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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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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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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.
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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 organismwith 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 vulnerable

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
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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 thatD. 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 �Cwater

(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 armcrown (familiesAmphitretidae,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.

Incirrate 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 considerable (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. officinalismay

aid in protection of embryos by camouflaging the eggs (Guerra and

Gonzalez, 2011) and also potentially acting as a chemical deterrent to pred-

ators (Derby et al., 2007). Despite the intrinsic 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 andMoore, 1980). Predation 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

(Barón, 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. reynaudiimay 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-Rúa 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 whichmales 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 andHanlon, 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. apamamales 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 mimicmale 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 themantle 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 inOctopus 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 andmorpho-

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

hatchlings were larger at lower egg densities (�5 eggs ml�1) (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. InD. 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 (Şen, 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 (Şen, 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).

Fromwhat 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. InOctopus 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 transition, 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 fromNaef’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 andNorman, 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 ability 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). Darmaillacq 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 characteristics 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 swimmingwithin intermediate Reynolds numbers (Re) (Bartol

et al., 2008). The viscosity at thisRe 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 earlyO. 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.

392 Jean-Paul Robin et al.

Author's personal copy



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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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.

393Transitions During Cephalopod Life History

Author's personal copy



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 forAbralia 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, asO. 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

395Transitions During Cephalopod Life History

Author's personal copy



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 mmML); (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€olliker organs that cover
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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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/orGonatopsis 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

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.
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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,

likeO. maya orO. 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 consequence, 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 mmML), (2) stage with one photophore on the ends of the ventral

arms (2.7–3.8 mmML), (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 (Lourenço 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

401Transitions During Cephalopod Life History

Author's personal copy



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 theRia 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 inD. 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
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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 inOctopus 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 cannibalism,

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 individuals (Ibáñez and

Keyl, 2010). Increased energy demands associated with reproduction

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 forOctopus 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

410 Jean-Paul Robin et al.

Author's personal copy



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 samplingmethod, 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 theNewZealand 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

413Transitions During Cephalopod Life History

Author's personal copy



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). ForO. 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 whenmortality 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 frommorphological, 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 changemust 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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