Rodhouse and Nigmatullin, 1996). O. vulgaris 
and S. officinalis clearly follow this trend (Nixon, 1985) with paralarvae feed­

ing on large copepod and crustacean zoeae and changing gradually to bigger 

prey as arms grow and attack performance increases. 

4.3. Ecological changes 
It is widely recognised that cephalopods are highly sensitive to environmen­

tal conditions and changes at a range of spatial and temporal scales due to 

their short life cycles and rapid growth (Boyle and Rodhouse, 2005; 

Pierce et al., 2010). The specific environmental conditions that paralarvae 

and subadults are exposed to can affect the recruitment success and post-

recruitment life history characteristics such as growth rate (Forsythe and 

Hanlon, 1988a), maturation (Boavida-Portugal et al., 2010; Forsythe and 

Hanlon, 1988b; Smith et al., 2005) and spawning (Lourenç o et al., 2012; 

Otero et al., 2007). 

Sea water temperature affects all phases of the life cycle, including 

paralarval growth and settlement of benthic species (Garofalo et al., 

2010). Temperature directly affects growth in cephalopods (Forsythe, 

1993; Forsythe, 2004; Forsythe and Hanlon, 1988a; Forsythe and Van 

Heukelem, 1987; Semmens et al., 2004) with increasing temperature (until 

reaching a threshold temperature value) positively affecting the growth rates 

in all cephalopod species. The initial exponential phase of growth is more 

strongly affected by temperature than the consequent phases of the growth 

curve (Briceño et al., 2010). This indicates that paralarvae experiencing 
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higher temperatures will transition into the subadult phase sooner. In 

O. vulgaris, the duration of the planktonic period lasted 47–54 days at 
21.2 �C, 30–35 days at 23 �C and 40 days at 22.5 �C after which the octo­
puses started setting to the bottom (Iglesias et al., 2004; Imamura, 1990; 

Villanueva, 1995). Octopus bimaculoides grew from an approximate hatching 

size of 0.07 g to a mean of 619 g in 404 days at 18 �C. Growth was expo­
nential from hatching until day 156 (21.18 g; 38.64 mm ML), with a mean 

relative growth rate of 3.56% of body weight per day. Growth was slower 

after day 156, becoming logarithmic. The weight data for the warm-water 

population (23 �C) revealed the same pattern of growth over slightly differ­

ent time periods. The faster exponential growth phase lasted until day 142 

(49.70 g; 51.83 mm ML) with an average growth rate of 4.5% of body 

weight per day. The slower logarithmic phase lasted from day 142 to day 

324 (Forsythe and Hanlon, 1988a). 

Nutrition is a key factor in octopus paralarval rearing success and, there­

fore, transition into a subadult. Comparisons of the effect of food type on 

paralarva survival when raised between 19 and 25 �C demonstrated that sur­

vival was more dependent on nutrition than on temperature (Iglesias et al., 

2007). Meeting metabolic requirements is also important for the develop­

ment of early stages of cephalopods. For most cephalopod species studied, 

the energetic requirement to grow depends on the protein degradation met­

abolic pathway (Lee, 1995), as several studies show on wild and captivity 

species where the availability or choice of a diet rich in protein or with a 

high ratio of protein/lipid content benefits the paralarva growth and survival 

(e.g. Rosas et al., 2013). Additionally, essential fatty acids also play an impor­

tant role in the transition from paralarva to subadult. For O. vulgaris, prey 
rich in DHA (docosahexaenoic acid 22:6n -3), EPA (eicosapentaenoic acid 

20:5n -3) and copper are required for optimal growth of the paralarvae 

(Navarro and Villanueva, 2000, 2003; Villanueva and Bustamante, 2006; 

Villanueva et al., 2004). 

Changes in ocean currents, mixing, deepwater production and coastal 

upwelling will directly affect the distribution and abundance of plankton 

and of many fish and cephalopod species, as well as their migrations (e.g. 

González et al., 2005; Roberts and van den Berg, 2002; Waluda and 

Rodhouse, 2006). This, in turn, affects the temperature and nutritional 

options available to paralarvae as they transition to the subadult stage. 

Although oceanographic conditions are of particular significance for mobile 

pelagic species such as the ommastrephid squid, the less widely ranging 

demersal and benthic species may depend more on other physical habitat 
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characteristics (e.g. substrata and bathymetry). Coastal species may be 

affected by variations in water quality and salinity (related to rainfall and river 

flow) (Sobrino et al., 2002). In northwestern Atlantic Iberian upwelling sys­

tem, the wind stress structure during the spring–summer (prior to the hatch­

ing peak) and autumn–winter (during the planktonic stage) was found to 

affect the early life phase of O. vulgaris and explains up to 85% of the total 
variance of the year-to-year variability of the adult catch (Otero et al., 2008). 

Despite this bottom-up modulation via environmental conditions, the 

results also provide evidence for a between-cohort density-dependent inter­

action, probably caused by cannibalism and competition for habitat (Otero 

et al., 2008). Moreover, Otero et al. (2009) suggested that the increase in 

O. vulgaris paralarval abundance and biomass was significantly correlated 

with the simultaneous decrease of water column integrated nitrate, ammo­

nium and chlorophyll levels in the Ria de Vigo. These conditions occur dur­

ing the early stage of the relaxation phase of coastal upwelling events, when 

nutrient salts are consumed to produce biogenic matter, which is retained in 

the system and transferred through the food web. 

4.4. Behavioural changes 
For holobenthic octopus, prey capture by paralarvae is not fundamentally 

different from that of a subadult. The prey captured is smaller but the prey 

type stays relatively constant (Hanlon and Messenger, 1998). However, 

other cephalopod species, like pelagic squids with very characteristic para-

larvae (e.g. the rhynchoteuthion in the ommastrephids) and the benthic 

octopods that do have a planktonic stage, differ in form and in size from 

the adults, and consequently, their feeding behaviour is substantially 

different. 

Ontogenic changes in predatory behaviour are closely related to mor­

phological changes in arms and tentacles of hatchlings. Newly hatched 

D. opalescens exhibit only one predatory behaviour: basic attack (BA). Dur­

ing BA, arms and tentacles were spread apart before being thrust forwards to 

make first contact with the prey. Forty days after hatchling, BA was replaced 

by arm net (AN) and tentacular strike behaviours (Chen et al., 1996). 

Changes in the diet during development have been followed in several 

species of squids: together, they provide evidence that prey size, prey behav­

iour and prey density are critical. Vovk and Khvichiya (1980) recognised 

four stages of feeding in D. pealeii. Yang et al. (1983) followed these changes 
in D. opalescens reared in the laboratory and found that during the first 
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70 days, squid selected copepods less than 4 mm in length, as well as Artemia 
and chaetognaths; from day 60 to day 130, they ate mysid and shrimp 

larvae up to 10 mm long; and from day 100, they ate various shrimps 

(up to 25 mm) and specially fish (up to 70 mm). Three-week-old 

S. sepioidea stopped attacking mysids, and even before this stage, the young 

showed signs of selectivity. Mysids and juvenile fish were preferred over 

copepods, amphipods, polychaetes and zoeae of various crustacean species 

(LaRoe, 1971). 

For many social species, the onset of social behaviour can indicate a tran­

sition to the subadult stage. The appearance of schooling behaviour, which 

depends partly upon size and swimming strength, was observed in L. vulgaris, 
D. opalescens, D. pealeii and I. argentinus 4–11 mm ML and 20–60 days old 

(Hanlon et al., 1987; Turk et al., 1986; Vidal et al., 2010; Yang et al., 

1986). The schooling behaviour is associated with the increase of the swim­

ming ability related to the onset of specific morphological features as 

improved vision, development of communication skills (chromatophores 

patterns) and the development of functional clubs (Vidal et al., 2010). This 

behaviour allows squid subadults to migrate vertically and explore more 

food resources, enhancing growth and survival (O’Dor, 1998). As the ability 

to swim against the current is crucial (Hurley, 1978), the formation of 

schools depends on size rather than age as proved for D. opalescens and 
I. argentinus (Vidal et al., 2010). 

Transition between paralarva and subadult stages obviously implies the 

development and modification of some elements (chromatophores, 

iridophores, internal organs, muscles, photophores, etc.), units or groups 

of elements contributing to components, components or constituents of a 

pattern and the appearance of whole animal, which constitute the hierarchi­

cal categories of any behavioural pattern (Hanlon and Messenger, 1998). 

This transition also implies deep changes in the central nervous systems 

and receptors of the animal (Nixon and Young, 2003). However, little 

attention has been devoted to these aspects until present. The development 

of body patterning has been studied, at least, in S. officinalis (a species lacking 
paralarvae) and three octopus species (O. vulgaris, Octopus rubescens and 
O. briareus). Hanlon and Messenger (1998), compiling results of several 

researches, showed that in many cephalopods, new elements, units and com­

ponents of body patterns develop in skin as the animal grows and that some 

adult body patterns and display are developed or refined during ontogeny. 

These changes in both enoploteuthid squids represent obvious modifications 

in behaviour of the animals. The acquisition of a complete set of 
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photophores means full development of behaviour in relation to intraspe­

cific communication, between males and females, as well as the increased 

possibility of camouflage against predators. 

4.5. Summary 
Planktonic paralarvae common in oegopsid squids, merobenthic octopods 

with small hatchlings and the exceptional pygmy cuttlefish Idiosepius 
pygmaeus (Boletzky, 1974) are not found in benthic octopods or cuttlefish 
of longer embryonic development and bigger hatchlings. Nevertheless, 

between the first feeding after hatch and the subadult phase, several impor­

tant changes occur in morphology, ecology and behaviour in pelagic, ben­

thic and merobenthic cephalopods. In species where this transitional stage is 

followed by migration to different habitats, important morphological, 

suborganismal and physiological changes occur. Examples of these changes 

are the separation of the rhynchoteuthis “proboscis” in two tentacles in the 

ommastrephid, the allometric growth in octopus paralarvae, the changes in 

chromatophore pattern in T. rhombus and the development of photophore 

patterns in oegopsid paralarvae. In all cases, the transition is associated with 

behavioural changes in diet, predation, migration and social patterns. In this, 

as in other transitional stages, environmental conditions play an important 

role in survival success. By finding the best environmental or nutritional 

conditions (e.g. primary production, water temperature and water column 

mixing), a quick transition can be achieved to the subadult stage where 

chances of individual survival are exponentially greater. 

5. TRANSITION #4: SUBADULT TO ADULT 

5.1. Introduction 
This chapter will examine the suite of changes that occur during the subadult 

phase and are directly associated with the transition to mature adult, includ­

ing morphology, physiology, behaviour, diet and habitat. A subadult is an 

individual who, while appearing to be functionally and morphologically 

similar to an adult, is generally smaller than an adult and not yet reproduc­

tively mature, while an adult is an individual who is sexually mature and of 

adult size (Young and Harman, 1988). So effectively, we are examining the 

transition from being reproductively immature to mature; males will have 

spermatophores present and females will have mature ova in the ovary 

and are functionally mature (Arkhipkin, 1992). While there is a suite of 
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changes when individuals transition from subadult to adult, these changes are 

not as dramatic and rapid as other transitions in the cephalopod life cycle, yet 

they are crucial to reproductive success of the population. During 

this protracted transition, it is difficult for biologists to identify when this 

transition has been completed as there are no external signs of sexual 

maturation, which is first evident internally with the start of ova and sperm 

production. Furthermore, the size and age at which individuals start 

maturation are highly variable, both within and between populations of 

species, for example, S. australis (Pecl et al., 2004), S. lessoniana ( Jackson 
and Moltschaniwskyj, 2002), D. pealeii (Macy and Brodziak, 2001) and 

I. argentinus (Arkhipkin and Laptikhovsky, 1994). Age and size at completion 

of the transition can differ between the sexes, with males usually maturing 

sooner than females, for example, O. pallidus (Leporati et al., 2008), 
I. illecebrosus (Rodhouse and Hatfield, 1990) and D. gigas (Liu et al., 
2013); as a result, males may have a substantially longer reproductive life. 

Given the absence of external characters indicating sexual maturation for 

most cephalopod species, especially in females, fisheries and population biol­

ogists identify the size and age at which subadults of a species become repro­

ductively mature adults using logistic regression models. These models 

estimate the age or size that a specified percentage of the population has 

attained sexual maturity, usually 50%, and has finished the transition from 

subadult to adult. Although not usually reported, it is possible to use this 

approach to identify the age and size of the start of the transition, for exam­

ple, size or age when 5% of the population are mature. If the presence of 

spermatophores or ovulated eggs defines the end point of the transition, then 

the best external indicators of the end of this transition for males are mating 

behaviour and the transfer of spermatophores to females. However, mating 

is not a good indicator of sexual maturation in females, as she is receptive to 

mating even when not fully reproductively mature and will store spermato­

phores until ready to fertilise eggs. For female cephalopods, the start of egg 

deposition may be the best external identifier of the transition end point. 

Not all species will have a subadult phase; if the acquisition of the adult mor­

phology and diagnostic characteristics and the attainment of sexual maturity 

are almost simultaneous, the transition from a juvenile to adult effectively 

skips the subadult phase, for example. Leachia pacifica (Young, 1975). 
Mortality estimates during this transition are not available in the litera­

ture, but it is assumed that most cephalopod species have a type III mortality 

pattern, with the highest mortality rates expected during the larval phase and 

following spawning. Therefore, the transition from subadult to adult most 



406 Jean-Paul Robin et al. 

probably has a relatively low mortality risks, although for species that under­

take migrations (Section 5.5) during this transition, there are mortality risks 

associated with cannibalism and shifts in diet (Section 5.3). However, this 

transition is critical from an evolutionary biology perspective as the repro­

ductive success of an individual determines its contribution to the next 

generation and the short life span of cephalopod means that the reproduc­

tive window is months not years. Delays in the start of the transition or 

extending the transition over a longer period can carry a risk of a shorter 

reproductive window once the adult phase begins. However, allocation 

of energy to reproduction and away from production of muscle tissue 

(Moltschaniwskyj and Carter, 2013) can influence capacity to escape pred­

ators and capture prey, affecting survival. Timing of the transition among 

individuals within a species is typically variable for cephalopods and is not 

necessarily directly a function of size or age (Pecl, 2001). Factors such as 

environmental and oceanographic conditions, food availability and behav­

ioural interactions have the capacity to influence the timing of transition 

(Pecl et al., 2004, Pierce et al., 2005). Variability in size at maturity for squid 

is a function of the time of spawning and hatching occurring throughout the 

year, with individuals experiencing different growth rates dependent on 

environment conditions (Pecl et al., 2004). For S. officinalis, the length of 
time a subadult individual spends in optimal conditions (inshore summer) 

determines the speed and timing of maturation (Boletzky, 1983). For a 

few species, death occurs very shortly after completing the transition, for 

example, after ovulation in female Onykia ingens ( previously Moroteuthis 
ingens; Jackson and Mladenov, 1994) and Gonatus fabricii (Arkhipkin and 
Bjorke, 1999), or shortly after sperm transfer, for example, in male epipelagic 

octopuses Argonauta, Tremoctopus and Ocythoe because they leave the 
hectocotylus in the female during sperm transfer (Mangold, 1987). 

5.2. Morphological, suborganismal and physiological 
changes during the transition 

Whole animal growth during the subadult stage is accompanied by allome­

tric growth of external morphological structures, for example, Photololigo sp. 
(Moltschaniwskyj, 1995a) and D. opalescens (Zeidberg, 2004). Individuals 
reach their final body shape towards the end of the subadult phase with 

no evidence that further shape change occurs during the transition from sub­

adult to adult. However, some morphological changes do occur during this 

transition. The males of most coleoid cephalopods develop a hectocotylus, a 

specialisation of one or more of the arm tip(s) used to transfer spermatozoa to 
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females. The number of modified arms and the nature of the specialisation 

are species-specific but can develop early in the reproductive maturation 

process, for example, I. coindetii (Zecchini et al., 2012). However, not all 

species use a hectocotylus for spermatophore transfer; for example, Nautilus 
have a large erectile mass known as a spadix (Arnold, 1987; Saunders and 

Spinosa, 1978), or there is no specialisation for spermatophore transfer, 

for example, cirrate octopods (Mangold, 1987). Females of some cephalo­

pod species will develop secondary reproductive structures during the mat­

uration phase; for example, female Argonauta develop specialised dorsal 
arms that secrete a calcareous brood chamber for her eggs. Epi-, meso­

and bathypelagic octopuses (families Tremoctopodidae, Vitrellodellidae 

and Bolitaenidae) brood eggs in their arms, as do some deep-sea squid from 

the family Gonatide (Seibel et al., 2000). However, we do not know if or 

when the development of the specialisations of the arms and suckers neces­

sary to hold the eggs occurs. Additional secondary sexual characteristics that 

can develop during this transition are extra-large suckers on the second and 

third arms in mature males, for example, O. cyanea (Van Heukelem, 1973) 

and Euprymna tasmanica (Norman and Lu, 1997); mature male Octopus use 
them for displaying to conspecifics (Packard, 1961) and/or they may be used 

in chemoreception (Voight, 1991). Although L. pacifica has an abbreviated 
adult lifetime, immediately before sexual maturation, the female develops 

brachial photophores that may be used to attract mates (Young, 1975). 

Hormones control the reproductive maturation process in most animals, 

and in Octopus spp., the optic glands secrete a small quantity of gonadotropin 

before the onset of sexual maturity (Wells and Wells 1959). The optic gland 

sits on the optic tract, which connects the optic lobes with the central 

regions of the brain, with its size, colour and structure changing with sexual 

development in a number of species, for example, E. cirrhosa (Boyle and 
Thorpe, 1984), S. officinalis (Koueta et al., 1995) and S. sepioidea 
(Arrieche, 1999). However, we know little about the endogenous and exog­

enous factors influencing optic gland secretory activity. It is possible that 

female O. vulgaris respond to cues from males, since females mature faster 

in the presence of males than when kept in isolation (Estefanell et al., 2010). 

Attainment of sexual maturity involves growth and maturation of all the 

reproductive organs and is a consistent characteristic of the transition from 

subadult to adult. However, there is considerable variability in the nature 

and extent of changes to other organs, such as the digestive gland and mantle 

muscle, during the development and growth of reproductive tissue. If mat­

uration, that is, transfer of sperm and egg deposition, occurs before final adult 
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size is attained, then energy is allocated to somatic and reproductive growth 

simultaneously, for example, Photololigo sp. (Moltschaniwskyj, 1995b); 

S. lessoniana and S. australis (Ho et al., 2004; Pecl, 2001); I. argentinus 
(Hatfield et al., 1992); Octopus chierchiae (Rodaniche, 1984), O. vulgaris 
(Otero et al., 2007; Rosa et al., 2004a) and Octopus defilippi (Rosa et al., 

2004a); E. cirrhosa and Eledone moschata (Rosa et al., 2004b); and S. dollfusi 
(Gabr et al., 1999a) and S. pharaonis (Gabr et al., 1999b). These species show 
none of the dramatic changes in size or proximal composition of muscle tis­

sue and digestive gland that are typical when stored energy reserves are 

mobilised; instead, individuals fuel reproductive growth directly from 

ingested food. However, somatic growth is affected, with specific growth 

rates of many cephalopod species slowing as individuals get older and larger, 

for example, Photololigo sp. (Moltschaniwskyj, 1995b), S. lessoniana and 
S. australis (Ho et al., 2004; Pecl, 2001), O. chierchiae (Rodaniche, 1984), 

I. argentinus (Hatfield et al., 1992), D. gigas (Mejı́a-Rebollo et al., 2008) 

and N. gouldi ( Jackson et al., 2003). Slowing of somatic growth is due to 

slowing in the rates of both protein synthesis and degradation in the mantle 

muscle during reproductive maturation, allowing more energy to be allo­

cated to reproductive growth (Moltschaniwskyj and Carter, 2013). 

In contrast, some cephalopod species have dramatic changes in their 

digestive gland and/or muscle tissue size and composition during the tran­

sition from subadult to adult. Muscle tissue mass and integrity are lost as pro­

tein in the tissue is used as an energy source to fuel maturation, for example, 

M. ingens ( Jackson and Mladenov, 1994; Jackson et al., 2004) and G. fabricii 
(Arkhipkin and Bjorke, 1999). Individuals mobilise energy from the mantle 

during reproductive growth either because they cease feeding as they reach 

sexual maturation or because they cannot catch sufficient food to support 

metabolism, movement and maturation. 

5.3. Changes in feeding and diet 
For many cephalopods, the transition from subadult to adult occurs while 

growing, and they may undertake a change in habitat at the same time 

(see section 5.5), both of these allow or necessitate a change in prey items. 

Cephalopods that are opportunistic predators change their diet based on the 

availability of prey items, for example, I. argentinus (Rodhouse and 

Nigmatullin, 1996), I. coindetii (Castro and Hernández-Garcı́a, 1995) and 

D. gigas (Markaida and Sosa-Nishizaki, 2003). Increasing body size and 

associated changes in shape (see section 5.2) allow larger prey items to be 
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caught and consumed, although smaller prey are often retained in the diet, 

for example, L. forbesii (Collins and Pierce, 1996), which effectively increases 
the diversity of prey items consumed. A change in diet or increased prey 

diversity can be accompanied by a morphometric change in beak shape 

(Castro and Hernández-Garcı́a, 1995). Differences in fatty acid profiles 

between mature and immature female N. gouldi suggest dietary differences 
during this transition, but it is likely that larger mature females are able to 

catch different prey as a function of their size, and there is no evidence that 

a change of diet directly contributes to the process of reproductive maturity 

(Pethybridge et al., 2012). Opportunistic use of prey species is critical to 

supporting fuelling of reproductive growth directly from ingested food 

(see section above) and maximises opportunities to reproduce regardless 

of nutritional history. 

The risk of using income energy to fuel reproductive maturation in 

species that are relatively short-lived and have a short reproductive period 

is that insufficient energy is available to support all the biological demands 

at this time (Bonnet et al., 1998; Jonsson, 1997).  One of the  dietary options  

available, particularly to larger individuals in a population, is cannibali sm, 

which increases during this transition (Ibáñez and Keyl, 2010). While there 

is a reproductive behavioural component to this (see Section 5.4), there is 

also evidence that this is a source of energy for indivi duals (Ibáñez and 

Keyl, 2010). Increased energy demands associated with reproducti on 

and movement to spawning sites mean that cannibalism is important for 

many species, for example, I. illecebrosus (O’Dor, 1983) and  Sepioteuthis 
spp. (Pecl, 2001). 

5.4. Behavioural changes 
During the transition from subadult to mature adult, it is likely that individ­

uals will need to learn and adopt new behaviours associated with courting 

and/or mating and also any new behaviours needed to use new habitats 

(see Section 5.5). Our knowledge of the acquisition or learning of new 

behaviours as individuals undergo the transition from subadult to adult is 

extremely limited; anecdotal evidence suggests that males become more 

active and females less as they approach maturity (Mather, 2006). While a 

body of research has described the behaviours during courting, mating 

and egg deposition, these descriptions of behaviours are in adults that have 

already undertaken the transition from subadult to adult. The changes in 

behaviour, how they are learnt and adopted and how they are mediated 
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hormonally warrant investigation (Hanlon and Messenger, 1998; Mather, 

2006), as acquiring these behaviours is important for both survival and suc­

cessful reproduction. 

In some cephalopod species, the subadults are asocial and have limited 

interactions with conspecifics; this is particularly the case for Octopus species, 
many of the Sepia species and the sepiolids. Some of these species will con­

tinue a solitary existence as they transition from subadult to adult and will 

mate opportunistically when encountering the opposite sex. For species that 

show no evidence of courtship behaviours prior to copulation, for example, 

I. paradoxus (Kasugai, 2000), Sepiola atlantica (Rodrigues et al., 2009) and 

S. officinalis (Hanlon et al., 1999), development of courtship behaviours will 

be absent. However, some species have extended and complex courtship 

behaviours that need to be developed and potentially learned by individuals 

during this transition, for example, S. apama (Norman et al., 1999), 

S. australis ( Jantzen and Havenhand, 2003) and L. reynaudii (Hanlon 

et al., 1994). Males of species that school very early in their lifetime develop 

intraspecific aggressive behaviours that are expressed before, during and after 

mating, for example, L. forbesii (Hanlon et al., 1989b). For some species, for 

example, S. australis and D. gigas, subadults typically exist in small and 

socially loose aggregations; however, during the transition from subadult 

to adult, individuals experience great densities when individuals converge 

at a given location for spawning (Nigmatullin et al., 2001; Pecl et al., 

2006; Schoen et al., 2002; Steer et al., 2005). The effect of aggregation 

on the timing of the transition from subadult to adult is unknown but is 

likely to promote a behavioural response that facilitates courtship and cop­

ulation. During the transition from subadult to adult, the reproductive 

behaviours of the adults develop and become apparent. Sexually mature 

female cuttlefish can distinguish between conspecific males and conspecific 

females (Palmer et al., 2006), while obviously an important element to 

reproductive behaviours, when this capacity develops, is unknown. Sub­

adult S. sepioidea in the presence of reproductively mature adults display col-

our patterns out of normal sequence or to the wrong sex (Mather, 2006), 

suggesting that learning of some reproductive behaviours may occur as sub-

adults join spawning aggregations. 

The few studies that have examined ontogenic changes in behaviour in 

cephalopods have focused on the development of behaviours and learning. 

Cuttlefish (S. officinalis) significantly improve their learning ability during 

their transition from subadult to adult, and this improvement is correlated 

with the superior frontal and vertical lobe development (Agin et al., 

2006; Dickel et al., 2001). Increased quality and complexity of the 
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surrounding environment at this time have a positive effect on the matura­

tion of memory, highlighting the importance of habitat in the development 

of certain behavioural abilities (Dickel et al., 2000). Additionally, changes in 

individual personality occur at approximately the age that individuals start to 

undergo the maturation process (Sinn and Moltschaniwskyj, 2005), but 

there is no evidence of any further change at the time that mating and 

egg deposition occur. However, as this study described changes in person­

ality in individuals held in isolation for their entire life, there is substantial 

scope to determine changes in behavioural interactions between males 

and females as individuals move from subadult to adult. 

The use of visual displays and their importance changes as cephalopods 

transition from the subadult stage to the adult stage. Cuttlefish hatchlings are 

born with the ability to produce almost every adult body pattern; however, 

the visual displays shift from being used primarily for concealment and pred­

ator evasion to courtship and reproductive behaviours (Hanlon and 

Messenger, 1998). Body patterns beneficial for camouflage, such as light 

mottle or a disruptive pattern, are displayed more often in juvenile 

S. officinalis, and patterns associated with reproductive behaviours, like 
intense zebra, are developed around the time of sexual maturity (Hanlon 

and Messenger, 1998). The squid S. sepioidea present the first indications 
of sexual behaviour via visual displays (Mather, 2006). However, immature 

S. sepioidea males can mimic the displays of mature ones, making it difficult 

to use body patterns as indicators of the transition from subadult to adult. 

Regardless, the use and prevalence of reproductively associated visual dis­

plays are a key change during this transition, and the quality of these displays 

can affect the animal’s fitness (Boal, 1997). 

Cannibalism within a cohort, that is, among individuals of similar size 

and age, increases close to and during the reproductive season and changes 

with maturity status of individuals (Ibáñez and Keyl, 2010). This type of can­

nibalism appears to have both a strong element of behaviour, aggression and 

competition and also energy requirements (Ibáñez and Keyl, 2010). Where 

cannibalism is related to behaviours of aggression and competition, this 

occurs once maturation has occurred and often during courting and mating 

(see review by Ibáñez and Keyl, 2010). 

5.5. Migration and habitat change during the transition 
For many cephalopods, migration, large (thousands of kilometres) or small 

(tens–hundreds of kilometres), is a major event in the transition from sub­

adult to adult and is commonly a prelude to mating and egg deposition. 
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Migrations can involve important changes in habitat, for example, from the 

continental slope to the shelf or vice versa, or migrations can occur along 

coasts or throughout oceans with little in the way of habitat change. Regard­

less of the magnitude of the migration, individuals will experience some 

changes in their physical and biological environment, including tempera­

ture, salinity, water chemistry, prey, predators and current systems. 

Although the nature and magnitude of migration during this transition vary 

among cephalopod species, migration appears to be associated with increas­

ing the chances of finding a mate, finding and using habitats suitable for egg 

attachment or release. Formation of spawning aggregations, for example, 

L. reynaudii (Sauer et al., 1992), S. apama (Lu, 1998) and Graneledone sp. 
(Drazen et al., 2003), increases spawning potential, influences the number 

of offspring produced during spawning events and promotes genetic diver­

sity within the population or stock (Naud et al., 2004). 

Our knowledge of the distribution and abundance patterns of subadults is 

largely a function of methods of sampling and the nature of the data used to 

derive the pattern. If we derive our knowledge from fishery data, then the 

distribution of fishing effort and fishing technique will determine our capac­

ity to track changes in the distribution patterns of subadults and adults. For 

I. argentinus, jigs catch larger squid than trawlers in similar regions 

(Koronkiewicz, 1995), so it is possible that the fishery catches a relatively 

greater proportion of larger subadults. Analyses of migration characteristics 

during this transition will require a sampling method, such as using fine mesh 

cod ends, that ensures all individuals in the population have equal chance of 

capture. 

In some cases, the locations of the end point of migration are temporally 

and spatially predictable and stable, for example, southern calamari 

S. australis in Tasmania (Pecl et al., 2011) and S. apama in South Australia 
(Drazen et al., 2003). However, this is not always the case, and often, the 

location of the spawning grounds is strongly associated with characteristics 

of the physical environment (see review by Pierce et al., 2008). This asso­

ciation of distribution with environmental characteristics, such as tempera­

ture, may result in different migratory behaviours within a species; for 

example, Australian populations of N. gouldi migrate to the shelf waters of 

southern Australia to spawn (Green, 2011), but the New Zealand population 

does not undertake migrations to the shelf waters of New Zealand 

(Uozumi, 1998). 

Whether cephalopods migrate between habitat types or within a habitat 

type will determine the magnitude of change in environmental and 
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oceanographic factors they experience, which in turn can affect the timing 

of transition. Shallow coastal habitats have greater spatial and temporal var­

iability in biotic and abiotic factors, such as in temperature, salinity, nutrient 

load, current speed, turbidity, bottom types and food availability, compared 

with offshore waters (Boyle and Rodhouse, 2005). Species whose transition 

from subadult to adult occurs in a similar oceanographic realm experience 

relatively small changes in environmental and oceanographic conditions, 

for example, incirrate octopus and some benthic squid Sepiadarium austrinum 
(Norman and Reid, 2000). In contrast, species are likely to experience 

greater changes in habitat and environmental and oceanographic variables 

if they migrate between inshore and offshore habitats, for example, 

L. gahi (Arkhipkin et al., 2004); move in and out current systems, for exam­

ple, I. illecebrosus (Falkland Current; Dawe et al., 2000) and T. pacificus 
(Kuroshio and Oyashio Currents; Sugimoto and Tameishi, 1992); or have 

significant inshore movements, for example, S. australis (Pecl et al., 2006). 
Changes in environmental conditions experienced by individuals undertak­

ing migration are when energy and resources are being allocated to repro­

ductive development and, as such, will have substantial influence on the size, 

age, growth and condition at maturity. 

5.5.1 Vertical migrations during transition: Change from well-lit, 
warm to cold, dark environment 

We are aware that some open-water cephalopod species undergo vertical 

migrations during the transition from subadult to adult, for example, 

L. pacifica (Young, 1975), Eledonella pygmaea (Voight, 1995) and Gonatus 
onyx (Hunt and Seibel, 2000). Collections of juveniles and mature adults 

with eggs indicate that individuals move to find a mate, with individuals 

moving from well-lit warm near-surface waters to dark and cold waters at 

depths of >1000 m. However, there are physiological impacts associated 

with this thermal change; in particular, metabolic rates decrease significantly 

for species that undertake vertical migrations associated with reproductive 

activities (Seibel et al., 1997). It is not clear what the biological implications 

are for these species, as slowing metabolic rates will affect locomotion and in 

turn activities such as finding mates and capturing prey (Seibel et al., 1997). 

5.5.2 Migrations between the offshore neritic and the inshore neritic 
Loliginids, sepiolids and octopods have a strong association with the sea bot­

tom, where there is a diversity of habitats in this photic zone, with nutrients 

provided from terrestrial sources, and rich diversity of food resources, but 
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with large variations in environmental conditions (Boyle and Rodhouse, 

2005). Many of these species do not migrate over long distances, preferring 

to deposit their benthic eggs in shallow waters (Boyle and Rodhouse, 2005). 

So, a common migration characteristic of neritic cephalopod species is for 

subadults to move from deeper offshore neritic waters to inshore shallower 

neritic waters, for example, L. gahi (Arkhipkin et al., 2004; Hatfield et al., 

1990), D. gigas (Ibáñez and Cubillos, 2007; Nigmatullin et al., 2001), 

D. pealeii (Hatfield and Cadrin, 2002) and S. officinalis (Boucaud-Camou 

and Boismery, 1991; Le Goff, 1991). This may result in changes in the hab­

itat that the individuals experience, as they move from bare low-profile sed­

iment substrate to a more physically complex habitat, which supports marine 

plants and greater diversity of marine organisms, for example, S. australis 
who attaches eggs primarily to sea grass (Moltschaniwskyj and Pecl, 2003; 

Steer et al., 2007). In contrast, some species move inshore but remain on 

bare sediment and use this substrate to deposit their eggs, for example, 

L. reynaudii (Sauer et al., 1992). These shallower inshore habitats typically 
are warmer (Bettencourt and Guerra, 1999), which can potentially 

increase metabolic rates (Boucher-Rodoni and Mangold, 1995), but 

greater food intake needed to support this is readily available in these 

productive areas. 

5.5.3 Migrations within habitats 
There are groups of cephalopod species that display no dramatic shift in 

either habit or habitat during their transition from subadult to adult, but they 

may move within the habitat. The subadults occupy the same habitat as the 

adults, and it is here that they will become reproductively mature and start 

mating and deposit eggs, for example, Photololigo sp. (Moltschaniwskyj, 

1995b). Some species such as L. forbesii have relatively short migrations 

where they make seasonal migrations along the coast of the United King­

dom (Waluda and Pierce, 1998), whereas Uroteuthis edulis and H. bleekeri 
have shown to prefer inshore continental shelf waters in the Sea of Japan 

(Natsukari and Tashiro, 1991, Semmens et al., 2007). For O. vulgaris, migra­

tion is on a very small scale from intertidal to the subtidal areas to spawn 

(Oosthuizen et al., 2002b). Depending on the population structure and 

dynamics, this transition may occur in the presence of adults, that is, over­

lapping generations when there are multiple spawning events or in the 

absence of adults when there is a single spawning event for an annual species. 

Fisheries stock assessment typically makes no distinction between subadult 

and adult, and size limits are not used as a management tool; as a result, these 
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individuals are treated as a single group irrespective to their status as a sub­

adult or adult or if they are going through this transition. 

5.6. Summary 
The start and end of this transition is very difficult to identify because there are 

few external signs of sexual maturation, which is first evident internally with 

the onset of gonadal maturation. While the transition from subadult to adult 

occurs at a phase when mortality risks are relatively small, this transition is crit­

ical from an evolutionary biology perspective as the reproductive success of an 

individual determines its contribution to the next generation. Although allo­

metric growth leads to changes in body proportions between subadults and 

adults, the main morphological change is the differentiation of mating struc­

tures in males. Most male coleoid cephalopods develop a hectocotylus, a spe­

cialisation of one or more of the arm tip(s) used to transfer spermatozoa to 

females. The main behavioural changes around the migration to spawning 

grounds, where known, occurs when there is differences in habitats; and this 

exposes individuals to challenges associated with new environmental factors 

and differences in prey. Those species that are generally solitary will experi­

ence behavioural changes associated with increased interaction with other 

adults during spawning, although these changes may be gradual. 

6. DISCUSSION 

This description of four life stage transitions from morphological, eco­

logical and behavioural perspectives gives us an opportunity to see how these 

transitions might be selected for, occur and vary within cephalopods. Tran­

sitions might be defined by major morphological change, habitat shift, shifts 

in energy allocation from growth to reproduction and internal changes such 

as hormone regulation (Bishop et al., 2006). In the four transitions under­

taken by cephalopod species, morphological changes are present, but not 

extreme, for example, hatching gland development in transition 2, change 

in body proportions in transition 3 and growth of gonads in transition 4. 

Habitat shift is a common, though not universal, feature of these changes. 

Many cephalopod species seek specific sites for egg deposition during tran­

sition 1, they move from a benthic to pelagic habitat in transition 2, they 

transition from pelagic to benthic habitat in transition 3 and they may gather 

in specific locations during transition 4. There must be major epigenetic reg­

ulations during these changes; we know little about them, although we 
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know that hormonal influences on the optic gland trigger the transition from 

subadult to adult (transition 4). 

If different stages of cephalopod life cycles occupy different niches, tran­

sitions may need to be rapid (Hadfield, 2000), so that each stage occupies the 

niche to which it is closely adapted for as long as possible and reduces the 

time taken to transition between the two niches (Moran, 1994). Our knowl­

edge about the transitions from egg to the exhaustion of the yolk reserves 

(transition 2) and from paralarva to subadult (transition 3) identifies the 

major risk of mortality during these transitions. For both transitions, there 

are obvious changes in niche, and both are rapid relative to the time spent 

in each phase. In contrast, paralarvae, resembling the subadult more closely 

than many larvae of other marine animals, may delay their transition to sub­

adult for some time until a suitable habitat has been found. Likewise, the 

transition from subadult to adult may be much longer as the search for suit­

able mates and appropriate habitat and the major morphological changes of 

the reproductive system take longer. Understanding the scope of transitions 

and the time over which they occur will assist in the management of many 

cephalopod species, as well as their cultivation in captivity. The challenges of 

quantitatively sampling cephalopods in every life stage are preventing us 

from defining “key” life stages (Yamamura, 1999). Nevertheless, this 

synthesis highlights the most critical transitions and more importantly 

identifies the factors known to be critical during the life history of cephalo­

pod species. 

Heyland and Moroz (2006) suggested a series of changes that must 

underlie any such transition. The first change necessarily prepares the animal 

for the new competence required of it, and Figure 4.2 demonstrates that the 

changes during hatching show this well. First, the membrane must weaken, 

the embryo begins to move, and Hoyle’s gland develops—all before hatch­

ing. For the transition from paralarva to subadult, chromatophores increase 

in number and the relative size of arms to body changes before the paralarvae 

settle. Hadfield’s (2000) next transitional step (for larval fishes) is the differ­

entiation into structures appropriate for the next stage. Only after this should 

we see loss of the structures appropriate for the earlier stage and habitat 

change. Such a sequence is generally known for our transitions 2 and 3, 

much less so for 4 and 1, where many of the changes are behavioural. Major 

morphological changes, such as growth of gonads, are well described from 

dead animals, but behavioural changes and learning by individuals during the 

transitions require observations of live animals, preferably in their natural 

habitats, and this poses us with substantial challenges in most marine habitats 
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although there is a lot of ongoing work in this area (Hoving and Vecchione, 

2012; Hunt and Lindsay, 2012). 

This chapter has identified some critical questions about the transition 

from one life stage to the next. Early stages of development should be evo­

lutionarily conservative, which suggests that transitions 1 and 2 should be 

more stereotyped than 3 and 4. Departures from the set four stages and tran­

sitions might occur in cephalopods. In stable environments, direct develop­

ment, larger and fewer eggs, more yolk and longer embryonic development 

should occur—a pattern typical of deep benthic octopods. Such direct 

development should lead to fewer chromosomes, smaller geographic ranges 

and greater taxonomic diversity, which is a testable hypothesis. Another pos­

sible departure is neoteny, the adult retention of juvenile characteristics, 

which has been identified in some physiological characteristics of cephalo­

pods (Rodhouse, 1998). Another departure from standard developmental 

patterns is found when larvae have accumulated enough stored energy that 

adults need neither feed nor grow, as is seen in many insects. Is this true for 

the adult cephalopod after transition 4 to the reproductive adult? Such a 

trend has been documented but not fully explored. Under what circum­

stances do cephalopods abandon semelparity? 

Behind these descriptions is a deeper question, around the programming 

and control of saltatory development. The transitional stages are morpholog­

ical, physiological and behavioural, a product of genes and environment. 

Development can be modelled as a sequential flow between stabilised states 

(stages) and relatively fast changes (transitions) (Balon, 2001); however, the 

induction of change must be the result of the activation of an array of genes at 

a particular time in the life cycle ( Jackson et al., 2003). Many of the transi­

tions may be brought on by specific environmental cues, such as temperature 

and light, and activated by external chemicals such as pheromones and inter­

nal ones such as hormones. Understanding the control of the transitions will 

take a mechanistic approach involving physiologists, behavioural ecologists, 

evolutionary biologists and molecular biologists with particular focus on 

developmental biology. 
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Rhynchoteuthion del calamar gigante Dosidicus gigas (D’Orbigny, 1835) y del calamar 
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Ş en, H., 2005. Incubation of European Squid (Loligo vulgaris Lamarck, 1798) eggs at different 
salinities. Aquac. Res. 36, 876–881. 

Shaw, P.W., Boyle, P.R., 1997. Multiple paternity within the brood of single females of 
Loligo forbesi (Cephalopoda: Loliginidae), demonstrated with microsatellite DNA 
markers. Mar. Ecol. Prog. Ser. 160, 279–282. 

Shaw, P.W., Sauer, W.H.H., 2004. Evidence for multiple paternity and complex 
fertilisation dynamics in the squid Loligo vulgaris reynaudii. Mar. Ecol. Prog. Ser. 
270, 173–179. 

Shea, E.K., 2005. Ontogeny of the fused tentacles in three species of ommastrephid squids 
(Cephalopoda, Ommastrephidae). Invertebr. Biol. 124, 25–38. 

Shea, E.K., Vecchione, M., 2010. Ontogenic changes in diel vertical migration patterns com­
pared with known allometric changes in three mesopelagic squid species suggest an 
expanded definition of a paralarva. ICES J. Mar. Sci. 67, 1436–1443. 

Sinn, D.L., Moltschaniwskyj, N.A., 2005. Personality traits in dumpling squid (Euprymna 
tasmanica): context-specific traits and their correlation with biological characteristics. 
J. Comp. Psychol. 119 (1), 99. 

Smith, J.M., Pierce, G.J., Zuur, A.F., Boyle, P.R., 2005. Seasonal patterns of investment in 
reproductive and somatic tissues in the squid Loligo forbesi. Aquat. Living Resour. 
18, 341–351. 

Snyder, S., 1986. Laboratory culture of Octopus dofleini from hatching to settlement. Am. 
Malacol. Bull. 4, 241. 

Sobrino, I., Silva, L., Bellido, J.M., Ramos, F., 2002. Rainfall, river discharges and sea tem­
perature as factors affecting abundance of two coastal benthic cephalopod species in the 
Gulf of Cádiz (SW Spain). Bull. Mar. Sci. 71, 851–865. 

Staaf, D., Camarillo-Coop, S., Haddock, S.H.D., Nyack, A.C., Payne, J., Salinas-Zavala, 
C.A., Seibel, B.A., Trueblood, L., Widmer, C., Gilly, W.F., 2008. Natural egg mass 

http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1490
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1490
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1495
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1495
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1495
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1500
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1500
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1505
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1505
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1505
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1510
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1510
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1515
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1515
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1515
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1520
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1520
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1520
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1525
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1525
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1525
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1530
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1530
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1530
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1530
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1535
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1535
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1540
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1540
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1545
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1545
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1545
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1550
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1550
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1550
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1555
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1555
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1560
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1560
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1560
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1565
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1565
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1565
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1570
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1570
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1570
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1575
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1575
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1580
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1580
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1580
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1585
http://refhub.elsevier.com/B978-0-12-800287-2.00004-4/rf1585


434 Jean-Paul Robin et al. 

deposition by the Humboldt squid (Dosidicus gigas) in the Gulf of California and charac­
teristics of hatchlings and paralarvae. J. Mar. Biol. Assoc. U.K. 88, 759–770. 

Staaf, D., Zeidberg, L.D., Gilly, W.F., 2011. Effects of temperature on embryonic develop­
ment of the Humboldt squid Dosidicus gigas. Mar. Ecol. Prog. Ser. 441, 165–175.
 

Stearns, S.C., 1992. The Evolution of Life Histo ries. Oxford Univers ity Press, Oxford,
 
p. 249. 

Steer, M.A., Moltschaniwskyj, N.A., Gowland, F.C., 2002. Temporal variability in embry­
onic development and mortality in the southern calamary, Sepioteuthis australis: a field 
assessment. Mar. Ecol. Prog. Ser. 243, 143–150. 

Steer, M.A., Moltschaniwskyj, N.A., Jordan, A.R., 2003. Embryonic development of south­
ern calamary (Sepioteuthis australis) within the constraints of an aggregated egg mass. Mar. 
Freshw. Res. 54, 217–226. 

Steer, M.A., Fowler, A.J., Jackson, W.B., Jennings, P.R., 2005. Southern Calamary 
(Sepioteuthis australis) Fishery. SARDI Aquatic Sciences Publication, 135. 

Steer, M.A., Lloyd, M.T., Jackson, W.B., 2007. Assessing the feasibility of using ‘by-product’ 
data as a pre-recruit index in South Australia’s southern calamary (Sepioteuthis australis) 
fishery. Fish. Res. 88, 42–50. 

Strathmann, R.R., Strathmann, M.F., 1995. Oxygen supply and limits	 on aggregation of 
embryos. J. Mar. Biol. Assoc. U.K. 75, 413–428. 

Strobel, A., Hu, M.Y.A., Gutowska, M.A., Lieb, B., Lucassen, M., Melzner, F., P€ortner, H.O., 
Mark, F.C., 2012. Influence of temperature, hypercapnia, and development on the relative 
expression of different hemocyanin isoforms in the common cuttlefish Sepia officinalis. 
J. Exp. Zool. 317A, 511–523. 

Sugimoto, T., Tameishi, H., 1992. Warm-core rings, streamers and their role on the fishing 
ground formation around Japan. Deep Sea Research Part A. Oceanographic Research 
Papers, 39, pp. S183–S201. 

Summers, W.C., 1983. Loligo pealeii. In: Boyle, P.R. (Ed.), Cephalopod Life Cycles. 
Academic Press, New York, pp. 115–142. 

Summers, W.C., 1985. Ecological implications of life stage timing determined from the cul­
tivation of Rossia pacifica (Mollusca: Cephalopoda). Vie Milieu 35, 249–254. 

Sweeney, M.J., Roper, C.F.E., Mangold, K.M., Clarke, M.R., Boletzky, S.V., 1992. 
“Larval” and juvenile cephalopods: a manual for their identification. Smithson. Contrib. 
Zool. 513, 282. 

Thompson, J.T., Kier, W.M., 2001. Ontogenetic changes in mantle kinematics during 
escape-jet locomotion in the oval squid, Sepioteuthis lessoniana Lesson, 1830. Biol. Bull. 
201, 154–166. 

Tosti, E., Di Cosmo, A., Cumo, A., Di Cristo, C., Gragnaniello, G., 2001. Progesterone 
induces activation in Octopus vulgaris spermatozoa. Mol. Reprod. Dev. 59, 97–105. 

Tsuchiya, K., Takashi, U., 1997. Sneaker male in Octopus. Jpn. J. Malacol. 56, 177–181. 
Turk, P., Hanlon, R., Tanlon, R.T., Bradford, L.A., Yang, W.T., 1986. Aspects of feeding, 

growth and survival of the European squid Loligo vulgaris (Lamarck 1799), reared through 
the early growth stages. Vie Milieu 36, 9–13. 

Uozumi, Y., 1998. Fishery biology of arrow squids, Nototodarus gouldi and N. sloanii, in New 
Zealand waters. Bull. Natl. Res. Inst. Far. Seas Fish. 35, 1–111, Shimizu. 
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