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Abstract 

Although global octopus catches are increasing, the lack of a direct ageing 

technique has resulted in the use of inappropriate or non-validated growth 

and longevity determination methods for octopus fisheries assessments. This 

has limited our understanding of the inter-relationships between age, 

growth, reproductive investment and recruitment, potentially jeopardising 

the ecologically sustainable development of octopus fisheries. The present 

study is the first to determine the age composition of a wild octopus 

population by quantifying validated growth rings within stylets (vestigial 

shells), and examine the effect of both temperature and hatchling size on 

captive juvenile growth using simulated seasonal temperature regimes. This 

information was combined with reproductive biology and fishery data, to 

determine the life history characteristics and dynamics of a wild octopus 

population.  

 

The focus of this study was the holobenthic species Octopus pallidus and its 

expanding fishery in south-east Australian waters. The results demonstrated 

that the typical life span of O. pallidus is 12 months, with a maximum age of 

approximately 18 months. Strong individual growth heterogeneity, ranging 

from 1.32 – 6.9% body weight per day, resulted in age having no 

distinguishable relationship with either size or reproductive development. 

Maturation was proven to be primarily a size driven process that varied 

between genders, with females reaching 50% maturity at 473 g and all males 
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sampled mature at 250 g, which was the minimum capture size for both 

genders. At the population level there appeared to be some reproductive 

synchronicity, with a peak spawning period during late summer – early 

autumn. This may be an ‘optimal’ spawning period as captive juvenile 

growth trials determined that octopus hatched during summer will grow 

faster and ultimately larger than those hatched during spring. Juvenile 

growth was also shown to have a positive relationship with initial size and 

food consumption in the spring/summer (14 – 18° C) treatment. However, in 

the summer/autumn (18 – 14° C) treatment, high temperatures at hatching 

caused a spike in growth, particularly for initially smaller octopus. The catch 

per unit of effort (CPUE) in the commercial fishery was heavily influenced by 

seasons, with strong annual fluctuations in female CPUE that peaked every 

two years during summer/autumn. Consistent fishing pressure on a fixed 

position research area led to a progressive reduction in female fecundity, 

which would eventually impact upon recruitment. This was not identified in 

catch rates, suggesting that repeated fishing pressure on localised stocks of a 

holobenthic octopus species could lead to size selective fishing mortality and 

localised depletion, which would not be detected by the analysis of fishery 

data. 

 

By combining age-specific life history and population dynamics information 

with detailed analysis of fishery data, this study provides and in-depth and 

integrated assessment of the biology, ecology and fisheries dynamics of a 

wild population.  
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CHAPTER 1 

General Introduction 

Octopus species are ubiquitous throughout the world’s marine habitats, 

playing crucial ecological roles as both predators and prey (Hanlon and 

Messenger 1996). Generally regarded as short-lived, fast growing, ecological 

opportunists (Caddy and Rodhouse 1998, Forsythe and Van Heukelem 1987), 

octopus populations can display high fluctuations in abundance over short 

periods of time (Balguerías, et al. 2002). Many octopus species also constitute 

an important food resource for millions of people, with global catches 

increasing by approximately 42% over the past two decades to over 350 000 t 

in 2005, predominately from Asia (218 977 t), Africa (65 743 t) and Europe (44 

800 t) (F.A.O. 2005). This rise in octopus landings has been partly attributed 

to the decline of many teleost fish stocks due to overexploitation, and the 

increased use of octopus, and cephalopods in general, as an alternative 

source of protein (Caddy and Rodhouse 1998). However, the extent that 

octopus stocks can withstand this escalating pressure is largely unknown, 

due to a lack of knowledge of many rudimentary life history and fisheries 

biology parameters. One of the most important yet elusive of these 

parameters is the age and growth of individual octopus in the wild

 (Semmens, et al. 2004). Understanding how individuals grow is a 

fundamental component of biological research, and the quantification of 

growth information is critical to the stock assessment process and sustainable 
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development of fisheries (Pecl, et al. 2004). Without this information 

management decisions are based on biological uncertainties, potentially 

jeopardising stocks and leading to serious ecological and economic 

consequences (Boyle and Boletzky 1996). This is a major gap in our 

knowledge of octopus life history that needs to be addressed. 

 

Despite the lack of field based octopus growth information, single species 

laboratory studies have been used extensively to investigate individual 

growth processes. In these laboratory studies there has been a trend to use 

species with an immediate benthic life style after hatching (holobenthic) 

when examining early life stages i.e. Octopus bimaculoides (Forsythe and 

Hanlon 1988a), and Octopus ocellatus (Segawa and Nomoto 2002), as they are 

generally more easily cultured. Where, studies that investigate latter life 

stages commonly use species that undertake a planktonic life style after 

hatching (merobenthic) i.e. Octopus mimus (Cortez, et al. 1999b), and Octopus 

cyanea (Van Heukelem 1973), as they are generally of greater commercial 

importance than holobenthic species. Much of the research on merobenthic 

species has concentrated on feeding rates, effects of different prey types on 

growth, and other parameters impacting marketable size (García García and 

Aguado Giménez 2002). The wealth of information provided by laboratory 

studies, whether from merobenthic or holobenthic species, includes 

identifying the positive relationship between growth and temperature within 

the natural range of a species (Forsythe and Hanlon 1988a, García García and 
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Aguado Giménez 2002, Miliou, et al. 2005); establishing the influence of food 

consumption and dietary profiles on growth (Klaich, et al. 2006, Villanueva, 

et al. 2002); and identifying bi-phasic growth patterns(Forsythe and Van 

Heukelem 1987). Bi-phasic growth is typified by a period of fast early 

somatic growth and is followed by a second period of progressively slower 

growth (Forsythe and Van Heukelem 1987). The inflection point of the 

growth curve coincides with the onset of maturation in males, whereas 

maturation appears to occur well into the second growth phase for females 

(Semmens, et al. 2004). The existence of bi-phasic growth has not been 

observed in wild octopus populations due to the lack of appropriate growth 

estimation techniques. However, a recent investigation, related to the present 

study, used bioenergetic models to explain growth of wild octopus and 

found that bi-phasic growth could well occur in the wild (André, et al. in 

review). 

 

Octopus growth is strongly influenced by temperature, food quantity and 

quality during the first growth phase, with temperature exerting the greatest 

influence when food is not limited (Semmens, et al. 2004). Regardless of this, 

all aquaria-based juvenile growth studies prior to this study and the related 

O. pallidus study by André, et al. (2008), have used either ambient or fixed 

temperature regimes (e.g. DeRusha, et al. 1987, Forsythe and Hanlon 1988a, 

Iglesias, et al. 2004, Miliou, et al. 2005, Segawa and Nomoto 2002). Therefore, 

to gain a greater understanding of how seasonal temperatures influence 
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juvenile growth processes and relative duration of the two growth phases, 

seasonal temperature regimes need to be applied.  

 

By investigating the effects of seasonal temperature regimes on the growth of 

captive O. pallidus during the second growth phase, Hoyle (2002) found that 

overall growth was not strongly influenced by seasonal temperatures, 

however, reproductive investment was. This demonstrates that in addition to 

temperature and nutrition, growth during the second phase is also 

influenced by gender, maturation and reproductive investment (Semmens, et 

al. 2004). The variation in the way temperature influences growth, between 

the two phases, reinforces the necessity to have a good understanding of 

how conditions during the first growth phase affect repro-somatic 

development during the second. 

 

The influence of seasonal temperature variability on juvenile cephalopod 

growth is best described by Forsythe (1993), in what is now referred to as the 

Forsythe effect: “As hatching occurs over a period of increasing 

temperatures, each monthly cohort will encounter warmer temperatures and 

thus grow significantly faster than cohorts that hatched only weeks 

previously” (Forsythe 2004). The Forsythe Effect has been used to help 

explain the considerable size-variation within single generations that has 

been observed in cephalopods (e.g. Hatfield 2000, Hatfield, et al. 2001).  
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In addition to temperature derived effects, feeding rate and food quality can 

also have a strong influence on juvenile cephalopod growth (Forsythe 2004, 

Lee 1994). If high quality food is readily available and temperatures are at the 

upper end of the natural range for the species, then feeding and growth rates 

will be high (Klaich, et al. 2006). However, the effects of temperature and 

nutrition cannot account for all variation in octopus growth, with octopus 

reared under identical conditions capable of displaying significant variation 

in final size. For example, juvenile Octopus ocellatus reared at 20° C and 25° C 

demonstrate final sizes ranging from 5.3 – 16.3 g and 7.5 – 31.5 g at 100 d 

after hatching, respectively (Segawa and Nomoto 2002). A possible 

contributing factor to within treatment growth variation is size-at-hatching, 

which for cephalopods can vary significantly e.g. Sepia officinalis hatchlings 

range 0.057 – 0.180 g (Domingues, et al. 2001). As early growth in 

cephalopods is commonly exponential (Forsythe and Van Heukelem 1987, 

Segawa and Nomoto 2002), it has been suggested that small differences in 

size-at-hatching between individuals may amplify throughout the life-span 

of an individual (Pecl, et al. 2004). However, at present no studies have been 

conducted on the effects of size-at-hatching on subsequent growth and final 

size for cephalopods. Therefore, by determining how size-at-hatching, 

progressive seasonal temperatures and feeding rates can influence individual 

growth heterogeneity, an understanding of how these variables affect the 

dynamics of a population can be achieved. This is important, for individual 

growth heterogeneity can influence many facets of a cephalopod population 



Chapter 1: General Introduction 

 22 

including size/age structure and reproductive output, which in turn can 

affect local abundance and therefore sustainable fishery production levels 

(Forsythe and Van Heukelem 1987). 

 

Despite the benefits of laboratory studies, they cannot entirely replicate 

natural conditions. This can lead to disparity in growth between captive and 

wild individuals, thus preventing the extrapolation of laboratory derived 

growth rates onto wild populations (Pecl and Moltschaniwskyj 1999). Such 

differences between captive and wild studies include; reduced growth rates 

in captivity (Jackson 1994a), differences in the somatic growth process (Pecl 

and Moltschaniwskyj 1999) and the possibility that two-phased growth is a 

laboratory derived phenomena (Alford and Jackson 1993). Hence there is a 

great need for an accurate and reliable field-based method of octopus age 

and growth estimation. 

 

Statoliths have been used extensively and effectively to determine the age of 

many squid species (Jackson 1994b), by counting the daily formed concentric 

rings found in the their microstructure. Although statoliths are also found in 

octopus, they cannot be utilised for age estimation, due to the lack of growth 

rings (Lombarte, et al. 2006). As a result, wild octopus growth is 

predominantly calculated using either tag recapture programs or Modal 

Progression Analysis (MPA) (Semmens, et al. 2004).  
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Tagging studies provide a direct measure of individual growth (Domain, et 

al. 2000, Robinson and Hartwick 1986), however, they are intrinsically 

limited in scope, for growth prior to tagging and the effects of tagging stress 

cannot be directly calculated (Eveson, et al. 2004). In addition, the size of the 

octopus that can be tagged is often limited to large individuals (Semmens, et 

al. 2007), return rates can be very low (Voight 1992) and tagging can be very 

labour intensive, particularly when trying to acquire growth information at 

different temporal and spatial scales (Hartwick, et al. 1988). Although tagging 

studies can provide a valuable snapshot of growth for a section of an octopus 

population, they are ultimately too limited to achieve an all-encompassing 

view of octopus growth.  

 

The inability of tagging studies to provide a complete view of wild octopus 

growth and the need for rapid fisheries assessments has led to a reliance on 

Modal Progression Analysis (MPA). MPA uses length-frequency size classes 

to define cohorts that are followed through time as a representation of age 

and growth (Cortez, et al. 1999a, Semmens, et al. 2004) and assumes that 

cephalopod growth can be approached in a similar manner to that of teleosts 

(Pauly 1998). However, the use of MPA to calculate cephalopod growth is 

highly controversial, with some researchers supporting it as an an applicable 

method (Cortez, et al. 1999a, Jarre, et al. 1991, Le Goff and Daguzan 1991, 

Pauly 1998), whilst many other researchers regard it as inappropriate (Boyle 

and Boletzky 1996, Jackson 1994b, Jackson, et al. 2000, Pierce and Guerra 
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1994). The problems with the use of MPA to determine cephalopod growth 

are that: 1) is based on length data, which is a very poor measure of size in 

soft-bodied organisms, 2) does not allow for individual growth 

heterogeneity, a defining factor in cephalopod growth (Hatfield and 

Rodhouse 1994, Semmens, et al. 2004), 3) can under estimate growth and over 

estimate age (Alford and Jackson 1993), and 4) populations can consist of 

several broods and microcohorts that may not be detectable as modes 

(Hatfield and Rodhouse 1994). With so many negatives against the use of 

MPA, it is difficult to understand why this technique is still persisted with. 

However, it is important to highlight that until very recently there hasn’t 

been a reliable, accurate or cost effective alternative to calculating wild 

octopus growth.  

 

The limitations of tagging and MPA studies, combined with the high levels 

of growth plasticity observed in octopus (Chapela, et al. 2006, Rodriguez, et 

al. 2006), indicates that a more direct means of growth calculation that 

incorporates age is urgently required. Fortunately, a recent breakthrough 

using an anatomical method of age estimation, stylet increment analysis 

(SIA), has recently been developed for octopus making it possible to directly 

calculate individual growth from a wild population. Stylets, also referred to 

as vestigial shells, are paired internal structures found in the mantle 

musculature of an octopus (Bizikov 2004) (Plate 1.2). Age estimation of an 

individual octopus is achieved by counting daily deposited concentric rings 
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found within the microstructure (Doubleday, et al. 2006), allowing for stylets 

to fulfil a similar age estimation function as otoliths in teleost and statoliths 

in squid. Stylet increment periodicity has been validated as one ring 

equalling one day for known aged laboratory reared Octopus pallidus up to 

245 days old (Doubleday, et al. 2006). Stylet increments have also been 

counted, but have not been validated, for wild merobenthic species Octopus 

vulgaris (Sousa Reis and Fernandes 2002) and Octopus maorum (White 2007). 

 

The ability to directly age and calculate the growth of individual octopus 

from a wild population makes it possible to investigate biological processes 

in greater detail than ever before. This has been demonstrated for cuttlefish 

and squid, where the advent of statolith ageing techniques has allowed for 

the identification of multiple generations within a single year for Idiosepius 

paradoxus (Sato, et al. 2008); and the detection of spawning periods and their 

links to population structures, migration and fishing activity in Illex 

illecebrosus (Dawe and Beck 1997). The stylet has the potential to a play a 

similar role in octopus research. Where by using SIA to determine age and 

growth information, it can then be combined with reproductive data, so 

factors such as size and age at maturity, and patterns of repro-somatic 

investment and scheduling between sexes and seasons, can be investigated.  

 

Reproductive scheduling is the coordinated timing of male and female repro-

somatic investment, to ensure that a population has the greatest opportunity 
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of reproductive success (Campbell 1996). The lack of an ageing technique, 

prior to the introduction of SIA, has lead to age-specific reproductive 

information in octopus populations being largely unobtainable. However, 

age-specific reproductive scheduling is an important component of the 

dynamics of a population (Campbell 1996). Therefore, by determining trends 

in reproductive investment in relation to age and growth for each gender, 

peak periods of reproductive scheduling (peak spawning period) can be 

identified. Once peak spawning periods are identified, the effects of 

environmental variations and/or fisheries impacts during these periods on 

inter-generational population abundances can be estimated (Tarling and 

Cuzinn-Roudy 2003). This has particular relevance for cephalopods, which in 

generally have minimal overlap between generations (Boyle 1990, 2002).  

 

The general life strategy of cephalopods is typified by short life spans, fast 

growth and high metabolic rates (Mangold 1983), and the strong influence of 

temperature on growth and reproductive development (Caddy and 

Rodhouse 1998, Rodhouse 2001). The resulting single generation populations 

can exhibit large annual fluctuations in stock abundance and can be affected 

by dramatic environmental changes to a greater extent than many multi-

generational populations (Boyle 1990, Rocha, et al. 2001). Lack of generational 

overlap and susceptibility to adverse environmental conditions means that 

cephalopod populations do not have a buffer against poor recruitment from 

the previous generation (Caddy 1983). Without a buffer there is a high 
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possibility that recruitment will fail in the following year, if the population is 

overfished during a peak spawning period or during a period where 

environmental changes have negatively impacted upon the distribution, 

abundance, and productivity of a population (Moltschaniwskyj and Pecl 

2003). Hence it is integral for the sustainable management of an octopus 

fishery that the reproductive scheduling patterns of the species are known.  

 

Although almost all benthic octopus species are terminal spawners (Rocha, et 

al. 2001), there are two different basic life-history strategies 1) merobenthic 

(e.g. Octopus vulgaris, Octopus maorum, Octopus mimus), where the number of 

eggs from a single egg batch are in the 100 000s and the small hatchlings go 

through a planktonic ‘paralarval’ stage prior to settling on the benthos, and 

2) holobenthic (e.g. Octopus maya, Octopus tetricus, Eledone moschata), where 

the number of eggs from a single egg batch are in the 100s, the hatchlings are 

much larger they take up an immediate benthic life style similar to adults 

(Hanlon and Messenger 1996). Regardless of life-history strategy, almost all 

octopus species are terminal spawners.  

 

Octopus fisheries research has predominantly concentrated on merobenthic 

species, since a few merobenthic species constitute the majority of the 

identified catch in global octopus landings (Boyle and Rodhouse 2005). 

However, in addition to these few large merobenthic octopus fisheries, there 

are a great number of smaller fisheries targeting holobenthic species that lack 
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sufficient species identification (Roper, et al. 1984), with many only labelled 

as ‘octopus’ in catch data (Boyle and Rodhouse 2005). Without appropriate 

species identification, biological information cannot be determined, thus 

preventing the life history strategy of a species being factored into the 

analysis (Nottage, et al. 2007). This ignores the potentially varying effects 

fishing pressure or management strategies can have on the recruitment 

dynamics and has led to stock status assessments of many octopus fisheries 

being determined solely by catch per unit of effort (CPUE) information 

(Tsangridis, et al. 2002). Such a scenario could be particularly devastating for 

octopus pot fisheries that target holobenthic species. Pots provide shelter in 

habitat-limited environments and are commonly used by females to brood 

eggs (Faraj and Bez 2007). The removal of brooding females, combined with 

the low fecundity and relatively limited dispersal of holobenthic octopus 

species, suggests that the potential for consistent and concentrated fishing 

pressure to have a negative impact on localised recruitment is increased. 

Without information on the reproductive biology of a species and the 

reproductive structure of the population, such a reduction in recruitment 

may not be detected by the examination of trends in CPUE. This could 

potentially result in localised depletion or even population crashes due to the 

minimal generational overlap in octopus populations. 
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Aims and thesis structure 

The central aims of this study were to determine seasonal and gender-

specific relationships between age, growth, repro-somatic investment and 

commercial catch information, and assess the effects of fishing pressure on 

the population dynamics of Octopus pallidus. This was achieved by: 1) 

determining the impacts of hatching size and seasonal temperature variation 

on subsequent growth, 2) investigating the age and growth of wild caught 

animals, 3) examining individual and population scale reproductive patterns, 

and 4) investigating the reliability of using CPUE information to assess the 

stock status. The primary aims and topics addressed in each of the four data 

chapters (numbered 2 – 5) were as follows:  

 

Chapter 2: This is the first study to investigate the influence of seasonal 

temperatures, initial hatchling size and feeding on individual octopus 

growth heterogeneity concurrently. Using O. pallidus reared in captivity as a 

case study, two fundamental questions were addressed: 1) do individuals 

experiencing similar conditions grow at similar rates irrespective of 

differences in hatchling size, or alternatively is there a definable relationship 

between growth rate and initial hatchling size? and 2) how do simulated 

seasonal temperature regimes (e.g. spring/summer and summer/autumn) 

and feeding rates impact on juvenile growth rates? 
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This chapter has been published as: Leporati, S.C., Pecl, G.T. and Semmens, 

J.M. (2007) Cephalopod hatchling growth: the effects of initial size and 

seasonal temperatures. Marine Biology, 151, 1375 – 1383. (See appendices). 

 

Chapter 3: In this chapter stylet increment analysis was applied to a wild 

population of O. pallidus, making this the first study to use a validated 

method (Doubleday, et al. 2006) of age determination to calculate the growth 

of an octopus species in the field. By back calculating hatch dates and using 

average hatching sizes from the laboratory results in chapter 2, sex specific 

growth variability was estimated and the seasonality of age and growth 

patterns quantified. 

 

This chapter has been published as: Leporati, S.C., Semmens, J.M. and Pecl, 

G.T. (2008) Determining the age and growth of wild octopus using stylet 

increment analysis. Marine Ecology Progress Series, 367: 213 – 222. (See 

appendices) 

 

Chapter 4: This chapter investigated the reproductive status of O. pallidus 

and its relationship to age (using the age data from the previous chapter) and 

size. Specific aspects examined were: 1) determining size and age at 

maturity, 2) examining patterns of reproductive investment over different 

hatch and haul seasons, 3) investigating seasonal patterns in fecundity and 
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egg size and 4) assessing the impacts of continual and concentrated fishing 

pressure on the age and reproductive structure of a population. 

 

This chapter has been published as: Leporati, S.C., Pecl, G.T. and Semmens, 

J.M. (2008) Reproductive status of Octopus pallidus and its relationship to age 

and size. Marine Biology, 155: 375 –385. (See appendices). 

 

Chapter 5: Using the commercial O. pallidus pot fishery as a case study, this 

chapter examined whether or not catch per unit of effort (CPUE) information 

alone is sufficient to conduct a reliable stock status assessment for 

holobenthic octopus fisheries. CPUE and biological information gathered 

from a fixed position experimental research line, similar to the ones used in 

the commercial fishery, were investigated for consistency in their 

interpretation of stock status and compared with trends in the commercial 

fishery CPUE. This information was used to estimate the effects of 

commercial fishing on local octopus stocks, with particular regard to 

brooding females and recruitment.  

 

This chapter has been submitted for publication as: Leporati, S.C., Ziegler, 

P.E. and Semmens, J.M. (in-review) Assessing the stock status of holobenthic 

octopus fisheries: is catch per unit of effort data enough? ICES Journal of 

Marine Science. 
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The methods detailed in this thesis are applicable to octopus species in 

general, thus providing the first opportunity to combine highly detailed life 

history information with CPUE data, so the effects of commercial fishing on 

octopus population dynamics can be determined. The outcomes of this 

research will contribute to the management of the commercial O. pallidus 

fishery by 1) determining what times of year fishing has the greatest 

potential impact on the population, 2) assessing the sustainability of present 

fishing practices, 3) investigating the impact of continual and concentrated 

fishing pressure on population dynamics and 4) determining any potential 

risks to recruitment due to the removal of brooding females. At a broader 

level, the methods used and knowledge acquired through this doctoral 

research will assist in the research and management of other octopus species 

and their associated fisheries. In addition, this study will help improve our 

understanding of octopus biology and therefore provide a basis for further 

investigations into the ecological roles of octopus throughout the world’s 

marine habitats. 

 

Study species 

Octopus pallidus (Hoyle 1885) is a medium sized (maximum 1.2 kg) 

holobenthic species that produces small batches (approximately 500 eggs) of 

large eggs approximately 11 – 13 mm in length (Plate 1.1). Octopus pallidus is 

endemic to south-eastern Australian temperate waters from the Great 

Australian Bight (132º E), including Bass Strait and around Tasmania up to 



Chapter 1: General Introduction 

 33 

southern New South Wales (33º S) (Stranks 1996) (Fig 1.1). Typical habitats 

for O. pallidus include sand/silt substrates, and around bryozoan, sponge 

and ascidian gardens at a depth range of 7 – 275 m (Edgar 1997, Stranks 

1988).  

 

Octopus pallidus is the target species for a commercial pot fishery in the 

waters of Bass Strait off northern Tasmania. Gear used in the fishery consists 

of plastic pots (Fig 1.3, 1.4) connected to a demersal longline (Fig1.5), which 

are utilised by the octopus for shelter.  

 

Animal ethics 

All research conducted throughout this study compiled with the guidelines 

of and was approved by the Animal Ethics Committee of the University of 

Tasmania under project No. A0008130. 



 

 

Plate 1.1  Octopus pallidus. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig 1.1  Distribution of Octopus pallidus.   
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Fig 1.2 An Octopus pallidus stylet. 

 

Fig 1.3  Plastic pots used in the Octopus pallidus Fishery. 
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Fig 1.4  Octopus pallidus and commercial fishery pot. 
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Fig 1.5  Diagrammatic drawing of a demersal octopus pot longline.  

Sourced from the DPIW 
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CHAPTER 2 

Cephalopod hatchling growth: the effects 

of initial size and seasonal temperatures. 

Research for this chapter has been published as: 

Leporati, S.C., Pecl, G.T. and Semmens, J.M. (2007) Cephalopod hatchling growth: the effects of 
initial size and seasonal temperatures. Marine Biology, 151, 1375–1383. 

 

Abstract 

Temperature is known to have a strong influence on cephalopod growth during 

the early exponential growth phase. Most captive growth studies have used 

constant temperature regimes and assumed that populations are composed of 

identically sized individuals at hatching, overlooking the effects of seasonal 

temperature variation and individual hatchling size heterogeneity. This study 

investigated the relative roles of initial hatchling size and simulated natural 

seasonal temperature regimes on the growth of 64 captive Octopus pallidus over 

a four-month period. Initial weights were recorded, and daily food 

consumption and fortnightly growth monitored. Two temperature treatments 

were applied replicating local seasonal water temperatures; spring/summer (14 

– 18º C) and summer/autumn (18 – 14º C). Overall octopuses in the 

spring/summer treatment grew at a rate of 1.42% body weight per day (% bwd-

1) compared to 1.72% bwd-1 in the summer/autumn treatment. Initial size 

influenced growth rate in thesummer/autumn treatment with smaller 

octopuses (<0.25 g) growing faster at 1.82% bwd-1 compared to larger octopuses 

at 1.68% bwd-1.This was opposite to individuals in the spring/summer 

treatment where smaller octopuses grew slower at 1.29% bwd-1 compared to 

larger octopuses at 1.60% bwd-1. Initial size influenced subsequent growth, 

however, this was dependent on feeding rate and appears to be secondary to 

the effects of temperature. 
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Introduction 

Cephalopod growth is highly variable and influenced by biotic and abiotic 

factors such as; temperature, diet, age, gender and level of maturity 

(Forsythe 1984, Forsythe and Van Heukelem 1987, Forsythe and Hanlon 

1988a, Forsythe 1993). Individual growth variation can influence many facets 

of a cephalopod population including size and age structure, reproductive 

dynamics, and survival rate of hatchlings, all of which in turn can affect local 

abundance levels and therefore fisheries. It is necessary to determine which 

factors have the greatest impact on growth, in order to understand the 

complex dynamics of cephalopod populations. 

 

Temperature has a very strong influence on cephalopod growth, as 

demonstrated in laboratory experiments with controlled temperatures 

(Aguado Gimenez and Garcia Garcia 2002, Forsythe and Hanlon 1988a, 

Wood and O'Dor 2000). For example, Loligo pealeii, individuals kept at 20º C 

had mean growth rates 60% higher than those reared at 15º C (Hatfield, et al. 

2001). Captive studies have also generally shown a two-phase pattern 

comprising of a short exponential stage of high growth, followed by a 

slower, usually power growth stage, where more energy is invested in 

reproductive development (Mangold 1983). Temperature has the greatest 

potential to influence subsequent growth during the faster exponential stage 

(Forsythe and Van Heukelem 1987, Hatfield, et al. 2001). 
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Many species spawn during periods of rising temperatures eg: 

spring/summer, where hatchlings encounter dynamic temperatures 

(Ambrose 1988). Most captive growth studies have used one or several fixed 

temperature regimes (DeRusha, et al. 1987, Forsythe and Hanlon 1988a, 

Hatfield, et al. 2001, Iglesias, et al. 2004, Miliou, et al. 2005, Segawa and 

Nomoto 2002), which do not reflect natural temperature undulations. The 

effect of simulated seasonal temperatures on the rapid juvenile growth phase 

of cephalopods needs attention and is examined for the first time in this 

study. 

 

The Forsythe effect (Forsythe 1993); where cephalopods hatched during 

periods of higher temperatures will grow faster than those hatched only 

weeks previously at cooler temperatures, has been shown to be an effective 

explanation for a high proportion of the variability observed in cephalopod 

growth (Hatfield 2000, Hatfield et al. 2001). However, the Forsythe Effect 

does not explain all the variability, as hatchlings reared under identical 

conditions can vary in final size by an order of magnitude e.g. Octopus 

ocellatus 5.3 –16.3 g at 20° C and 7.5 –31.5 g at 25° C, (Segawa and Nomoto 

2002.  

 

Cephalopod growth studies that calculate individual growth as an average 

over the lifespan, assume that populations are composed of identically sized 
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hatchlings and therefore that growth of all individuals begins from a 

common starting point (Challier, et al. 2005, Tracey, et al. 2003). However, 

species such as Sepioteuthis australis, Sepioteuthis lessonisana, and Octopus 

digueti for example can have considerable variation in size at hatching, 4.3 – 

7.3 mm (Steer, et al. 2003); 4.7 – 6.2 mm (Ikeda, et al. 1999), 4.1 – 6.0 mm 

(DeRusha, et al. 1987) Mantle Length (ML), respectively. Pecl, et al. (2004) 

demonstrated theoretically that differences in hatchling size could result in 

larger hatchlings being double the size of smaller hatchlings after 90 d 

growing at the same rate, assuming that individuals experiencing similar 

environmental conditions grow at similar rates, irrespective of initial 

hatchling size. Pecl, et al.(2004) expanded on this, and hypothesised that there 

may be a definable relationship between hatchling size and growth rate, 

where for example, smaller hatchlings grow faster than larger hatchlings (or 

vice versa). Laboratory experiments monitoring the growth of ‘known sized’ 

cephalopod hatchlings under identical light and temperature regimes are 

needed to elucidate the influence of initial size on growth and final size. 

 

The aim of this study was to assess how individual size-at-hatching and food 

consumption influences the growth of Octopus pallidus hatchlings reared 

under simulated seasonal temperature regimes. This study addresses two 

questions 1) Do individuals experiencing similar conditions grow at similar 

rates irrespective of hatchling size, or is there a definable relationship 
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between growth rate and initial size? 2) How do simulated seasonal 

temperature regimes and feeding rates impact upon juvenile growth rates? 

 

Methods 

Specimen collection 

Three O. pallidus females with egg clutches of approximately 200 eggs each 

were collected from waters in north-western Tasmania, Australia on 15 

February 2005. The octopuses were caught using a commercial 500 pot 

bottom set longline 3.7 km in length (40º 49.268S; 145º 39.774E west and 40º 

50.240S; 145º 42.091E east), at a depth of 45 m, which had been deployed 

approximately 6 weeks prior. Onboard the octopuses were retained in their 

pots and provided with a constant flow of water in an 80 L holding tank. 

After landing they were transferred to a 1000 L concrete flow-through tank 

for 48 hrs and transported in aerated 20 L buckets to the Tasmanian 

Aquaculture and Fisheries Institute (TAFI) in Hobart. At TAFI the octopuses 

were individually housed in 250 L cylindrical plastic flow-through tanks 

supplied with filtered natural seawater. Temperature was maintained at 

ambient levels (11 – 22º C) and fluorescent lighting replicated natural 

daylight hours (0600 – 1800 hrs light 1801 – 0559 hrs dark). The octopuses 

and their eggs were monitored daily for any signs of stress or hatching. 
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The first two eggs hatched on 17 May 2005, 91 d after collection from the 

wild. Hatch rate increased during the following two weeks, peaking during 1 

– 5 June 2005. The highest rate of hatches in one day was 48 on 5 June 2005. 

All octopuses used in the experiment hatched during this five-day period 

and from a single mother. 

 

Experimental design 

The experiment ran from the 1 June to 23 September 2005 (114 d). A total of 

64 octopuses were used and divided randomly into two treatments of 32 

individuals. The octopuses were held individually in 2 L plastic enclosures 

floating in 250 L cylindrical tanks, with 4 – 8 enclosures per tank. Each 

enclosure contained a scallop (Pecten fumatus) half shell to act as a den. The 

tanks were in banks of five, with separate pumps, header tanks and 

heater/chiller units per bank. The banks formed two temperature-based 

treatments. 

 

The two treatments replicated the local seasonal water temperatures of 

north-western Tasmania. The treatments were spring/summer (14 – 18º C) 

and summer/autumn (18 – 14º C). The octopuses hatched in ambient water 

(12º C), were transferred to acclimatisation tanks, and then held for 24 hours 

prior to transferral to the treatment tanks. The rate of acclimatisation for the 

spring/summer treatment was 1º C every 12 hours, and 1º C every 4 hours 

for the summer/autumn treatment. No signs of stress (i.e. inking, swimming 
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erratically and rapid colour change) were observed during the 

acclimatisation period. 

 

Temperatures were controlled by heater/chiller units based at the inflow of 

each bank of tanks. Temperatures were altered 1º C on five occasions at 30, 

17, 17, 17, 30-day intervals (Table 2.1). The 30-day periods at the start and the 

end of the experiment were applied to replicate the stable periods of mid 

seasons. The temperature change intervals were based on measurements 

recorded during the spring/summer of 2004/2005 and the summer/autumn 

of 2005 (see www.marine.csiro.au/remotesensing/oceancurrents). 

Temperatures were monitored daily with standard thermometers. Four data 

loggers, one at each end of each bank monitored continuous temperature 

records every 15 minutes. 

 

Temperature fluctuated during the experiment, due to faults with the 

heater/chiller units caused by blockages in water flow. The temperatures 

attained were slightly lower and varied more than was originally intended. 

However, the general temperature trend followed that of increasing and 

decreasing temperature regimes. Monthly mean surface temperature data 

from the National Tidal Facility (NTF) in Burnie in north–western Tasmania, 

in the region where the mother octopuses originated from, during 

spring/summer and summer/autumn over the last 10 years displayed 

similar temperature patterns to the treatments (Fig 2.1). 
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Table 2.1  Temperature profiles for the spring/summer and summer/autumn temperature 

treatments for the duration of the experiment. 

Start End Days Spring/summer (ºC) Summer/autumn (ºC) 

1/6/05 1/7/05 30 14 18 

2/7/05 19/7/05 17 15 17 

20/7/05 6/8/05 17 16 16 

7/8/05 24/8/05 17 17 15 

25/8/05 24/6/05 30 18 14 

 

Fig 2.1  Temperatures recorded every 15 mins for the spring/summer (black line) and the 

summer/autumn (grey line) temperature treatments; mean monthly ocean temperatures from 

the NTF in north western Tasmania spring/summer (black dots, black line) and 

summer/autumn (white squares, grey dashed line). 
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Feeding 

The octopuses were fed every afternoon on wild caught porcelain crabs 

(Petrolisthes elongatus). The crabs were divided into six size classes based on 

carapace width (Table 2.2). Crab weight ranges were derived from the live 

wet weights of 30 individuals from each size class. At completion of the 

experiment the mean weights for each crab size class were analysed to 

acquire a general indication of the amount of food consumed at each feeding 

event. 

 

Table 2.2  Size class, carapace width and the mean weight an weight range of crabs 

(Petrolisthes elongatus). 

Size class 
Carapace 

width (mm) 

Mean weight 

(g) 
Weight range (g) 

S0 < 2 0.033 0.011 – 0.070 

S1 2–4 0.079 0.044 – 0.135 

S2 4–6 0.201 0.101 – 0.366 

S3 6–8 0.419 0.225 – 0.702 

S4 8–10 1.040 0.510 – 1.712 

S5 10–12 2.219 1.326 – 3.810 

 

Each octopus had a constant supply of two crabs. The size class of the crabs 

(Table 2.2) given to each individual was determined by i) the size of the 

octopus, ii) the sizes of the crabs previously eaten by the octopus and iii) 

behavioural observations of the octopus when given a crab that the 

researchers believed was in the upper size limits it could prey upon without 

injury. The number and size class of live and/or consumed crabs was 
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recorded each afternoon in order to provide a profile of the octopuses 

feeding rates.  

 

Data collection and analysis 

The octopuses were weighed individually every two weeks to 0.001 g wet 

weight before feeding, allowing for progressive monitoring of the growth of 

each individual. A fortnightly timeframe was applied to minimize handling 

stress and the potential impacts such stresses could have on growth. Using a 

set routine and a single balance, one researcher performed all the weighing 

for consistency. Keeping handling to a minimum, each octopus was 

transported in individual jars and was out of water for a maximum of 10 

seconds.  

 

To calculate growth the following instantaneous growth rate equation was 

applied: 

In Wt2 – In Wt1 

G = 

∆t 

Where Wt1 and Wt2 are the individual weights at times t1 and t2, and ∆t is the 

time interval in days between two weighing periods. This equation was 

applied to enable comparisons with other studies that have taken similar 

approaches (DeRusha, et al. 1987, Forsythe, et al. 2001). T-tests were 

performed to determine if there were any difference between treatments in 
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initial size and final size, all data was transformed (Log10) prior to analysis 

to ensure a normal distribution.  

 

Analyses of co-variance (ANCOVA) were performed to determine if there 

were any significant differences between the treatments. Using initial size as 

a covariate, the relationship between treatments for initial size vs. final size, 

initial size vs. instantaneous growth and initial size vs. total feed eaten were 

analysed. A t-test was performed on the weight of crabs consumed to 

determine if there was any difference between treatments. 

 

Results 

Survival rate was 78.12%, with 14 (7 per treatment) octopuses dying during 

the experiment. The deceased octopuses ages ranged between 26 – 96 d 

(mean = 58 d ± 7.812 SE) mean weight at hatching was 0.276 g (± 0.013 SE) 

and 0.416 g (± 0.033 SE) at death. Many of the octopus lost weight prior to 

death, the mean reduction in weight between the last weighing and death 

was 0.085 g (± 0.036 SE) a 20% reduction in size.  

 

Although randomly allocated, the octopuses in the spring/summer 

treatment were 6.6% smaller on average than those in the summer/autumn 

treatment at the beginning of the experiment (Table 2.3), however, this was 

not statistically significant (t = -1.364, df 25, P = 0.185). By the end of the 
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experiment the octopuses in the spring/summer treatment were significantly 

smaller (31%) on average than those in the summer/autumn treatment (t = -

3.711, df 20, P = 0.001), (Table 2.3). 

 

The treatments showed a significant difference in the relationship between 

initial size and final size (F = 11.878, df, 1, 45, P = 0.001). The spring/summer 

treatment displayed a positive relationship (r2 = 0.5104) between initial and 

final size (Fig 2.2 a), indicating that initially smaller octopuses (<0.25 g) had a 

smaller final size range 0.494 – 1.61 g (mean = 1.023 g, n = 13) compared to 

initially larger octopuses (>0.25 g), range 0.94 – 2.274 (mean = 1.75 g, n = 10). 

The summer/autumn treatment, however, displayed no relationship 

between initial size and final size (r2 = 0.002) (Fig 2.2 a). 

 

Table 2.3  Initial and final size comparisons for Octopus pallidus in the spring/summer and 

summer/autumn temperature treatments.  

 Spring/summer Summer/autumn  

Initial size   

Range (g) 0.193 – 0.358 0.189 – 0.410 

Mean (g) 0.256 0.274 

Std error 0.007 0.01 

Final size   

Range (g) 0.494 – 2.274 0.935 – 3.177 

Mean (g) 1.339 1.938 

Std error 0.111 0.119 
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Fig 2.2a  Initial size vs. final size for O. pallidus in the spring/summer and summer/autumn 

temperature treatments. 

 

The treatments displayed a significant difference in the relationship between 

initial size and instantaneous growth (% body weight per day) calculated 

over the entire experimental period (F = 10.599, df, 1, 45, P = 0.002). A 
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evident in the spring/summer treatment, with initially smaller octopuses 

(<0.25 g) growing slower at 1.293% bwd-1 (± 0.089 SE) compared with 
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summer/autumn treatment (r2= 0.1787), with initially smaller octopuses 

(<0.25 g) growing faster at 1.824% bwd-1 (± 0.108 SE) compared with initially 

larger octopuses at 1.684% bwd-1 (± 0.079 SE) (Fig 2.2 b). 

 

Fig 2.2b  Initial size vs instantaneous growth rate for O. pallidus in the spring/summer and 

summer/autumn temperature treatments. 
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Fig 2.3a  Mean instantaneous growth rate of O. pallidus at 14-day intervals over 114 days for 

the spring/summer and summer/autumn temperature treatments. 

Fig 2.3b  Mean grams eaten over 14-day intervals for O. pallidus in the spring/summer and 

summer/autumn temperature treatments. 
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Both treatments demonstrated exponential growth, with no evidence of two-

phase growth. Overall, octopuses in the spring/summer treatment grew at 

rate of 1.429% b w d-1 and those in the summer/autumn treatment grew at 

1.727% b w d-1 (Fig 2.4). The mean size difference between treatments 

increased consistently throughout the experiment. Within treatment growth 

variation increased with time and was higher in the spring/summer 

treatment than the summer/autumn treatment for the majority of the 

experiment. 

 

Total feed eaten was significantly different between the treatments (t = -

7.033, df 25, P = 0.000). The combined mean weight of crabs eaten per day 

was 3.58 g (± 0.143 SE), and 5.7 g (± 0.25 SE) for the spring/summer and 

summer/autumn treatments, respectively. There was little fluctuation in the 

grams eaten per day by the spring/summer octopuses throughout the 

experiment, with no evidence of temperature effects. Conversely, the 

summer/autumn octopuses consistently ate more than the spring/summer 

octopuses, and a dramatic increase in mean consumption by the 

summer/autumn octopuses occurred at approximately day 75 and was 

maintained for the rest of the experiment, corresponding with the period of 

lowest temperatures for this treatment (Fig 2.3b). 

 

Total feed eaten was positively correlated with instantaneous growth rate 

calculated over the duration of the experiment for both spring/summer (r2= 
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0.3038) and summer/autumn (r2= 0.5076) octopuses (Fig 2.5). However, the 

relationship between total feed eaten and initial size was significantly 

different (F = 8.510, df 1, 52, P = 0.005) between the treatments. In the 

spring/summer treatment there was a positive relationship (r2 = 0.2502) 

where initially small octopuses ate less food overall than initially larger 

octopuses. This pattern was reversed in the summer/autumn treatment 

where a weaker relationship was observed (r2 = 0.1008) with initially smaller 

octopuses eating more food than their larger counterparts (Fig 2.6). 



 

 

Fig 2.4  Raw data distribution of weight at 14-day intervals over 114 days for O. pallidus with fitted exponential growth curves for the for the spring/summer and 

summer/autumn temperature treatments. 
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Fig 2.5  Total growth vs. total feed eaten for O. pallidus in the spring/summer and 

summer/autumn temperature treatments. 

Fig 2.6  Total feed eaten vs initial size for O. pallidus in the spring/summer and 

summer/autumn temperature treatments. 
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Discussion 

Octopuses in the spring/summer treatment were significantly smaller at the 

end of the 114 d experiment than those in the summer/autumn treatment, 

indicating that simulated seasonal temperatures had a strong influence on 

growth. At the start of the experiment, summer/autumn octopuses had a 

spike in growth rate, which corresponded with the period of highest 

temperatures for the treatment. The effects of this initial growth spike 

separated the two treatments and resonated for the duration of the 

experiment, even though both treatments had an equal number of degree-

days. When temperature was highest for the spring/summer octopuses, a 

much smaller growth spike occurred, although this increase was not 

sufficient to bridge the size gap between the treatments. These temperature 

effects on growth support the principals of the Forsythe Effect (Forsythe 

1993); that cephalopods hatched during periods of higher temperatures will 

grow faster than those hatched at cooler temperatures. In a seasonal context, 

this suggests that O. pallidus hatched in late summer will grow faster than 

those hatched in late spring. 

 

Most cephalopod species grow quickly and are short lived (Mangold 1983), 

at 114 d and an average size of 1.63 g the experimental octopuses would have 

to grow and develop extremely quickly to approach the maximum size of the 

species (1.2 kg) and develop approximately 200 eggs each weighing 0.2 g. A 
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possible explanation for this apparently slow development is that culture 

conditions stunted growth (Jackson 1994a, Pecl and Moltschaniwskyj 1999) 

or this species lives for a lot longer and has significantly different growth 

patterns than anticipated. 

 

The largest octopuses were 4.6 and 3.4 times the size of the smallest in the 

spring/summer and summer/autumn treatments, respectively. Conducted 

in a controlled environment, all individuals were kept in separate containers, 

were from the one mother and hatched at the same temperature. The most 

plausible explanations for within treatment growth variation are the effects 

of initial size at hatching, feeding (García García and Aguado Giménez 2002, 

Segawa and Nomoto 2002), and paternity, or a combination of the three. 

Genetic differences derived from mixed paternity as observed in Loligo pealeii 

(Buresch, et al. 2001) and Loligo forbesi (Emery, et al. 2001) is unlikely for the 

64 octopuses used in the experiment, as they were picked randomly from 

150+ individuals from the one mother. 

 

In the spring/summer treatment initially smaller individuals grew 24% 

slower and remained small, in comparison to initially larger individuals that 

grew faster and were subsequently larger at the end of the experiment. In the 

summer/autumn treatment the relationship between growth rate and initial 

size, showed an opposing trend, where initially small octopuses grew 8% 
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faster than their larger counterparts. The initial growth spike in the 

summer/autumn treatment, corresponding to the period of high 

temperatures, lifted the growth rates of the smaller octopuses, and effectively 

separated the treatments. It is unknown why temperature did not have a 

similar effect on the growth of the initially larger hatchlings in the same 

treatment and requires further investigation. The different relationships 

between hatchling size and growth rate, depending on the prevailing 

temperature regime, indicates that variations in initial size could be 

responsible for a large proportion of variation in size-at-age in wild 

cephalopod populations, as suggested by (Pecl, et al. 2004). 

 

The sizes of the crabs given to an octopus were proportional to the size of the 

octopus; therefore larger individuals generally had more available food. The 

summer/autumn treatment octopuses were larger and consistently ate more 

food on average than those in the spring/summer treatment. Higher food 

consumption combined with temperature effects resulted in higher growth 

in the summer/autumn treatment. Similar seasonal effects are evident in the 

on-growing of Octopus vulgaris in floating cages, where it was found that 

both survival and growth were greatest during summer – early autumn 

(Rodriguez, et al. 2006). In the spring/summer treatment initially smaller 

octopuses ate less in total for the duration of the experiment than initially 

larger octopuses. The opposite was observed in the summer/autumn 

treatment where initially smaller octopuses ate more in total for the duration 
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of the experiment than initially larger octopuses. This feeding pattern mirrors 

the pattern observed when comparing initial size and instantaneous growth, 

indicating that temperature, feeding and initial size all influenced the growth 

of individuals in both treatments. 

 

Two factors not investigated in the present study that potentially influenced 

growth, were maternal effects and the impact of temperature during 

embryonic development. Maternal nutrition can influence the condition and 

size of eggs, if the mother is under nutritional stress smaller and fewer eggs 

will be laid, and higher mortality rates can occur (Steer, et al. 2004). 

Temperature has an inverse relationship with the duration of embryonic 

development in many cephalopod species (Caveriviere, et al. 1999, DeRusha, 

et al. 1987, Ito 1983) and may influence yolk production. Variation in yolk 

reserves between different sized hatchlings may have affected the potential 

for growth during the days prior to and immediately after hatching 

(Boletzky 1994).  

 

Egg condition and composition may be optimized for growth in relation to 

surrounding water temperatures and seasonality (Boletzky 1994). If this is a 

factor then the eggs used may have been ‘pre-conditioned’ for the late 

autumn – early winter temperatures they would have experienced if left in 

the wild, of which the cooler initial temperature in the spring/summer 
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treatment were the most similar. The high initial temperatures in the 

summer/autumn treatment could have displaced the natural growth 

patterns. The scope of the present study did not allow for investigation into 

these factors. Additionally, the amount of time the eggs spent in the wild, 

and temperatures they experienced before removal was unknown. Further 

research into maternal effects on embryonic development and the 

subsequent relationship between temperature and hatchling growth is 

required to fully understand these relationships. 

 

This research has demonstrated that the effects of seasonal temperature 

change on growth are significant. This emphasises the importance of 

considering seasonality when calculating the growth trajectory of individuals 

within cephalopod populations, particularly in a fishery context. If warm 

temperatures coincided with the hatching of a cohort in the wild, a ‘pulse’ of 

high growth similar to the one observed in the early stages of the 

summer/autumn treatment could easily occur. The probability of such an 

event is high, for many cephalopod species have shortened embryonic 

phases at higher temperatures (DeRusha, et al. 1987).  

 

This study has shown that at lower temperatures octopuses that are small at 

hatching will end up small and will grow slowly. This pattern is opposite at 

higher temperatures, where smaller octopuses can grow faster and can have 
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a final size similar to or even larger than octopuses hatched at a larger size. 

There is obviously a complex but important relationship between hatchling 

size and subsequent growth rate, however, the impacts of initial hatchling 

size appear secondary to the effects of temperature.  
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Plate 3.1  Juvenile Octopus pallidus Photos: J André 
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CHAPTER 3 

Determining the age and growth of wild 

octopus using stylet increment analysis. 

 

Research for this chapter has been published as: 

Leporati, S.C., Semmens, J.M., and Pecl, G.T. (2008) Determining the age and growth of wild 
octopus using stylet increment analysis. Marine Ecology Progress Series, 367: 213–222. 

 

Abstract 

Stylet increment analysis (SIA) is a method of octopus age estimation that 

quantifies growth rings within stylets (reduced internal shells found in the 

mantle). This method was applied to wild Octopus pallidus to determine 

gender and seasonal influences on age and growth. A total of 503 individuals 

(94 males and 409 females) were aged. Through the back-calculation of hatch 

dates from date of capture, it was revealed that O. pallidus can reach a 

maximum age of approximately 1.6 years and that spawning occurs 

throughout the year. Males on average were significantly larger (males mean 

= 550 g; females mean = 482 g) and older (males mean = 259 d; females mean 

= 243 d), and overall growth rates were positively correlated with 

temperature at hatching. However, these differences were secondary to 

individual growth heterogeneity. Growth of males ranged from 1.32 – 5.33% 

body weight per day (% bwd-1) and females from 1.55 – 6.9% bwd-1, with no 

relationship between age and size evident regardless of sex. SIA is a 

promising technique that could play a role similar role to statoliths in squid 

as an ageing tool. 
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Introduction 

Although global octopus catch rates are increasing (F.A.O. 2005), the extent 

that octopus stocks can withstand this pressure is largely unknown. Of 

paramount importance is the need for an accurate, reliable, cost effective and 

easy to use method of octopus age estimation (Semmens, et al. 2004). Without 

accurate age estimation, studies on octopus growth, recruitment, 

productivity and population structure rely on assumptions derived from 

morphological assessments and catch data (Campana 2001, Jackson, et al. 

1997). A commonly applied method that uses mantle length as the defining 

measure of octopus growth is Modal Progression Analysis (MPA). MPA 

relies on the assumption that age is closely related to size (Challier, et al. 

2002), however, cephalopod growth in general, is extremely variable 

(Forsythe and Van Heukelem 1987, Semmens, et al. 2004) rendering this 

assumption incongruous (Jackson, et al. 2000, Mangold and Boletzky 1973). 

Lack of a strong age/size relationship combined with the generally short life 

span (<2 years) of most octopus species (Boyle and Rodhouse 2005), prevents 

the practical application of cohort analysis without intensive sampling 

(Cortez, et al. 1999a). This reliance on techniques that can produce inaccurate 

growth rates and longevities by not accounting for growth plasticity, creates 

uncertainty in management decisions potentially jeopardising the 

sustainability of stocks (Boyle and Boletzky 1996, Jackson 1994b).  
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To date, three main approaches to octopus age estimation have been applied 

to a range of species with variable levels of success. (1) Beak microstructure 

increment analysis, investigating the formation of growth rings in the beak 

(Hernández-López and Castro-Hernández 2001, Oosthuizen 2003, Raya and 

Hernández-García 1998); (2) Laboratory growth studies that investigate 

temperature effects, diets and metabolic rates (Forsythe 1984, Forsythe and 

Hanlon 1988a, Iglesias, et al. 2004, Miliou, et al. 2005, Segawa and Nomoto 

2002) and (3) histological quantification of lipofuscin in nervous tissue, which 

is proportional to physiological age and is used as a proxy for chronological 

age (Sobrino and Real 2003). All three of these methods have intrinsic 

limitations: beak microstructure increment analysis is effected by processes 

such as feeding that wears down the beak, resulting in inaccurate estimates 

(Hernández-López and Castro-Hernández 2001); laboratory derived findings 

are not guaranteed to be transferable to wild populations (Joll 1977, Pecl and 

Moltschaniwskyj 1999); and histological quantification of lipofuscin is yet to 

be validated in known-aged animals (Semmens, et al. 2004). What is required 

is an accurate and validated method of age determination that uses similar 

internal structures to those found in teleosts (otoliths and vertebrae), which 

does not rely on external features such as beaks and morphometric 

measurements, avoids the uncertainty of laboratory studies, and is not as 

limited in scope as tagging studies. 
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Two types of hard internal structures are present in octopuses: (1) statoliths 

(analogous to otoliths), small paired calcareous structures associated with 

sensory epithelia, found in the cranium (Lombarte, et al. 2006) and (2) stylets, 

paired elongate structures, also referred to as a vestigial shells, found in the 

mantle musculature near the base of the gills (Bizikov 2004, Doubleday, et al. 

2006). Successful age estimates have been achieved for many squid (Jackson 

1994b) and some cuttlefish (Bettencourt and Guerra 2001, Challier, et al. 2002) 

species by counting validated concentric daily increments (growth rings) 

found in statoliths (Boyle and Rodhouse 2005). However, this technique has 

failed to provide results for octopus due to a lack of growth rings and the 

morphology of octopus statoliths not possessing the same landmarks as 

those of squid and cuttlefish (Lombarte, et al. 2006). Stylets, however, do 

have concentric rings (Bizikov 2004) and have been validated for age 

estimation by Doubleday, et al. (2006) using known-aged Octopus pallidus 

reared in captivity. This method of stylet increment analysis (SIA) showed 

that increments in O. pallidus are deposited daily and provide results similar 

in reliability and accuracy to statoliths in squid and otoliths and vertebrae in 

teleosts.  

 

The present study applied the same ageing techniques as Doubleday, et al. 

(2006), on a wild population of the same species (O. pallidus). The broad aim 

of this study was to determine the age and growth of O. pallidus, with the 

specific objectives of: (1) providing maximum age estimates, (2) investigating 



Chapter 3: Age and growth of wild octopus 

 69 

sex-specific growth and (3) quantifying age and growth on a seasonal basis. 

This is the first study to estimate the age and growth of wild octopus using 

validated SIA. 

 

Methods 

Specimen collection 

Samples were collected every second month during April 2005 – November 

2006 (10 independent trips) from Bass Strait waters off north-western 

Tasmania, Australia. A dedicated unbaited bottom set long line approx 1000 

m in length (40° 43.324 north; 145° 20.013 west and 40° 43.788 south 145° 

20.49 east) at a depth of 26 m first set on the 15 February 2005, was used to 

collect specimens. Modelled on commercial fishery long lines, this research 

line was hauled less frequently (approximately every 65 d compared to 

commercial lines hauled approximately every 20 d) and only for research 

sampling. The research line was set at the one location using a Global 

Positioning System (GPS) receiver. The research line consisted of research 

pots of variable sizes 124 ml (n = 15), 493 ml (n = 15), 927 ml (n = 15) made 

from PVC pipe; and 3000 ml (n = 100) commercial fishery pots made from 

moulded plastic. Different pot sizes were used so a variety of octopus size 

ranges could be obtained, on the premise that pot volume correlates with 

octopus size (Iribarne 1990, Katsanevakis and Verriopoulos 2004). However, 

the different pot sizes failed to provide a range of octopus sizes, with all pot 
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types catching similar sized octopuses with no difference in fishing success. 

As such, when research pots were lost or damaged, they were replaced with 

commercial pots. A general ratio of approximately five commercial pots for 

every research pot was maintained throughout the sampling period. 

 

After landing, morphological measurements were taken and dissections 

performed on fresh specimens. The octopuses were weighed to 0.1 g, and 

measured to the nearest mm. Parameters measured were: total weight, dorsal 

mantle length, ventral mantle length and head width. Gender was 

determined, with a total of 113 males and 536 females caught, of which 109 

(96%) of the males and 485 (90%) of the females were processed for ageing 

analysis. 

 

Stylet preparation.  

The ageing techniques used in this study are based on the work of 

Doubleday, et al. (2006) who validated, using known-age Octopus pallidus 

reared in captivity, that each concentric ring from the nucleus to the outer 

edge of the stylet is equal to one day. Stylets are located within the mantle 

musculature at the base of the gills where the posterodorsal mantle abductor 

muscles are attached to the mantle (Fig 3.1) (Bizikov 2004). To extract the 

stylets, incisions at the anchorage points of the abductor muscles were made 

and then fine forceps were used to remove the stylets. The paired stylets 
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were then preserved in 70% ethanol. For each individual the stylet in the best 

condition (i.e. complete structure with minimal damage) was chosen for 

increment analysis, if both stylets were of similar condition one was chosen 

randomly. The stylets were weighed to 0.001 g and the rostral and posterior 

lengths and width of the stylet at the elbow (Doubleday, et al. 2006) 

measured to the nearest 0.001 mm. A sub-sample of 20 individuals from one 

sampling trip had one stylet preserved in 70% ethanol and another preserved 

in 4% formalin for comparisons between preservation techniques.  

 

A transverse section was cut from the region immediately after the elbow on 

the posterior side of the stylet. The section was positioned on a glass 

microscope slide and surrounded by thermo-plastic cement (Crystal BondTM 

509), the slide was then placed on a hotplate (at approximately 130º C) until 

the crystal bond was viscous enough to be moulded with a steel probe yet 

not hot enough to run. After the crystal bond set (approx 1 min) the slide was 

ground on damp 1200 µm sand paper and progressively polished on 12µm, 

9µm and 5µm damp lapping film to a thickness of approximately 0.5 mm. A 

final polish on a pellon PSU PA-K polishing disk impregnated with an 

alumina powder (0.05 µm) and water slurry was performed to remove 

surface scratches. The section was then viewed under a compound 

microscope (Nikon Eclipse E400), connected to a video camera (Leica 

DC300F) and computer using Leica IM50 (version 1.20) software. At 400x 

magnification, approximately 5 – 10 images were taken per section 
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depending on clarity of the image and width of the section. Images were 

taken sequentially from the nucleus to the outer edge following the clearest 

line of concentric rings. The process of polishing, viewing the stylet and 

capturing the images needed to be completed within five minutes, as beyond 

this the section can dry out and become unreadable (as per Doubleday, et al. 

2006). Once saved on to a computer the images were stitched together using 

Adobe Photoshop to create a composite plane of the section. The concentric 

rings were then counted using a hand counter from the nucleus to the outer 

edge (Fig 3.2). Two non-consecutive counts were made for each section and a 

third performed if the number of rings in the first and second counts were > 

10% of the mean. If the closest two counts were >10% of the mean the stylet 

was excluded from future analysis. If the rings were obscured in a small area, 

the lateral distance was measured and then transposed to an equivalent 

readable area and extrapolated. Stylets were excluded from the analysis if the 

number of rings extrapolated was >20% of the total count. This value was 

chosen because it ensured that the level of extrapolation and number of 

stylets excluded were kept at a minimum. 

 

Data analysis  

Instantaneous growth rate was calculated using the following equation: 

In Wt2 – In Wt1 

G = 

∆t 
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Where Wt1 and Wt2 are the individual weights at times t1 (hatch) and t2 

(capture), and ∆t is the time interval in days between two periods (age) 

(Forsythe and Van Heukelem 1987). An estimated size at hatching of 0.25 g 

was used. This hatching size was the mid point used for the classification of 

small and large O. pallidus hatchling in chapter 2.  



 

 

Fig 3.1  Location of the stylet in an adult male octopus after removal of the mantle wall and gill from the left side (adapted from Bizikov 2004). 
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Fig 3.2  Composite image of a stylet at 400x magnification (reduced to 46%), taken from a 

male O. pallidus, total weight 472 g, estimated age of 206 days. 

50µ 

Nucleus 
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A chi-squared test (χ2) was used to examine difference in sex ratios between 

haul seasons. T-tests were performed to determine if there were any 

differences in age estimates and total weight between males and females, and 

age estimations between the ethanol and formalin treated stylets. Weight-at-

age was calculated by adjusting mean weight for each haul season in 

accordance with overall mean age, for both males and females. Analyses of 

covariance (ANCOVA) were performed to determine any significant 

differences in weight-at-age between sexes, and haul-seasons for both sexes. 

Analyses of variance (ANOVA) were performed to determine if there were 

any significant differences in growth (% bw day-1) between sexes, and hatch-

seasons for both sexes. A post hoc test (Tukey B) was performed to determine 

the extent of differences in growth between female hatch-seasons. All data 

was transformed (Log10) prior to analysis to ensure a normal distribution. 

 

Hatch-dates were estimated by back-calculating age data from the haul date 

of each individual. Individuals were then grouped into hatch-seasons and 

aligned with satellite-derived estimates of sea surface temperature data 

obtained from the Commonwealth Scientific Industrial Research 

Organisation (CSIRO). This was performed to determine the effects of 

seasonal temperatures at hatching on the overall growth of each individual. 

Seasons were defined as austral summer (December–February), autumn 

(March–May), winter (June–August) and spring (September–November). 

 



Chapter 3: Age and growth of wild octopus 

 77 

Results 

The formalin and ethanol treated stylets did not show any significant 

differences in age estimation (t = -0.283, df 14, P = 0.782), indicating that 

either method of treatment was applicable. However, the outer sheath of the 

formalin treated stylets tended to swell, making them weaker and more 

susceptible to damage and hence ethanol treated stylets were used 

throughout the study.  

 

Sex ratios were significantly different between haul-seasons (χ2 = 363.849, df 

12, P = 0.000) and generally dominated by females, ranging from 76 – 89% 

(mean = 82.6%, ± 2.35 SE) compared to males 14 – 24% (mean = 17.3% ± 1.54 

SE) (Table 3.1). A total of 94 males and 409 females were successfully aged; 

the males ranged in age from 142 – 589 d (mean = 259 d, ± 7.623 SE) and in 

total weight from 245 – 1004 g (mean = 550 g, ± 11.73 SE), whereas the 

females ranged in age from 110 – 475 d (mean = 243 d, ± 3.182 SE) and in 

total weight from 276 – 981 g (mean = 485 g, ± 4.606 SE) (Fig 3.3). Males were 

significantly larger (t = 2.461 df 97, P = 0.016) and older (t = 3.348 df 97, P = 

0.001) than the females. Brooding females with eggs laid in the pots were 

observed on each trip. Analyses of covariance revealed there were no 

significant differences between males and females in weight-at-age (F = 

1.212, df 314, P = 0.067), and no significant differences in weight-at-age 

between haul-seasons for males (F = 0.322, df 6, P = 0.924) or females (F = 
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n
Size range 

(g)
Mean 

size (g)
(±SE) n

Size range 
(g)

Mean 
size (g)

(±SE)

1 Autumn 05 100 12 516-963 672 (15.9) 62 386-796 549 (16.2)

2 Winter 05 177 34 476-789 647 (14.3) 92 349-749 531 (16.3)

3 Winter 05 130 12 420-1003 536 (12.2) 51 318-674 501 (16.9)

4 Spring 05 176 18 401-793 494 (12.8) 81 335-981 526 (15.2)

5 Summer 05/06 160 10 345-595 456 (9.7) 88 275-686 479 (13.0)

6 Summer 05/06 160 8 338-635 477 (10.5) 61 295-646 469 (15.1)

7 Autumn 06 149 21 417-599 511 (10.8) 99 298-661 437 (10.8)

8 Winter 06 116 18 400-620 501 (10.2) 60 322-635 460 (11.2)

9 Spring 06 139 9 360-581 448 (13.2) 45 293-658 468 (13.1)

10 Spring 06 110 10 245-674 478 (11.3) 52 320-646 446 (11.2)

Females
No of 
pots

Males

Trip Haul-season

1.239, df 6, P = 0.285), however there was a general trend of progressively 

declining weight-at-age over haul seasons (Fig 3.4). 

 

Table 3.1  Summary of the catch and composition of O. pallidus from the research line. 

 

 

Neither males (r2 = 0.0338) nor females (r2 = 0.0009) displayed any correlation 

between age and total weight (Fig 3.5). This pattern was also evident when 

age was compared to other morphological measurements. Octopus ventral 

(male r2 = 0.0024, female r2 = 0.002), dorsal (male r2 = 0.004, female r2 = 

0.0031) mantle length and head width (male r2 = 0.002, female r2 = 0.030) 

failed to show any relationship with age for both sexes. Stylet length (male r2 

= 0.003, female r2 = 0.005), width (male r2 = 0.041, female r2 = 0.018) and 

weight (male r2 = 0.022, female r2 = 0.007) displayed no relationships with 

age for both males and females. Stylet length (male r2 = 0.066, female r2 = 

0.120), width (male r2 =0.026, female r2 = 0.068) and weight (male r2 = 0.086, 

female r2 = 0.189) were also unrelated to octopus weight for both sexes. 
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Fig 3.3  Mean age for all haul seasons for O. pallidus. 
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Fig 3.4  Mean weight-at-age for combined male and female O. pallidus during each haul 
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Instantaneous growth rates (% bwd-1) were not significantly different 

between males and females (F = 2.572, df 2, P = 0.077), males ranged from 

1.32 – 5.33 % bwd-1 (mean = 3.21% bwd-1 ± 0.09 SE), and females 1.55 – 6.9 % 

bwd-1 (mean = 3.31% bwd-1 ± 0.045 SE). The males showed no significant 

differences in growth between hatch-seasons (F = 2.055, df 7, P = 0.57) 

although females did (F = 3.261 df 7, P = 0.002). A post hoc test on female 

growth revealed that females from winter 04 and spring 05 hatch-seasons 

had lowest mean growth, and that females from autumn 06 had highest 

mean growth for any hatch season (Fig 6.3).  

 

Back-calculated hatch-dates indicated that spawning occurred throughout 

the year. Insufficient numbers of males (mean = 14 individuals per haul-

season) prevented the identification of hatch and haul season trends, 

however, some general trends were evident, and require further sampling for 

clarification. Males caught during autumn 2005 and 2006 haul season 

predominantly hatched during the spring (s) of the proceeding year (05 = 

50%; 06 = 45% (s)). Males caught during the winter 2005 and 2006 haul 

seasons predominantly hatched during the spring and/or summer (su) of the 

proceeding year (05 = 38% (s), 38% (su); 06 = 81% (s)). Males caught during 

the spring 2005 and 2006 haul seasons predominantly hatched during the 

summer of the proceeding year (05 = 55% (su), 06 = 73% (su)). For the single 

summer haul-season sample in 2005/06, the majority of individuals hatched 

during the winter (w) of the proceeding year (05/06 = 45% (w)). 



 

  Fig 3.5  Total weight vs. age for male (●) and female (○) O. pallidus. 
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Fig 3.6  Mean instantaneous growth rate by hatch season for O. pallidus, with significant 

differences in mean growth denoted by letters (a, b) derived from a Tukey B post hoc test. 

 

The higher numbers of females in each haul season (mean = 58 individuals ± 
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and/or early spring of the proceeding year (05 = 45% (w), 37% (s); 06 = 

55%(w), 26%(s)). The majority of the females caught during the winter 2005 

and 2006 haul seasons hatched during the late spring and/or summer of the 

proceeding year (05 = 67% (su), 21% (s); 06 = 51% (su), 34% (s)). Females 
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during the summer and/or autumn (a) of the proceeding year (05 = 45% (su), 

49% (a); 06 = 39% (su), 37% (a)). For the single summer haul-season in 

2005/06, octopus were mostly hatched during the autumn and/or winter of 

the proceeding year (05/06 = 40% (a), 43% (w)) (Fig 3.7). The haul seasons 

with the highest overall growth were summer 2005/06 for males and winter 

2005 and 2006 for females. 

 

When individuals were grouped according to hatch season mean growth 

generally correlated with temperature, with the exception of males hatched 

during summer 05/06, which had lower mean growth rates than expected 

(3.14% bw day-1) for the higher temperatures (17.3° C) (Fig 3.8a). Mean 

weight declined progressively from hatch season to hatch season for both 

males (winter 04 mean TW = 658 g, autumn 06 mean TW = 443 g) and 

females (winter 04 mean TW = 560 g, autumn 06 mean TW = 452 g), with the 

males consistently larger than the females until the autumn 06 hatch-season 

when males mean weights dropped below that of the females (Fig 3.8b). 



 

 

Fig 3.7  Percentage frequency of octopus for each hatch month and categorised by haul-season for female O. pallidus. 
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Fig 3.8a  Mean instantaneous growth and temperature for each hatch season for O. pallidus. 

Fig 3.8b  Mean total weight, grouped in to hatch seasons for O. pallidus. 
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DISCUSSION 

This study has determined that SIA is a feasible method of octopus age and 

growth estimation that does not rely on unfounded assumptions such as the 

age/size relationship recommended for MPA, instead allowing for and 

detecting individual growth heterogeneity. This method has provided a 

more detailed and accurate depiction of individual based octopus age and 

growth than has previously been achievable, by calculating growth for the 

life span of the individual, as opposed to dependence on the size classes 

obtained and time at liberty restraints evident in MPA and tag-recapture 

studies, respectively. Hence, SIA is a promising prospect for application to 

other species and their fisheries (i.e. Octopus vulgaris). 

 

Daily growth increments in Octopus pallidus have only been validated to 245 

d (Doubleday, et al. 2006). However, this issue was addressed by a single 

reader observing over 5000 stylet images from octopus aged 110 – 589 d and 

finding no anomalies in increment formation between octopus of different 

ages. As a result, the maximum age for O. pallidus has been estimated as 589 

d for males and 475 d for females, with only 8.2% of males and 6.3% of 

females older than 350 d, with mean ages of 259 d for males and 243 d for 

females it is suggested that a typical life span for O. pallidus is approximately 

12 months. Males were significantly larger and older on average than 

females. Similar observations have been made in other octopus species, 

where females decrease in weight due to egg laying and not feeding while 
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brooding (O'Dor and Wells 1978), and die shortly after the eggs hatch 

(Ambrose 1988). Weight-at-age did not show any specific relationships with 

gender or haul season, nor was there was there any relationship evident 

between age and size, in either total weight, mantle length or stylet 

morphology, for either sex. This lack of any age/size relationship indicates 

high levels of growth plasticity.  

 

Growth plasticity is well documented for cephalopods (Boyle and Boletzky 

1996, Mangold and Boletzky 1973, Moltschaniwskyj 2004), with variables 

such as temperature (Forsythe and Van Heukelem 1987) and diet (García 

García and Aguado Giménez 2002) having a strong influence on growth. In 

the present study the fastest growing individuals grew 5 times the rate of the 

slowest (1.32 – 6.9% bw day-1), highlighting that individual growth 

heterogeneity overshadowed any influence of gender specific growth, even 

though there were significant differences in mean weight and age between 

males and females. Species for which laboratory studies have demonstrated 

similar growth rates to the present study include: Octopus maya (mean = 3.3% 

bw day-1) (Domingues, et al. 2007), Octopus joubini (mean = 4.62% bw day-1) 

(Forsythe 1984), and Octopus bimaculoides (mean = 3.56% bw day-1 at 18ºC) 

(Forsythe and Hanlon 1988a). This suggests that the age estimates obtained 

from the stylet ageing are valid, as the growth rates obtained are reasonable 

and within the expected range. However, it must be considered when 

investigating octopus growth that the processes, which cause individual 
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growth heterogeneity in cephalopods, are still not fully understood and that 

these uncertainties may magnify any discrepancies caused by sampling and 

method analysis bias. 

 

Laboratory studies suggest that cephalopod growth is generally two-phased, 

comprising a short exponential phase of high growth followed by a slower, 

usually power growth stage (Forsythe 1993) where more energy is invested 

into reproductive development (Mangold 1983). In the present study 77% of 

the males and 73% of the females were older than 200 d and all were >245 g 

in total weight. At an estimated hatch size of 0.25 g and a typical life span of 

12 – 18 months it is reasonable to assume that if two-phased growth exists in 

nature then the majority of these octopuses were in the second growth phase 

at time of capture. The growth rates represented here would therefore be 

composites of the two phases. Attempts were made to capture a range of 

octopus sizes and developmental stages using variable pot volumes, 

however, this failed to occur due potentially to the selectivity of the fishing 

method and/or location of the research line or spatial partitioning of 

juveniles and adults. 

 

A potential extension to this study is to investigate if O. pallidus displays two-

phased growth in the wild. This could be achieved by capturing juveniles 

from a range of ages up to 150 d using a method such as scallop dredging, 

which is known to collect juvenile O. pallidus (Semmens, et al. 2000). By 
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combining the acquired data with the present study a composite picture of O. 

pallidus growth throughout the entire life span in relation to seasonal 

variability can be achieved.  

 

The one sampling location was used to minimise the influence of spatial 

variability and potential mixing of populations. Females dominated catches 

averaging more than 80% of the catch for each sampling trip. The typical 

composition in the commercial fishery is 45% males and 55% females 

(unpublished data), signifying that the research line sex ratio does not truly 

represent the population. Possible explanations for this skewed gender 

profile are; spatial partitioning of genders by depth and/or habitat, as 

observed in O. vulgaris (Smale and Buchan 1981); or the longer soak times for 

the research line (approximately 3 times longer than in the commercial 

fishery), leading to higher proportions of females due to males being more 

transient without the necessity to care for egg batches, as also observed in O. 

vulgaris (O'Dor and Wells 1978). 

 

Calculated over the life span of the individual, female growth was 

significantly influenced by hatch-season, this was not evident for males, 

potentially due to the smaller sample sizes. Females caught during the 

winter 2005 and 2006 haul seasons, the majority of which were hatched 

during the late spring and/or summer and were juveniles during the 

summer or autumn of the proceeding year had the highest mean growth 
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rates. Seasonally higher temperatures at hatching and during early 

development resulting in faster overall growth, suggests that the Forsyth 

effect, where octopuses that hatch during increasing temperatures will grow 

faster and ultimately larger than individuals hatched only weeks previously 

at slightly lower temperatures (Forsythe 2004), could be a contributing factor 

to growth plasticity on a seasonal basis. However, higher growth rates did 

not translate into ultimately larger octopus. As sampling progressed the 

mean size and age of the octopuses decreased while growth rates generally 

increased with seasonal fluctuations. These trends indicate size selective 

fishing mortality was occurring, where the fishing down of the research line 

led to larger more dominant individuals being replaced with smaller, 

younger and quicker growing octopuses. Fishing down of the research line 

was intentional and instigated to test for the effects of continual fishing 

pressure on a localised area and will be addressed further in chapters 4 and 

5. 

 

Daily periodicity of stylet increment formation appears to be an endogenous 

process, for daily temperatures at 25 m in Bass Strait waters are relatively 

consistent (Sandery and Kämpf 2007), O. pallidus is not known to perform 

daily vertical migrations and sunlight at theses depths and within pots is 

minimal. The stylets of captive O. pallidus also showed no influence of 

temperature or light patterns on the daily periodicity of increment formation 

and had extremely similar microstructures to the wild individuals 



Chapter 3: Age and growth of wild octopus 

 91 

(Doubleday, et al. 2006). This is an important consideration for it allows stylet 

increments to be examined with the knowledge that their formation has not 

been confounded by environmental variables. Combine this with very low 

discard rates of stylets at 13.7% for males and 19.5% for females, compared to 

that for beak microstructure increment analysis of up to 81% for O. vulgaris 

(Oosthuizen 2003) and SIA proves to be an effectual method of age 

estimation. Low discard rates were attributed to each octopus having four 

(2x per stylet) potential sections, providing a buffer for unsuccessful stylet 

preparation attempts. However, potential refinements to stylet preparation 

and age estimation may include: investigating mounting mediums with 

lower melting points to minimise heat stress, machine polishing to increase 

production and accuracy, and the use of computer programs that estimate 

increment numbers. 

 

This study is the first of its kind to give a detailed account of the age and 

growth of a wild octopus population using SIA, revealing that O. pallidus has 

a maximum age of approximately 1.6 years, that gender and hatch-season 

derived differences in growth are secondary to individual growth 

heterogeneity, and that age has no relationship with size for adults. These 

findings support the increasing emphasis on the importance of growth 

plasticity in octopus biology (Moltschaniwskyj 2004). The next step is to 

apply this method to other octopus species, following appropriate species-

specific validation experiments, particularly for those with merobenthic life 
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histories and potentially different growth patterns. SIA is a promising 

technique that may fulfil a role similar to statoliths and otoliths assisting in 

taking octopus growth studies out of the laboratory, away from previously 

unavoidable growth calcualtion assumptions and into the wild. 



 

 

Plate 4.1  Octopus pallidus eggs in a commercial pot. 
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CHAPTER 4 

Reproductive status of Octopus pallidus, 

and its relationship to age and size. 

 

Research for this chapter has been published as: 

Leporati, S.C., Pecl, G.T. and Semmens, J.M., (2008) Reproductive status of Octopus pallidus, 
and its relationship to age and size. Marine Biology, 155, 375–385. 

 

Abstract 

Age-specific information on individual octopus reproductive development 

and investment from wild populations has until recently been unobtainable. 

Using daily-formed increments within stylets (internal shells) the individual 

ages of 503 wild Octopus pallidus were determined. In addition, detailed 

reproductive information was collected for each of the aged octopus, along 

with reproductive data for an additional 925 octopus. All of the octopus were 

collected from Bass Strait waters in south-eastern Australia from November 

2004 – November 2006. This information was used to investigate seasonal 

trends in reproductive scheduling and investment, fecundity and egg size. 

Maturation in O. pallidus primarily depends on size with little relationship to 

age and is highly variable between genders, with females >350 d still 

maturing in comparison to all males >142 d being mature. Size at 50% 

maturity for females was approximately 473 g, which is considerably larger 

than male 100% maturity at <250 g. This indicates that for females at least, 

maturity does not necessarily come with age. Seasonal scheduling in 

reproductive investment between genders revealed a peak spawning period 

between late summer and early autumn. These results reinforce the view that 

individual growth and maturity is highly variable in cephalopods. 
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Introduction 

To accurately understand the population dynamics of a species and ensure 

the ecologically sustainable development of associated fisheries, it is essential 

to have an understanding of the reproductive biology, age and growth of the 

species being investigated (King 1995). Size-at-maturity and seasonal 

patterns in maturation have been determined for several octopus species (i.e. 

Octopus bimaculoides (Forsythe and Hanlon 1988a); Eledone massyae (Alvarez 

Perez and Haimovici 1991); Octopus mimus (Cortez, et al. 1995); Octopus 

vulgaris (Otero, et al. 2007). Accompanying age information for any octopus 

species in the wild has not been obtainable, until very recently (see chapter 

3). Octopus populations are known to have variable sizes-at-maturity 

between and within genders (Boyle and Knobloch 1982, 1983, Voight 1991), 

high individual growth plasticity (Forsythe and Van Heukelem 1987), 

generally short life spans (<2 y) (Boyle and Rodhouse 2005), and the majority 

of their biological processes (i.e. growth, food consumption and egg 

development) strongly influenced by temperature and diet (DeRusha, et al. 

1987, Klaich, et al. 2006). In this context, age information has been a primary 

missing factor leading to reproductive scheduling being completely 

unexplored. Reproductive scheduling plays an intrinsic role in octopus 

population abundance, where significant declines in recruitment can occur if 

environmental conditions and resources are unfavourable during optimal 

spawning periods for these short lived and semelparous organisms (Boyle 

and Rodhouse 2005, Cortez, et al. 1995). The addition of reliable reproductive 
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scheduling information may assist the effective management of octopus 

fisheries, potentially reducing the likelihood of population crashes due to 

over-exploitation (Fernández-Rueda and García-Flórez 2007).  

 

With the introduction of stylet increment analysis (SIA), hatch-dates can be 

back calculated and when combined with reproductive data, seasonal 

patterns in reproductive investment can be determined and growth can be 

calculated at individual and population levels (Pecl 2004). This has broad 

ecological relevance due to the important predator/prey roles octopuses play 

in the majority of the world’s marine ecosystems (Hanlon and Messenger 

1996). 

 

This study investigated how reproductive status was related to age and size, 

for a wild population of Octopus pallidus. The specific objectives were: (1) 

determining size and age at maturity, (2) investigating patterns of 

reproductive investment over different hatch and haul seasons (3) 

investigating fecundity and egg size on a seasonal basis, (4) examining 

patterns of seasonal reproductive scheduling between sexes and (5) 

determining the effects of continual and concentrated fishing pressure on the 

age and reproductive structure of a population. 
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Methods 

Specimen collection and dissection 

Samples were collected during normal operations of the commercial fishery 

during November 2004 – November 2006, over 21 independent sampling 

trips, in an area of Bass Strait lying between longitude 145º 06.73 west and 

145º 44.03 east; and latitude 40º 18.401 north and 40º 53.22 south, north of 

Tasmania, Australia. Bottom set long lines were used to collect the samples. 

The lines were ~ 3.7 km long with ~500 pots attached (pot volume = 3000 ml) 

made from moulded plastic and set on sandy substrates at 18 locations at 

variable depths of 26.0 – 50.4 m (mean 35.0 m, ± 1.21 SE). To determine the 

effects of continual fishing pressure on the age and reproductive structure of 

a localised population, a shorter (1 km) single research line was maintained 

at the one continuous location using a Global Positioning System (GPS) 

receiver (40° 43.324 north; 145° 20.013 west and 40° 43.788 south 145° 20.49 

east) (see chapter 3). For biological sampling a target sub-sample of at least 

70 individuals was set for each trip. Mean seasonal sea surface temperatures 

from 1985 to 2006 were derived from satellite data downloaded from the 

National Oceanic and Atmospheric Administration (NOAA) USA web page 

(www.noaa.gov). Austral seasons were as follows: summer, December – 

February (mean 16.7° C), autumn March – May (mean 16.6° C), winter June – 

August (mean 12.7° C), and spring September – November (mean 12.8° C). 

Sea surface temperatures were used as a proxy due to bottom temperatures 

data being unavailable. This was considered an applicable approach due to 



Chapter 4: Reproduction and age 

 98 

the generally shallow depths (25 – 50 m), high wind mixing, strong tidal 

currents and season variability in water circulation observed in this region of 

Bass Strait (Sandery and Kämpf 2007). 

 

After landing, morphological measurements and dissections were performed 

on fresh specimens. Whole weight (WW) and eviscerated body weight were 

measured and the visceral mass of each specimen fixed in a formaldehyde 

(10%), acetic acid (5%), calcium chloride (1.3%) and freshwater (83.7%) 

solution. After a period of 14 – 28 d the visceral mass was transferred to 70% 

ethanol for preservation. The reproductive organs of a sub-sample of 50 

females in various reproductive stages were freshly weighed prior to 

preservation, and again after 14 d, in order to determine the effects of 

preservation on the weight of the reproductive organs.  

 

The reproductive organs were removed from the preserved visceral mass 

and weighed to 0.001 g for each octopus. The parameters measured for males 

were: the whole reproductive complex (MRW), which was then dissected so 

the testis, and Needham’s sack could be weighed independently. The 

presence or absence of spermatophores in the Needham’s sack and penis was 

noted. Parameters weighed for females were: the whole reproductive 

complex (FRW), which was then dissected so the ovary, left and right distal 

oviducts, left and right oviducal glands, and left and right proximal oviducts 
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could be weighed independently. Somatic weight was determined by 

subtracting the weight of the MRW or FRW from the WW. 

 

Maturity stages  

Maturity stages were determined by visual identification of characteristics in 

the preserved reproductive organs and derived from scales used by Alvarez 

Perez and Haimovici, (1991) for Eledone massyae and Smith, et al.(2006) for 

Octopus magnificus. Each scale was adapted for O. pallidus by comparing the 

descriptions in the scales and the observed visual and measured trends in the 

specimens. For males four reproductive stages were determined: I) 

immature, the accessory gland systems and testis are indistinct; II) maturing, 

testis larger than the accessory gland and visible through the wall of the 

genital bag; III) mature, testis and accessory gland of similar size and 

spermatophores present in the Needham’s Sack and/or penis; and IV) spent, 

testis small and striated and spermatophores present in the penis and/or 

Needham’s Sack. For females five reproductive stages were determined: I) 

immature, small ovary generally weighing <3 g with no follicles present and 

a thick outer wall, small white oviducal glands located mid-way down very 

narrow proximal and distal oviducts; II) maturing, ovary slightly larger and 

with a thinner wall than stage I with follicles and or very small eggs present, 

oviducts longer and white oviducal glands larger and positioned further up 

the proximal oviduct; III) mature, ovary very large (>20 g) packed tightly 

with elongated striated eggs without stalks, the oviducal glands are large 
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and dark in colour and positioned high up the proximal oviduct; IV) 

spawning, majority of eggs have stalks, are fully formed and less compressed 

than in stage III, eggs present in the oviducts and dark oviducal glands 

located further down the proximal oviduct; V) post-spawning, shrunken 

ovary with only follicles and a few fully formed eggs still present, oviducts 

slightly reduced in size unless containing eggs, the oviducal glands smaller 

but still dark in colour. 

 

Fecundity and egg size  

The number of eggs in the ovaries and oviducts of stage III (n = 173) and IV 

(n = 104) females were counted as estimates of potential fecundity. To 

calibrate the technique 20 stage III individuals had all their eggs counted, the 

remaining 153 individuals had a sub-sample of 20% of the weight of the 

ovary counted. Due to the smaller number of eggs in stage IV females, these 

104 individuals had all their eggs counted. To provide an indication of 

mature egg size, the total lengths of 20 eggs were measured from 20 stage IV 

individuals. Due to uniformity of egg lengths the remaining 84 individuals 

had only 10 eggs measured; all lengths were measured to the nearest 0.001 

mm. The number of eggs laid by 12 brooding females were counted, along 

with the number of eggs in the ovary and oviducts, and compared to stage III 

potential fecundity estimates to provide an indication of how many eggs are 

laid by a female and how many are reabsorbed in the ovary. A sub-sample of 
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10 eggs from 5 of the 12 laid egg batches were measured and compared with 

eggs found in the ovaries of the corresponding females. 

 

Ageing 

The age information used in this chapter was derived from the ageing 

analysis conducted in chapter 3. For a detailed account of the ageing 

methods, refer to chapter 3.  

 

Data analysis 

Paired t-tests were performed to determine if there were any significant 

differences between the preserved and fresh organs, and the WW of males 

and females. A chi2 (χ 2) test was performed to assess differences in the sex 

ratios among seasons. Pearson’s correlations were performed to determine 

the strength of the relationship between fecundity and WW, somatic weight, 

ovary weight and age. Size-at-maturity (WW) was determined by calculating 

the point where 50% of the females were mature. This was estimated by 

creating a relative frequency distribution for 20-g weight classes and fitting 

the results by the least squares method to a logistic curve with the formula: 

)(1

1
bWiae

i +−+
=Ρ  

Where Pi represents the relative frequency of the mature individuals in 

weight class Wi, a and b are the regression constants, and 50% maturity 

weight (MW50%) = a/b (Tafur, et al. 2001).  
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The mean standardized residuals for the relationship between WW and 

MRW, and WW and FRW were calculated as an indication of an individual’s 

investment in the development of reproductive organs at time of capture 

(Pecl and Moltschaniwskyj 2006). The residuals, defined as the difference 

between the actual measured weight and the predicted weight, were 

calculated using mean non-linear regression (Model II) equations based on 

log-transformed data. To standardize the residuals they were divided by the 

standard deviation of the predicted values. The resultant values were either 

negative or positive values, with the negative representing individuals that 

had less reproductive investment than expected for their size and the 

positive having greater reproductive investment than expected for their size. 

ANOVAs were performed to determine if there were differences in 

reproductive investment among female reproductive stages, and hatch and 

haul seasons, with post hoc least-significant difference (LSD) tests used to 

determine the nature of any differences. Only mature stage III males and IV 

females were used in the haul season analysis to ensure the reproductive 

investment results were comparable and not influenced by immature and 

post-spawning individuals.  

 

Growth and reproductive development are linked in captive octopus, where 

younger individuals generally grow faster on average than older individuals 

(Forsythe 1993). For the hatch season analysis only stage III and IV females 

aged between 155 – 275 d, which constituted 35% of the total age range and 
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70% of the sample were used. This was conducted so accurate comparisons 

could be made between individuals of similar ages and stages of 

development and ensure that results demonstrated seasonal influences on 

reproductive development as opposed to the effects of differing growth rates. 

Hatch season analysis was not performed for males due to insufficient 

numbers. All data were tested for normality prior to analyses and log 

transformed (Log 10). 

 

Results 

A total of 466 males and 962 females were collected for reproductive analysis. 

The weights of the preserved and fresh reproductive organs were 

significantly different (t = -8.865, df 28, P = 0.000), with the preserved organs 

on average 13% heavier than the fresh. This effect was uniform across all 

samples, and weights were subsequently corrected accordingly, prior to any 

analysis. The WW for males ranged from 245 – 1004 g (mean = 568 g ± 5.001 

SE) and for females 243 – 981 g (mean = 519.7, ± 3.554 SE), with no significant 

difference in WW between the sexes (t = 0.659, df 465, P = 0.51). Females 

dominated at a mean of 69% (± 6.114 SE) of the catch across all seasons. Sex 

ratios were significantly different among seasons (χ2 = 420.592, df 11, P = 

0.000) (Fig 4.1). Female sex ratios were lowest during summer for each year. 

 

All males caught were stage III (n = 399) and IV (n = 66) individuals, except 

for a single stage II individual. Spermatophores were found in the penis or 
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Needham’s sack of all of the males, except for the solitary stage II octopus. 

All female reproductive stages were represented in the catches: stages I (n = 

105), II (n = 137), III (n = 412), IV (n = 169), V (n = 139). MW50% for females 

was 473 g (Fig 4.2). 
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Fig 4.1  Proportion of female to male O. pallidus caught per haul season with n values. 

Fig 4.2  Size (whole weight) at 50% maturity (MW50%) for 20 g weight classes, for female O. 

pallidus n = 657. 
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Ages were determined for 94 males and 409 females from the research line 

(see chapter 3), with back-calculated hatch dates revealing that spawning 

occurred throughout the year. The males ranged in age from 142 – 589 d 

(mean = 259 d, ± 7.623 SE), whereas the females ranged in age from 110 – 475 

d (mean = 243 d, ± 3.182 SE). Reproductive development showed no 

relationship with age for females with the proportions of immature, mature 

and post-spawning females consistently represented in most age classes (Fig 

4.3). The youngest post-spawning (stage V) female was 121 d old in contrast 

to the oldest immature female (stage I), which was 459 d old.  

 

The mean standardized residuals for the MRW – WW relationship for stage 

III males were significantly different among seasons (F = 12.777, df 8, P = 

0.000) with peaks in reproductive investment occurring during the summer 

(Fig 4.4a). The mean standardized residuals from the FRW – WW 

relationship for mature females (stages III and IV) also displayed significant 

differences among seasons (F =15.637, df 8, P = 0.000) with generally lower 

reproductive investment during the autumn than spring in each year (Fig 

4.4b). Significant differences in reproductive investment of mature females 

(stage III and IV) were also evident among hatch seasons (F = 2.787, df 7, P = 

0.011), with the winter and spring 04 hatch seasons displaying the lowest 

levels of reproductive investment followed by progressively higher 

investment in the subsequent hatch seasons (Fig 4.5). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.3  Proportion of immature (stages I, II), mature (III, IV) and spent (V) O. pallidus females in each 20-day age class. 
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Fig 4.4a+b  Mean standardized residuals for the relationship between whole weight (WW) and 

the whole reproductive complex weight for stage III and IV O. pallidus, with significant 

differences in mean standardized residuals between haul-seasons denoted by letters (A, B, C) 

derived from LSD post hoc tests. (a) males and (b) females.   
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Fig 4.5  Mean standardized residuals for the relationship between whole weight (WW) and 

the whole female reproductive complex weight (FRW) for stage III and IV O. pallidus from 

each hatch-season, with significant differences in mean standardized residuals denoted by 

letters (A, B) derived from a LSD post hoc test. The dashed line represents expected levels 

of reproductive investment.  
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significant differences among seasons (F = 4.257, df 8, P = 0.000), with peak 

fecundity occurring during the summer of 2004/2005 followed by a 

progressive decline until the spring of 2005 (Fig 4.7). Only 55 individuals had 

both hatch date and fecundity data distributed over 8 seasons (mean = 6.1 ± 

1.585 SE) with no significant differences detected among hatch seasons (F =, 

0.624, df 8, P = 0.753). Octopus with stage IV ovaries had a fecundity range of 

18 – 590 eggs (mean = 197.38 eggs, ± 14.740 SE) with egg sizes ranging from 

9.07 – 13.45 mm (mean = 11.57 mm, ± 0.067 SE). Egg size showed no 

relationship with age (n = 36, r2 = 0.0061), WW (n = 101, r2 = 0.0205), somatic 

weight (n = 101, r2 = 0.0169) or ovary weight (n = 101, r2 = 0.0392). The 

number of eggs per brooding female ranged from 466 – 778 (mean = 424, ± 

43.774 SE). Lengths of the laid eggs (mean = 12.02 mm ± 0.102 SE) were 

similar to those in the ovary and oviducts of each female examined (mean = 

11.83 mm ± 0.101 SE). 



 

 

Fig 4.6  Percentage frequency for the number of ovary eggs for stage III female O. pallidus, n = 180. 
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Fig 4.7  Mean potential fecundity per haul-season for female O. pallidus, with significant 

differences in mean fecundity denoted by letters (A, B) derived from a LSD post hoc test. 
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Discussion 

Maturation in Octopus pallidus is primarily size-dependent, with little 

relationship to age. Even at the latter stages of the life span (i.e. 300 d) an older 

but smaller female can still be maturing, when much younger larger females 

have already matured. This supports the increasing view that cephalopods are 

highly dynamic organisms that grow and mature with great degrees of 

individual variability, often influenced by external factors such as temperature 

and diet (Moltschaniwskyj 2004), and biological factors such as genetic 

differences (Triantafillos 2004). By including age information, this study has 

provided insights into the seasonal reproductive scheduling of O. pallidus, 

revealing that even though spawning occurs year round, there are distinct 

seasonal trends in reproductive investment for males and females. Peak female 

reproductive investment occurred during spring (ovary maturation) in 

conjunction with increases in male reproductive investment (spermatophore 

production) during summer, leading to a potential optimal spawning period 

during late summer, indicated by reductions in both male (spent) and female 

(egg laying) reproductive investment during the autumn. 

 

Female size (WW) at 50% maturity was ~ 473 g indicating that females larger 

than this are most likely to be mature and increasingly so as their weight 

increases. However, the female octopuses which weighed <473 g were 

comprised of immature, spawning and post-spawning individuals. For O. 

pallidus, like the vast majority of benthic octopus species, is a terminal spawner 
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(Norman 2000). This means that females in reproductive stages IV or V lose 

weight and deteriorated after spawning and generally weigh less than stage III 

females. As observed in other octopus species i.e., Octopus mimus (Cortez, et al. 

1995) and Octopus bimaculatus (Ambrose 1988), this was not just a product of 

weight reduction from the laying of eggs, but also the decrease in somatic 

weight for stages IV and V octopus as the females lost muscle mass after laying 

their eggs. 

 

All males sampled in this study were ≥250 g, mature and older than 142 d, 

indicating that males mature at a size ≤250 g. Octopuses <250 g are generally 

not caught in the O. pallidus commercial fishery, suggesting that immature 

males are generally not vulnerable to fishing pressure. In contrast, all five 

female reproductive stages were represented in the sampling, even though all 

females sampled were in the same age and size range as the males and caught 

with the same fishing gear, at the same times and locations. Male and female 

O. pallidus reach similar maximum sizes and ages, and have similar growth 

rates calculated over the life span of the individual (see chapter 3), indicating 

that males mature at a considerably smaller size and generally younger age 

(<250 g, <110 d) than females (>460 g, ? – 350 d). 

 

Gender-specific size-at-maturation patterns have been observed in Octopus 

vulgaris (Alvarez Perez and Haimovici 1991, Hernández-García, et al. 2002, 

Otero, et al. 2007, Rodriguez-Rua, et al. 2005), Eledone massyae (Alvarez Perez 
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and Haimovici 1991) and Octopus bimaculoides (Forsythe and Hanlon 1988b). 

The later reproductive development and larger size-at-maturity of females 

compared to males is necessary to build a strong somatic base to withstand the 

required energy shift associated with committing a larger proportion of body 

mass to reproductive development (Otero, et al. 2007). This was observed in 

the present study where 12% of the WW of females was in the reproductive 

organs in comparison to only 2% of WW in males. In addition, earlier 

maturation of males allows for opportunistic mating between mature males 

and immature females, for female octopus, i.e Octopus tetricus (Joll 1976) and 

Octopus vulgaris (Rodriguez-Rua, et al. 2005), have the ability to store 

spermatophores for lengthy periods and to use it at the onset of maturation. 

Size-at-maturity and age information is integral for the future management of 

commercial octopus fisheries and can be used in potential management 

initiatives such as gender-specific size restrictions on catch, or combined with 

gender composition, catch, size and growth data, to help determine the 

potential impacts of commercial fishing on a population. 

 

Reproductive investment increased progressively with each subsequent hatch 

season for octopus caught on the research line. A potentially related trend was 

observed in the size and growth information derived from the same data set 

(see chapter 3), where progressive subsequent hatch seasons displayed 

reductions in size and increased growth rate. These trends may be attributed 

to the intentional fishing down of the population around the research line, 
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where larger females were being removed and replaced by smaller, younger, 

faster growing females that invested proportionally more energy in to 

reproduction. A possible explanation for this is that larger individuals 

commonly win competitions for brood sites (shelters such as pots) (Aronson 

1986), thus leading to larger females being the first to be removed when an 

area is fished down. Following this trend, the next group to occupy the pots 

would be the faster growing individuals that reach a large size quickly and 

hence reach size-at-maturity earlier, equating to higher levels of reproductive 

investment. This is an important consideration for the management of octopus 

fisheries and indicates that repeated pressure on the one area may lead to size- 

selective fishing mortality. The extent to which repeated fishing pressure could 

affect a local octopus population will vary with reproductive strategy. A 

holobenthic species, like O. pallidus that has 100s of eggs and benthic dispersal 

of hatchlings, could be more prone to localised impacts than a merobenthic 

species, which have 100,000s of eggs and more broadly distributed planktonic 

hatchlings (Narvarte, et al. 2006). These effects could also be seasonally and 

spatially variable with an optimal spawning period suggested for O. pallidus 

and identified for some octopus species i.e. O. vulgaris (Otero, et al. 2007), and 

maturation and egg development generally slower at lower temperatures 

within a species natural range (Caveriviere, et al. 1999). Prolonged brooding at 

lower temperatures could also result in greater competition for remaining 

brood sites, and the likelihood of brooding females being caught in the fishery. 

These impacts on the composition of the O. pallidus population have direct 
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ecological consequences (Arrenguín-Sánchez 2000, Coleman and Mobley 

1984). However, to determine the full extent of these effects, further 

investigations into O. pallidus’ role in the trophic structure of the Bass Strait 

ecosystem are required. Such studies should include prey profiles, habitat 

usage at different life stages, and seasonal patterns in predator and prey 

abundances. 

 

Male catch rates and reproductive investment peaked during the summer. 

With octopus growth rates generally greater at higher temperatures 

(Semmens, et al. 2004), this suggests that a pulse in fast growing mature males 

may have occurred during the summer months. Female reproductive 

investment was generally highest during the spring and lowest during the 

autumn, with no evident relationship to seasonal catch-rates. However, when 

placed in context with male reproductive schedules, a potential optimal-

breeding season was apparent, i.e. peak female reproductive investment (late 

stage III egg vitellogenesis) occurred during spring, which was followed by the 

summer pulse in the number of mature males, which was then followed by the 

autumn decrease in female reproductive investment (late stage IV spawning). 

This suggests that the peak-spawning season for O. pallidus is around late 

summer and early autumn. This is supported by laboratory findings in chapter 

2, where octopus hatched at higher temperatures (summer) grew faster and 

ultimately larger than those hatched at lower temperatures (spring), even if 

hatchlings experienced equivalent degree days. A similar example of seasonal 
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reproductive scheduling was found in wild Octopus bimaculatus (Ambrose 

1988), where eggs laid during the coldest months were generally non-viable 

and took 60 – 100 d to hatch, whereas eggs laid during the warmer months had 

high viability and took only 30 – 40 d to hatch. The delay in hatching due to 

cold temperatures resulted in most of the octopus hatching during 

summer/autumn, regardless of when they were laid. Even relatively small 

temperature changes can have a significant influence on cephalopods’ 

physiological responses, which in turn can affect the structure of a population 

(Grist and des Clers 1999). However, it must be considered that O. pallidus is a 

year round spawner and has a maximum life span of ~18 mo (see chapter 3), 

hence this should be regarded as an optimum spawning period, as opposed to 

a discrete spawning season. 

 

The maximum potential fecundity of O. pallidus was 910 eggs, however a more 

typical range of 550 – 700 eggs was identified. The number of eggs actually laid 

for many octopus species is dictated by available substrate, quality (structure, 

material and shape) of the shelter used (Iribarne 1990) and resorption rates in 

the ovary (Melo and Sauer 1998). When considering the mean egg count of 422 

eggs per female from the 12 females containing mothers with egg batches, it 

seems that O. pallidus lay a large proportion of the available eggs. 

 

Fecundity was positively correlated with somatic weight and influenced by 

seasonal temperature changes, with fecundity ~10% higher during 
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summer/autumn than during winter/spring. This coincides with the optimal 

spawning period suggested in this study and the general observation of 

increased growth at warmer temperatures (within the natural range of a 

species) for many octopus species (Cortez, et al. 1995, Forsythe 1993), which 

results in size-at-maturity being reached at an earlier age. These trends 

indicate that O. pallidus hatched during summer/autumn may grow faster, 

mature earlier and have potentially higher fecundity than those hatched 

during winter/spring.  

 

Continual local fishing pressure on the research line altered the age and 

reproductive structure of the female O. pallidus population, resulting in size 

selective fishing mortality, which could lead to smaller sizes at maturity, 

fecundity, and ultimately recruitment. The magnitude of such effects on a 

localised holobenthic octopus population is unknown and requires further 

investigation. However, by avoiding heavy localised fishing pressure, 

particularly during the optimal spawning periods, and monitoring sex ratios 

and the size of mature females, the potential for localised population depletion 

could be minimized. 

 

This is the first study to investigate the relationship between reproductive 

development and age in a wild octopus population, demonstrating that 

reproductive development in females is primarily a size-dependent process 

and that maturation is reached at a broad range of ages. Maturation is more 
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closely linked to size and therefore the parameters that govern growth, such as 

temperature and probably also diet. This highlights the importance of age 

information, for without it growth cannot be reliably or accurately determined 

for cephalopods in general (Semmens, et al. 2004). Hence, this study has 

supplied the missing factor (age) in our understanding of the population 

dynamics of O. pallidus, and has the potential to contribute to the ecological 

sustainability of the O. pallidus fishery. 



 

 121 

Plate 5.1  A catch of Octopus pallidus. 
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CHAPTER 5 

Assessing the stock status of holobenthic 

octopus fisheries: is CPUE data enough? 

Research for this chapter is presently in review as: 

Leporati, S.C., Ziegler, P.E. and Semmens, J.M. Assessing the stock status of holobenthic 
octopus fisheries: is catch per unit of effort data enough? ICES Journal of Marine Science. 

 

Abstract 

Holobenthic and merobenthic octopus fisheries are commonly treated as 

biological equivalents, regardless of their contrasting life-history strategies. 

This is due to a lack of species identification and relevant biological 

information for many species, which has lead to a reliance on catch per unit 

of effort (CPUE) data for stock status assessments. Using the commercial 

Octopus pallidus fishery as a case study, the reliability of commercial CPUE 

data as an indicator of stock status for holobenthic octopus fisheries was 

assessed. To achieve this, CPUE and biological information from a fixed 

position experimental research line were investigated for consistency in stock 

status patterns and compared with commercial fishery CPUE trends. Which 

revealed that CPUE could remain stable regardless of size selective fishing 

mortality potentially impacting upon recruitment. Commercial CPUE was 

highly seasonal and dominated by females during autumn, when both CPUE 

and spawning periods peaked, increasing the potential for negative fishery 

impacts on egg production. The inability of CPUE to account for the effects of 

continual fishing pressure on recruitment or seasonal changes in sex-specific 

catchability, indicates that CPUE alone cannot provide sufficient information 

on the status of a holobenthic octopus fishery. 
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Introduction 

The majority of octopus species are regarded as short-lived and fast-growing 

ecological opportunists (Boyle and Rodhouse 2005, Moltschaniwskyj 2004, 

Rodhouse and Nigmatullin 1996), that are more resilient to fishing pressure 

than many teleost species (Caddy and Rodhouse 1998). With global octopus 

catches increasing (F.A.O. 2005) and fisheries of many other marine taxa 

declining, many octopus fisheries are considered to be in a healthy state 

(Tank 2006). However, the majority of octopus research has been 

concentrated on the small number of species that constitute the majority of 

the world’s octopus catch i.e. Octopus vulgaris (Quetglas, et al. 1998), Octopus 

mimus (Rocha and Vega 2003) and Enteroctopus dofleini (Hartwick, et al. 1988). 

These species are merobenthic and produce 100 000s of eggs and planktonic 

hatchlings. In contrast many other commercially exploited octopus species, 

which are taken at relatively low levels, are given minimal research and 

management priority, and often categorized as unspecified “octopus” or 

bycatch in commercial logbook returns (Boyle and Rodhouse 2005, Rocha 

and Vega 2003). A large proportion of these lesser-known octopus species are 

holobenthic, i.e. produce egg batches in the 100s and benthic hatchlings 

(Roper, et al. 1984). 

 

Applying fisheries management strategies suitable for merobenthic octopus 

to manage holobenthic octopus fisheries could jeopardise their sustainability. 

Recruitment dynamics for holobenthic species appear to be much more 
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localised than for merobenthic species and are more likely to be dependent 

on the local population (Narvarte, et al. 2006). This suggests that if a localised 

area is subjected to continual fishing pressure, the impact on recruitment for 

that area could be greater for holobenthic than merobenthic octopus species 

(Boletzky 2003). However, the potentially different impacts of fishing 

pressure on recruitment of holobenthic and merobenthic octopus may not 

necessarily be identifiable in fisheries data where catch per unit of effort 

(CPUE) information is commonly used as the primary stock status predictor 

(Defeo and Castilla 1998, Tsangridis, et al. 2002). This is due to the general 

patchiness and high turnover rates of octopus populations (Diallo, et al. 

2002), combined with a lack of species identification (Boyle 1990, Rocha and 

Vega 2003).  

 

Octopus pot fisheries operate by providing refuges in typically habitat limited 

sandy substrates. Adults dominate catches and pots are often used by females 

to brood eggs (Faraj and Bez 2007). The removal of brooding females in a pot 

fishery could potentially intensify any localised impacts on recruitment, 

particularly for holobenthic species due to the limited dispersal of juveniles. 

Such localised impacts on stock and recruitment have been suspected in the 

pot fishery targeting the holobenthic species Octopus pallidus in the waters of 

Bass Strait off Tasmania, south-eastern Australia. Established in 1981, the O. 

pallidus Fishery (OPF) is a small single company fishery that operates two full 

time vessels. The OPF is one of the few expanding fisheries in Tasmania 
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(Ziegler, et al. 2007), with increasing catches, exploration of new fishing 

grounds, and significant investment in new vessels and processing plant 

infrastructure. The octopus are caught in moulded plastic pots (volume 3000 

ml) attached to demersal longlines 3 – 4 km in length and set at variable 

depths of 15 – 85 m. Annual catches have risen from 18 t in 1991 to 77 t in 2007, 

peaking at 95 t in 2005 (Fig 5.1a). Since 1998 the OPF has been managed using 

gear restrictions, with a limit of 20 000 pots. However, in 2005 a total allowable 

catch of 100 t in the historically heavily fished western region of the fishing 

grounds was instigated in an effort to alleviate pressure on the main known 

stock. This catch limit was only based on historical catch levels and has acted 

as an interim measure until appropriate catch levels aimed at minimising 

impacts on the octopus stocks can be determined.  

 

The present study used the OPF as a case study to assess whether commercial 

CPUE data could be a reliable indicator of stock status for holobenthic octopus 

fisheries. To achieve this, CPUE and biological information from an 

experimental research line were investigated for consistency in their 

interpretation of stock status and compared with trends in the commercial 

fishery CPUE. This information was used to estimate the effects of commercial 

fishing on local octopus stocks, with particular regard to brooding females and 

recruitment. 
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Materials and methods 

Commercial data 

Commercial fisheries information for Octopus pallidus prior to 1995 was not 

examined, since logbook records were considered unreliable, and catches of 

both O. pallidus and another octopus species were combined. From 1995 

onwards, monthly commercial fishery logbook data detailed species, haul 

date, total catch, skipper, vessel, depth, and location in half-degrees fishing 

blocks of latitude and longitude, and number of pots for each line. Since 2004, 

additional GPS co-ordinates of individual lines have been recorded.  

 

In November 2004, a commercial sampling program was introduced to the 

OPF, where fishers were required to collect all octopus caught in 50 randomly 

selected pots from a single line, representing 10% of a standard commercial 

line. From these 50-pot samples, the total and gutted weight of the catch, 

numbers of males and females and % of pots with eggs were recorded. In 

instances where multiple lines were located within a 15 km radius, fishers 

were only required to sample a single line. 

 

The total annual catch per fishing block during 1995 – 2007 was mapped to 

visualise spatial and temporal trends. CPUE for each record was calculated by 

dividing the total weight of the catch (kg) by the number of pots per longline 

used. No relationship between catch per pot and soak time was evident (r2 = 

0.01), hence soak time was not included in the calculation of CPUE. The 
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weighted mean of seasonal sex ratios derived from the 50-pot samples 

collected between summer 2004/05 – spring 2006 were applied to the 

historical fishery data to determine differences in CPUE between males and 

females.  

 

The CPUE data for males and females in the historical main fishing area were 

standardized with generalised linear models (GLM) to estimate an index of 

abundance. The models were fitted with different combinations of various factors 

for which information were available, viz. fishing location (Block), vessel 

(Vessel), depth (Depth), and seasons (Season). The effects of individual fishers 

were fully nested in the vessel factor, due to minimal transfer of skippers 

between vessels. All fishing gear used in the fishery was consistent between 

vessels and throughout the years and therefore not included in the analysis. In 

addition, no significant technological advancements that could have 

influenced CPUE were introduced into the fishery during this period, with 

GPS and echosounder equipment operating from 1995 onwards (M. Hardy 

pers. comm.).  

 

The CPUE data was standardized using a stepwise approach, where the factor 

that best fitted the data was added to the model first and then followed by 

progressive factors until additional factors failed to improve the fit. Akaike’s 

Information Criterion (AIC) (Maunder and Punt 2004) was used to determine 

the model with the best fit: 
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AIC = -2 ln ℓ + 2 p. 

Where ℓ is the maximum likelihood function and p is the number of 

parameters. 

 

A surplus production model (Polacheck, et al. 1993) using catch and effort data 

did not result in reasonable estimates for biomass and population growth 

rates. Instead, the standardized CPUE data were investigated for intra and 

inter-annual patterns through time-series analysis. Only data from spring 1998 

to summer 2005/06 could be used in the time-series analysis since this period 

displayed the most consistent fisheries dynamics with no changes in the fleet 

or management arrangements. To determine if there were significant 

differences in CPUE between seasons Analyses of Variance (ANOVA) were 

run for both males and females. Time-series analyses were performed on male 

and female standardized and de-trended CPUE data separately, with each lag 

representing one year split into quarterly (seasonal) steps. Autocorrelation 

plots were used to determine any periodicity in CPUE data. Significant 

autocorrelations were further investigated through partial autocorrelation 

plots, measuring the strength of the correlation at a specific lag while 

removing the effects of all autocorrelations below that lag. Cross-correlation 

analyses were used to determine if any trends in male and female CPUE were 

attributable to mean monthly sea surface temperature (SST) information, 

which was derived from satellite data downloaded from the National Oceanic 

and Atmospheric Administration (NOAA) USA web page (www.noaa.gov). 
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Research line 

An experimental research line (see chapter 3) was deployed by one of the 

commercial fishing vessels in February 2005 to supplement the historical 

logbook and 50-pot sample data, and to provide an indication of the effects of 

continual fishing pressure in a single location. The research line was sampled 

every two months from April 2005 – November 2006 on 11 independent trips. 

The location of the research line was near the homeport of Stanley within the 

main historic fishing area i.e. the most consistently and heavily fished fishing 

blocks 4E1, 4E2, 4E3 and 4E4 (Fig 5.2). No fishing activity had taken place 

within the immediate vicinity of the research line 12 months prior to setting 

up the research line. All octopus collected from the research line were sexed 

and had their total and gutted weights measured. This information allowed 

for occupancy rate, in addition to CPUE, to be used in the analysis of fishing 

pressure on catch rates. Potential fecundity was estimated for mature females 

(ovaries containing eggs) by counting the number of eggs in a sub-sample 

from the ovary, an ANOVA was performed to determine if there were any 

significant differences in potential fecundity between seasons (see chapter 4). 

Spawning females were defined as those with fully developed eggs in either 

the ovary /oviducts or laid in a pot.  
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Results 

Commercial data 

During the period 1995 – 2001 total catches of Octopus pallidus were 

consistently between 30 – 50 t per year. In 2002 catches dropped to 18 t, but 

increased steadily again during 2003 – 2007, with a peak of 95 t in 2005 (Fig 

5.1a). The number of pots hauled per year (effort) more than doubled in 1998 

compared to the previous year, but then stabilised, gradually increasing from 

2002 onwards (Fig 5.1b).  

 

Catch and effort during 1995 – 2005 was predominantly focussed on the 4E 

fishing blocks, which provided reasonably consistent returns throughout the 

period (Fig 5.1a,b and 5.2). The acquisition of a larger vessel with a greater 

range in 1998 made the exploration of fishing grounds further east possible. 

However, a large drop in CPUE in 1998 led to a return to the use of smaller 

vessels with reduced range in 1999 and the introduction of the 20 000 pot limit 

by management authorities. The record catch of 95 t taken in 2005 from the 4E 

fishing blocks, instigated the introduction of the 100 t local area limit by 

management. As a result a larger vessel with a greater range was purchased 

again in 2006 and fishing operations moved east in 2006 and 2007 to fishing 

blocks 4G4 and 3H4 off Flinders Island (Fig 5.2).  

 

Sex ratios in the 50-pot sampling program displayed significant differences 

between seasons (χ2 = 402.7, d.f. = 13, P < 0.001). Females were considerably 
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underrepresented in catches during the summers of 2004/05 and 2005/06 

compared to other seasons, while in summer 2006/07 a lag in this pattern 

occurred, where females represented a greater percentage of the catch and the 

decrease in female catches didn’t occur until autumn 07. This was potentially a 

product of the considerably smaller sample sizes collected after spring 2006 

(Fig 5.3). 

 

The most influential factor on CPUE in the 4E fishing blocks was season, 

followed by fishing block, vessel and depth (Table 5.1). The model with the 

best fit for both males and females contained an interaction term between 

depth and season (Model 6). The standardized CPUE for both males and 

females was relatively uniform during summer 1995 to spring 1997, but then 

dropped substantially between autumn 1998 and spring 1999 (Figure 5.4a,b). 

From spring 1998 to summer 2006 there was an increasing trend in female 

CPUE with significant seasonal (F = 5.713, df. = 28, P = 0.023) fluctuations, 

where every two years increasingly high peaks during summer and autumn 

occurred with smaller peaks in the years between. Male CPUE also increased 

during the same period and demonstrated significant seasonal differences (F = 

6.308, d.f. = 28, P = 0.018). However, male CPUE was more irregular and had 

less pronounced two-year peaks during summer/autumn than the females. 

From summer 2006 to winter 2007, CPUE in the 4E fishing blocks for both 

males and females dropped to substantially lower levels than in previous 

years. From spring 1998 to summer 2006, summer displayed a strong regular 
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annual fluctuation in CPUE for both males and females (Fig 5.5a,b). Catch 

rates in winter and spring did not show any regular annual pattern, while 

autumn displayed a similar yet weaker pattern to the summer for both sexes. 
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Fig 5.1a+b (a) Total annual catch and (b) total number of pot lifts per year (effort), in the O. 

pallidus Fishery (OPF) during 1995 – 2007 in all areas (solid black line) and from the 4E 

fishing blocks (dotted grey line).  
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Fig 5.2  Fishing area and total catch per fishing block for O. pallidus for each year during 

1995 – 2007. Block number is given for fishing blocks with catch returns. Legend provided in 

the 1995 map is applicable to all others maps. 
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Fig 5.3  Percentage of male and female O. pallidus caught in the 50-pot sampling program (observed) and used in the catch rate standardisation (model). 

Numbers represent male and female 50-pot sample sizes for each season. The model data is derived from the weighted mean of the observed data for each 

season. 
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Fig 5.4a  Seasonal standardized CPUE, for female O. pallidus caught in the 4E1, 4E2, 4E3 and 4E4 fishing blocks between summer 1995 and winter 2007 

(straight line) and mean seasonal sea surface temperature for 1998–2006 (line with points). Vertical dashed lines denote the spring 1998 to summer 2006 

period that was used in the autocorrelation analysis. 
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Fig 5.4b  Seasonal standardized CPUE, for male O. pallidus caught in the 4E1, 4E2, 4E3 and 4E4 fishing blocks between summer 1995 and winter 2007. 

Vertical dashed lines denote the spring 1998 to summer 2006 period that was used in the autocorrelation analysis. 
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Table 5.1 Statistical models compared in the standardisation of Octopus pallidus catch per 

unit of effort (CPUE). Model 1 is the equivalent to the geometric mean of the CPUE and acts 

as a base for the remaining models. Model 6 was the model with the lowest Akaike’s 

Information Criterion (AIC) and was hence chosen as the best model. The adjusted r2 (adj r2) 

and degrees of freedom (df) are provided. 

 

Male Female 

Model Description 

AIC df 
Adj 

r2 
AIC df 

Adj 

r2 

1 CPUE = Year + Season -5037 49 0.51 -4506 49 0.62 

2 CPUE = Year + Season + Block -5051 52 0.57 -4522 52 0.63 

3 CPUE = Year + Season + Block + Vessel -5061 55 0.58 -4529 55 0.63 

4 CPUE = Year + Season + Block + Vessel + Depth -5065 61 0.58 -4534 61 0.63 

5 
CPUE = Year + Season + Block + Vessel+ Depth 

+ Vessel * Season 
-5128 81 0.60 -4585 81 0.65 

6 
CPUE = Year + Season + Block + Vessel+ Depth 

+ Vessel * Season + Depth * Season 
-5167 150 0.62 -4603 150 0.67 

 

The time-series autocorrelation identified a two-year periodicity in the 

standardized female CPUE data between spring 1998 and summer 2006, with 

a significant positive correlation at a lag of two and four years (Fig 5.6a). 

The partial autocorrelation analysis indicated that the two and four year 

trends were independent, i.e. they did not directly influence each other, for 

females. The standardized CPUE for males was more irregular than that of 

females, but it showed similarly strong peaks every two years. The time-

series autocorrelation and partial autocorrelation identified a direct negative 

correlation between catch rates at a lag of 0.75 years for males (Fig 5.6b). The 

cross-correlation between CPUE and SST did not show any significant trends 
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for either females or males (Fig 5.7), indicating that mean seasonal SST was 

not a driving factor in the observed CPUE periodicity for males or females. 

 

Research line 

In contrast to the results of the 50-pot sampling program, females were much 

more likely to be captured all year round on the experimental research line. 

A total of 112 males and 536 females were caught from April 2005 to 

November 2006 (see also chapters 3 and 4). CPUE displayed an initial decline 

during winter 2005 and then stabilised (Fig 5.8a). Seasonal occupancy rates 

for females were relatively consistent ranging from 38 – 46 %, but peaked 

during autumn, at 62% in 2005 and 66% in 2006. Males were poorly 

represented in the research line throughout the sampling period with 

occupancy rates ranging from 5% during summer 2005/06 to 15% during 

winter 2005. Potential fecundity was found to not be significantly different 

between seasons (F = 0.915, d.f. = 6, P = 0.489). The proportion of spawning 

females declined during the sampling period until an increase during spring 

2006 (Fig 5.8b). Similarly, mean whole weight decreased over progressive 

seasons for both males and females caught (Fig 5.8c). Fecundity displayed a 

positive linear relationship with whole weight for mature females (r2 = 0.42), 

where smaller females were less gravid. 
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Fig 5.5a+b  Standardized CPUE separated by season for (a) female and (b) male O.pallidus 

caught in the 4E1, 4E2, 4E3 and 4E4 fishing blocks during 1998–2006. 
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Fig 5.6a  Autocorrelation and partial correlation plots of the standardized CPUE for seasonal 

catches of female O. pallidus, with 5% significance levels denoted by dotted lines. ACF is the 

autocorrelation function and lag is equal to one year with quarterly (seasonal) increments. 
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Fig 5.6b  Autocorrelation and partial correlation plots of the standardized CPUE for seasonal 

catches of male O. pallidus, with 5% significance levels denoted by dotted lines. ACF is the 

autocorrelation function and lag is equal to one year with quarterly (seasonal) increments. 
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Fig 5.7a+b  Cross-correlation analysis of the standardized CPUE for seasonal catches of (a) male and (b) female O. pallidus and mean seasonal sea surface 

temperature, with 5% significance levels denoted by dotted lines. 
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Fig 5.8a+b+c  For O. pallidus (a) percentage occupancy rate and CPUE for males and 

females (b) proportion of spawning females, and (c) mean total weight for female and males 

for Octopus pallidus caught on the research line in each haul-season. 
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Discussion 

CPUE information alone is an unreliable indicator of stock status for 

holobenthic octopus species. In the experimental research line consistent and 

concentrated fishing pressure did not diminish CPUE or occupancy rates, 

however the proportion of spawning females and mean whole weight for 

females decreased. In addition, seasonal commercial CPUE levels were 

highest when female sex ratios and brooding periods were at their peaks, 

suggesting that CPUE is strongly influenced by seasonal changes in sex-

specific catchability. As such, even if CPUE displays seemingly constant 

trends, the underlying composition and recruitment potential of the fished 

octopus populations may therefore be severely impacted by the fishing 

practices.  

 

Under the relatively low fishing pressure applied to the research line, CPUE 

and occupancy rates showed little evidence of exploitation. However, the 

constant localised fishing pressure on the research line demonstrated signs of 

size selective fishing mortality with reductions in the proportion of spawning 

females and mean whole weight for females. Whole weight and fecundity 

were positively related for females, however, significant reductions in mean 

female fecundity were not demonstrated in the research line, this may be 

attributed to the use of underdeveloped eggs in the fecundity analysis and 

therefore egg reabsorption rates not being accounted for. Although in 

chapter 4 it was stated that O. pallidus laid the majority of their eggs, 
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reabsorbtion rates may be influenced by numerous biotic factors such as rate 

of development, stress and seasonal temperature changes, which could mask 

the effects of size selective fishing on fecundity. Evidence of size selective 

fishing mortality in the same data set was also addressed in chapter 4, where 

female weight-at-age decreased and growth increased with subsequent 

sampling seasons. Thus the consistent and concentrated fishing pressure on 

the research line lead to the progressive removal of larger, potentially more 

fecund, older and slower growing females, with smaller, potentially less 

fecund, younger and faster growing females subsequently replacing them. 

This suggests that sustained high fishing pressure could severely impact 

upon localised population composition, egg production and subsequent 

recruitment, as proposed by Rodhouse et al. (1998). However, even such 

strong impacts would not necessarily be detectable in CPUE data until they 

cause a drop in abundance, due to the natural fluctuations of CPUE 

(Hampton, et al. 2005, Maunder, et al. 2006). Reliance on CPUE information 

could also lead to further misinterpretation and positive abundance bias, due 

to pots functioning as potential aggregation devices in the habitat limited 

sandy substrates and attracting octopus from further a field. This has 

particular relevance for females, who are reliant on finding suitable 

structures to brood eggs (Anderson 1997). 

 

Females were especially vulnerable to exploitation during autumn in each 

year from 1998 – 2006, with elevated CPUE levels and high proportions of 
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females during this season. High catches of females during autumn are likely 

to link with females actively seeking shelter to brood eggs (Anderson, et al. 

2002, Iribarne 1990). The length of time O. pallidus broods its eggs in the wild 

is unknown, however, temperature has been shown to be a defining factor 

for brooding duration in other octopus species (Caveriviere, et al. 1999). 

Although O. pallidus spawns throughout the year, a potentially optimal 

spawning period during late summer and early autumn was identified in 

chapter 4. Although the autumn CPUE peak and the summer/autumn 

optimal spawning period were not completely aligned, optimal spawning 

periods are known to be strongly influenced by environmental conditions, 

have fluid time frames and can shift in intensity from year to year 

(Fernández-Rueda and García-Flórez 2007, Silva, et al. 2002). This suggests 

that peak vulnerability of brooding females to fishing pressure does not 

occur at an exact time each year, however, the period with the greatest 

potential for fishing pressure to adversely effect egg production is during 

autumn.  

 

Over a period of seven years during 1998 – 2006, commercial CPUE showed 

marked gender-specific intra and inter-annual periodicity patterns that were 

strongly influenced by season. These seasonal patterns were not directly 

related to mean monthly SST, even though water temperature is known to 

influence growth (Forsythe 1993), reproductive development (Forsythe and 

Hanlon 1988a) and metabolic rate in cephalopods (Katsanevakis, et al. 2005). 
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The lack of a direct link between SST and CPUE emphasises the importance 

of other seasonally variable factors such as recruitment, food availability, 

behaviour, egg brooding and the movement and migration of genders at 

different temporal and spatial scales (Gillespie, et al. 1998).  

 

From 1998 to 2006 female CPUE generally increased with successively higher 

peaks in summer and autumn every two years. This inter-annual trend could 

be aligned with the general 12-month life-span of O pallidus (see chapter 3). 

Although the partial-autocorrelation analysis showed no evidence of time-

lagged density-dependence, this pattern may have been confounded by 

environmental fluctuations (Ambrose 1988, Faure, et al. 2000). Male CPUE 

displayed a less regular pattern than the females, but also demonstrated 

strong peaks every two years. The negative influence of CPUE in one season 

onto the season 0.75 years later could be caused by density dependent factors 

such as food availability or cannibalism. However, to get a better 

understanding of this phenomenon further study on the seasonal 

distribution and abundance of O. pallidus juveniles that recruit to the fishery 

at around 250 g-body weight is required. Further research is also needed on 

the distribution and abundance of O. pallidus in habitats such as bryozoan, 

sponge and ascidian gardens, in comparison to the habitat limited sandy 

substrates utilised by the fishery. This information will help determine if 

catchability of octopus is lower in more complex habitats and if distinct 

habitats are utilised by different life stages.  
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Declines in CPUE in the 4E fishing blocks corresponded to when fishing 

operations were moved to eastern Bass Strait in 2006. However, it remained 

unclear whether the drop in CPUE and the assumed decline in abundance 

was a direct consequence of the previous record catches in 2005, or whether 

lower CPUE were the result of altered fishing practices due to effort being 

concentrated in the east. Independent of the cause, shifting fishing effort 300 

km to eastern Bass Strait would have relieved all pressure on the western 

population. Differences in elemental signatures of O. pallidus stylets have 

indicated that octopus from the 4E fishing blocks may form separate and 

possibly unconnected populations to those in eastern Bass Strait off the east 

coast of Flinders Island (Doubleday, et al. in press). Different O. pallidus 

populations could also exist at much smaller scales i.e. <85 km, (Doubleday, 

et al. in press), which would mean that the OPF utilises several distinct 

populations. Small distances between unconnected populations of 

holobenthic octopus species are not uncommon. Naravarte et al. (2006) 

demonstrated that recruitment for the holobenthic species Octopus tehuelche 

can vary between sites 22 km apart. In contrast, the merobenthic species O. 

vulgaris showed no significant differences in between populations 200 km 

apart (Cabranes, et al. 2008). Such differences in population structure which 

are most likely related to factors such as extent of movement and migration, 

hatchling dispersal, the effects of geographical features and oceanic 

processes, and availability of suitable habitats (Boyle and Boletzky 1996, 
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Semmens, et al. 2007), highlight the point that holobenthic and merobenthic 

octopus species require management arrangements that are adapted to their 

specific spatial population dynamics.  

 

For holobenthic species, it is important to prevent localised depletion by 

distributing effort over a wide area. The eastern and western Bass Strait 

regions presently used to manage the OPF are too large to achieve this goal. 

Rather, annual catch limits should be based on smaller spatial units, e.g. half-

degree fishing blocks. As a precautionary approach, it should be assumed 

that the drop of CPUE in 2006 was caused by overexploitation of the octopus 

populations in 2005, and therefore the actual limit per fishing block should 

be less than the 2005 single block maximum. The small number of operators 

in the OPF at present would allow for self-regulation of fishing block catch 

limits. However, if effort increases considerably and is shared by a number of 

operators, it could be regulated during the peak spawning period in autumn 

on a rotational basis between different fishing blocks, to ensure that impacts 

during this period are spread throughout the fishery and between 

populations.  

 

This study has indicated that CPUE data should be combined with biological 

information to estimate the impacts of fishing on the populations of 

holobenthic octopus species. Changes in the reproductive potential and 

subsequent recruitment caused by continual fishing pressure on localised 
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populations may potentially remain undetected in commercial fisheries data. 

To avoid such situations, holobenthic octopus fisheries need to be managed 

on smaller scales than merobenthic species and CPUE data needs to be 

accompanied with size, sex and reproductive information. To avoid potential 

impacts on recruitment it is recommended that management of the OPF be 

operated at the smaller spatial scale of individual fishing blocks. 
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CHAPTER 6 

General Discussion 

The central aims of the thesis were to determine seasonal and gender-specific 

relationships between age, growth, repro-somatic investment and 

commercial catch information, and assess the effects of fishing pressure on 

the population dynamics of O. pallidus. In addressing these aims, this study is 

the first for an octopus species to: 1) calculate the effects of hatching size, 

simulated seasonal temperatures and feeding on captive juvenile growth, 2) 

determine the age composition for a wild octopus population using a 

validated technique, 3) investigate the relationship between age and 

reproductive status in the wild and 4) combine this life history information, 

with commercial fishery data. In doing so, the present study has been able to 

address numerous knowledge gaps in the fishery biology and population 

dynamics of Octopus pallidus and octopus in general. The most important of 

these findings have been; demonstrating that extreme individual growth 

heterogeneity results in age having minimal correlation with size or 

reproductive development; and the verification that, as proposed by 

Forsythe (1993), seasonal temperature patterns are a driving force in octopus 

growth, repro-somatic development and population dynamics. The 

implications of this research are broad reaching, for the topics addressed (i.e. 

age, growth and reproduction) are the very cornerstones of biology.
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 By providing highly detailed information for a single representative species, 

a significant contribution to the field of cephalopod research has been made. 

 

In the laboratory portion of this study temperature at hatching was shown to 

have the greatest influence on juvenile growth and subsequent size, with the 

higher initial temperature in the summer/autumn treatment (18ºC cf 14ºC for 

the spring/summer treatment) initiating a spike in growth that effectively 

separated the growth of the octopus in the two treatments. This finding 

supports the Forsythe Effect (1993), where cephalopods hatched at warmer 

temperatures will grow faster than those hatched at cooler temperatures. 

However, by using two treatments that replicated local water temperatures 

during spring/summer (14 – 18ºC) and summer/autumn (18 – 14ºC), the 

present study was able to expand upon the Forsythe Effect by demonstrating 

that only a short period (<30 d) of high initial temperatures are required to 

have a considerable influence on the growth and final size of individual 

octopus. This is an important consideration, for the influence of temperature 

at hatching lasted for the duration of the experiment even though each 

treatment in the laboratory experiment had an equivalent number of degree-

days. Therefore an octopus hatched at higher temperatures in autumn can 

potentially have equivalent or even greater growth rates than an individual 

hatched at a lower temperature during early summer, despite the summer 

hatched octopus experiencing a longer period of high temperatures.  
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Within each temperature treatment there was considerable variation in 

individual growth, which was related to hatch size and feeding rate. In the 

summer/autumn treatment initially smaller individuals (<0.25 g) had higher 

feeding rates, which resulted in higher growth rates and similar final sizes by 

the end of the experiment to their initially larger siblings (≥0.25 g) in the 

same treatment. This pattern was not observed in the spring/summer 

treatment, where initially smaller individuals fed less, grew at an overall 

slower rate and reached a smaller final size than those hatched at a larger 

size in the same treatment. These results indicate that if temperature at 

hatching is at the upper end of the species range then the influence of factors 

such as hatching size and feeding rate can be altered. Therefore when 

examining octopus growth in captivity or modelling it in the wild, these 

complex interrelationships between seasonal temperature patterns, hatching 

size and feeding rate, need to be considered.  

 

Growth rates in the laboratory study differed between individuals by up to 

three orders of magnitude, even though all of the octopuses were the same 

age, from the one mother and fed on the same diet. With such extreme levels 

of individual growth heterogeneity observed in controlled conditions, the 

necessity of having a reliable and accurate means to calculate individual age 

and growth in the more variable conditions of the wild becomes apparent. To 

achieve this Stylet Increment Analysis (SIA) was applied, providing back-

calculated hatch dates and allowing the influence of temperature at hatching 
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on overall growth to be estimated. A weak/moderate positive relationship 

between mean seasonal temperatures at hatching and growth averaged over 

the life span of an individual, resulted in octopus hatched during summer 

displaying the highest growth rates for each year. Although not a strong 

relationship, this is an important observation, for growth rates were 

calculated for individuals from across a spectrum of ages and reproductive 

stages, and when considering other factors such as diet and genetic 

variability, it is surprising that a trend between temperature at hatching and 

overall growth rate was observed at all. However, positive relationships 

between high hatch season temperatures and average daily growth rate 

calculated over the life-span of individuals have also been determined for 

wild caught Loligo gahi (Hatfield 2000) and Sepioteuthis australis (Pecl 2004). 

These findings further demonstrate the significance of seasonal temperature 

trends in cephalopod populations and indicate that an understanding of 

juvenile growth processes and how they are influenced by biotic and abiotic 

variables is essential for a realistic and comprehensive understanding of 

cephalopod growth. 

 

The present study demonstrated that age has no relationship with size for 

wild caught octopus and verified that high rates of individual growth 

heterogeneity is a defining factor for octopus populations. In contrast, Modal 

Progression Analysis (MPA), a commonly used method of estimating wild 

octopus growth, does not account for individual growth heterogeneity and is 
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based on the assumption that age is closely related to size (Semmens, et al. 

2004). The inability of MPA to account for these primary attributes of octopus 

growth indicates that it is an inappropriate method, thus reducing the 

controversy surrounding its use for cephalopods (Jackson, et al. 2000). In 

addition, by demonstrating that SIA is a simple, cost effective, accurate and 

reliable alternative to MPA, the present study has provided a means to 

investigate the fisheries biology and population dynamics of an octopus 

species to a greater extent than was previously possible.  

 

Stylet Increment Analysis (SIA) has the potential to be as important a 

technique to octopus research as otolith and statolith age and growth 

estimation are to squid and teleost research, respectively. The significance of 

this development cannot be underestimated. For the ability to accurately 

determine the age and growth of a species greatly advances the potential 

biological, ecological and fisheries research that can be conducted (Campana 

2001). This has been demonstrated for a large number of teleost species using 

otolith age determination methods, to the extent that the otolith has been 

described as the most important biological structure in fisheries science 

(Begg, et al. 2005). The basis for such a claim is the large amount of 

information that can be determined from otoliths, which in addition to age 

and growth can include movement patterns, habitat interactions and stock 

structure. Once obtained such information can be used to determine the 

ecology, demography and life history of a species at the population level 
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(Begg, et al. 2005). Although squid statolith research is less developed than 

that of fish otoliths, it has already provided similar information and 

displayed comparable research potential (Arkhipkin 2005). Therefore, as the 

first study to use stylets to determine the age and growth of a wild octopus 

population, the present study has created a basis for further research, which 

may lead to similar developments to those shown in otolith and statolith 

research.  

 

The importance of age and growth information was best demonstrated in the 

investigation into the relationship between reproductive status, age and size. 

Wild caught males and females lived to similar ages and had similar growth 

rates, but demonstrated significant differences in size-at-maturation, with 

females reaching 50% maturity at 473 g whereas all males sampled were 

>250 g and mature. This was a function of the proportion of body size that 

each gender allocated to reproductive organs when fully mature, around 

12% in females compared to 2% in males. Importantly, female maturation 

was more of a function of size than age. The broad range of ages in-which 

females reached maturity (110 – 470 d), appeared to be a attributed to the 

high levels of individual growth heterogeneity observed in the wild 

individuals (1.55 – 6.9% body weight day-1). This resulted in the factors that 

dictate growth (e.g. temperature and diet) having greater potential than age 

to influence reproductive development. The relationship between 

temperature, growth and reproductive development was examined by 
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Forsythe, et al. (2001) who found that Sepioteuthis lessoniana reared in 

captivity had a decreased age at first egg laying at higher temperatures. Pecl 

and Moltschaniwskyj (2006), examined this further by investigating the 

influence of hatch season on reproductive investment for wild caught 

Sepioteuthis australis. They found that males hatched in warmer months had 

higher reproductive investment, faster growth and better somatic and 

reproductive condition, whereas females hatched during similar periods had 

reduced reproductive investment. 

 

The influence of seasonal temperatures on growth and reproductive 

investment, combined with the short life span and gender-specific size-at-

maturity for O. pallidus, indicated that to ensure the greatest chance of 

reproductive success, some level of reproductive scheduling would need to 

occur. For O. pallidus the period of late summer to early autumn was shown 

to have the greatest reproductive output and provide the best conditions for 

high juvenile growth. This timeframe corresponded with peak temperatures 

for the study region. Therefore it can be suggested that the synchronisation 

of male and female reproductive investment during this period is partly due 

to physiological responses to seasonal temperature trends where higher 

water temperatures increased repro-somatic investment. This suggests that 

although spawning occurs throughout the year, late summer to early autumn 

can be considered an optimal spawning period for O. pallidus. However, it 

must be noted that the duration and intensity of an optimal spawning period 
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for an octopus species is likely to be very plastic and influenced by other 

factors such as nutrition and day length (Mangold 1987).  

 

Optimal spawning periods can induce behavioural responses in octopus 

populations, where females display an increased need to find shelters in 

which to brood eggs (Ambrose 1988). For octopus pot fisheries, which 

operate by providing shelters in habitat-limited environments, such 

behavioural trends can alter the sex ratios of catches (Narvarte, et al. 2006). 

This was observed in the Octopus pallidus Fishery (OPF), where the increased 

ratio of females during autumn corresponded with annual peaks in female 

catch per unit of effort (CPUE). During this period of high temperatures, the 

potential for fishing pressure to adversely impact upon a population was 

increased. This was due to the increased vulnerability of brooding females 

and the observed seasonal patterns in growth rate and reproductive 

development. The gravity of this situation may also be intensified by O. 

pallidus having an average life-span of approximately 12 months and being a 

terminal spawner; thus having minimal overlap between generations, which 

can result in the lack of a buffer against poor recruitment from the previous 

generation (Caddy 1983). Without a buffer any negative impacts or 

disruptions to brooding females during periods of peak vulnerability and 

reproductive output, could lead to a crash in recruitment for the following 

year.  
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Progressional impacts from commercial fishing also displayed an influence 

on O. pallidus populations. This was determined by applying continual and 

concentrated fishing pressure to a fixed position demersal longline only used 

for research sampling. The commercial fishing for O. pallidus and the 

research line occurs on sandy substrates that are habitat limited, thus the 

pots provide extra shelter and brood sites for females. This can lead to 

competition for brood sites, with higher success rates by larger individuals 

(Aronson 1986). The combined effects of these behavioural aspects with the 

progressive fishing down of the research line, led to size selective fishing 

mortality, where larger and older females were progressively being replaced 

with younger, faster growing and potentially less fecund females. This 

response to localised and continual fishing pressure was attributed to the 

holobenthic life strategy of O. pallidus, where hatchling dispersal is most 

likely more limited than that of the planktonic young of merobenthic octopus 

species (Doubleday, et al. 2008, in press).  

 

The reduced dispersal range of holobenthic octopus species increases the 

likelihood of a population being adversely effected by localised impacts 

(Narvarte, et al. 2006), but also allows for the more controlled management of 

fishing pressure on stocks. Therefore research and management needs to be 

customised to the spatial population dynamics of the species being 

investigated. This is in contrast to the present situation, where analyses are 
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commonly based solely on CPUE information, and the spatial dynamics of a 

population and how it effects recruitment are generally given low priority.  

 

Standardized CPUE data for the OPF was analysed to determine if it alone 

could provide sufficient information to reliably assess the stock status of a 

holobenthic octopus population. Using the CPUE information as the sole 

indicator was found to be inadequate, for it did not detect seasonal changes 

in sex-specific catchability, or account for the impacts of size selective fishing 

mortality caused by continual and concentrated fishing pressure. The 

inability of CPUE information alone to identify potential fishery induced 

impacts on recruitment highlights the importance of the life history 

information determined in this study. For without growth, longevity, 

maturation, and reproductive scheduling information the potential impacts 

of commercial fishing on the population dynamics of O. pallidus would not 

have been able to be identified. To ensure that the OPF is sustainable in the 

future, the present study proposes that the spatial units used to manage the 

fishery be reduced by 75% to approximately 55 x 55 km fishing blocks. It is 

believed that such an approach will encourage greater distribution of fishing 

effort and help minimise the potential impacts of localised fishing pressure 

on recruitment. 

 

This study has provided an unprecedented insight into the life history of an 

octopus species, by examining the seasonal and gender-specific relationships 
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between age, growth and repro-somatic investment. For the first time, a 

comprehensive picture of the growth, longevity, maturation, and 

reproductive scheduling for an octopus species has been developed over the 

one continuous period. By combining life history information derived from 

detailed laboratory and field investigations with commercial fishery data, the 

effects of fishing practices on the dynamics of an octopus population were 

able to be determined, thus providing a concise depiction of the fisheries 

biology and population dynamics of this species. 

 

Future studies 

The fisheries biology and population dynamics information provided in this 

study will assist in the management of the OPF and provide a solid basis for 

a broad range of research possibilities. This will not only contribute to the 

available biological and ecological knowledge on O. pallidus, but to other 

octopus species as well.  

 

The present study has shown that Stylet Increment Analysis (SIA) is a valid 

method of octopus age and growth estimation. The next step is to apply this 

technique to other octopus species. However, before this can be realised, the 

periodicity of growth increments in the stylets of other species needs to be 

validated for laboratory-reared known aged octopus. For holobenthic species 

similar to O. pallidus this should be a reasonably straightforward process due 

to their immediate benthic lifestyle. However, for many merobenthic species, 
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there are added difficulties in culturing them, such as providing the 

appropriate feed types and quantities during the planktonic stage, and 

having the right conditions to ensure that paralarvae settle in to a benthic 

stage (Iglesias, et al. 2004, Villanueva 1995). Once a species has been 

successfully reared in captivity, the methodology used to prepare stylets for 

SIA needs to be adapted according to the stylet morphology of the species 

being investigated, which can vary considerably (Bizikov 2004). It is only 

when these species-specific variables are accounted for that age and growth 

estimates can be considered valid. 

 

After SIA has been validated and applied to a variety of commercially 

significant species (e.g. the Octopus vulgaris species complex), then the age 

and growth information obtained can be used to assess the world’s major 

octopus stocks, thus helping to determine their resilience to the 42% increase 

in global octopus catches over the past 20 years (F.A.O. 2005). Such 

information would not only contribute to the management of octopus stocks, 

but would also have considerable implications for ecological research. 

Octopus species are significant prey species for many taxa and are generally 

short lived fast growing predators with high food conversion ratios (Boyle 

and Rodhouse 2005) and growth and reproductive development that is 

strongly influenced by seasonal temperatures. The resultant dynamic nature 

of octopus populations can lead to very significant short-term impacts on 

ecosystems, for example the demographic explosion of Octopus vulgaris in 
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Senegal during the summer of 1999, where octopus landings were six times 

the amount of the previous year (Diallo, et al. 2002). Such high levels of 

ecological opportunism, has lead to the belief that cephalopod stocks are 

progressively replacing traditional fish stocks due to the effects of 

overfishing; thus increasing the propensity for short-term population spikes 

as the number of predators and competitors decline (Caddy and Rodhouse 

1998). Therefore, by using SIA to determine the age and growth compositions 

of the world’s major octopus stocks, the potential to handle this burgeoning 

situation is dramatically increased by allowing for more in-depth studies on 

population abundances to be conducted. 

 

In order to gain an insight into the role of an octopus species in the trophic 

structure of an ecosystem, information on prey profiles and seasonal patterns 

in predator and prey abundance are required. For O. pallidus and many other 

octopus species this information is presently unavailable. This situation is 

confounded by the fast digestive system and obliteration of food items by the 

beak and radula of cephalopods, which makes it difficult to visually 

identifying prey in gut samples. A potential solution to this problem is fatty 

acid analysis of the stomach contents and tissues from the mantle and 

digestive gland, as used by Phillips, et al. (2003) to determine temporal 

variations in the diet of Moroteuthis ingensis. This would require fatty acid 

profiles of potential prey items to be constructed. Once this information is 

acquired, along with fatty acid profiles of octopus in predators, it can then be 
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combined with life-history information similar in detail to what is presented 

in this study. This can then be used to help determine the ecological roles 

played by a species in various habitats, and how this may vary due to 

changes in anthropocentric and environmental variables. The information 

from such studies can then be potentially used in the development of 

ecosystem-based approaches to the fisheries management of octopus 

populations.  

 

A future study that is applicable to cephalopods in general, which expands 

upon the present study’s investigation into the influence of hatching size on 

octopus growth, is the examination of the factors that determine size-at-

hatching. Such factors may include maternal nutrition, temperature, yolk 

reserves and paternity. Maternal nutrition is known to influence the 

condition and size of eggs, where a malnourished mother under stress will 

lay fewer and smaller eggs (Steer, et al. 2004). Temperature can also alter 

embryonic development and yolk production, when at the extremes of a 

species temperature range (Caveriviere, et al. 1999, DeRusha, et al. 1987, Ito 

1983). Variation in individual yolk reserves can potentially effect growth 

during the days prior to and immediately after hatching (Boletzky 1994). In 

addition to these factors, there is also a possibility that eggs could be 

preconditioned for optimised growth in relation to surrounding water 

temperatures and seasonality (Boletzky 1994). By testing for the combined 

effects of these variables on hatching size in the laboratory, and then 
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applying the results to field studies investigating trends egg batch 

composition in relation to female condition throughout the year; the 

potential effects of size selective fishing mortality on fecundity and 

recruitment can be further investigated.  

 

Mixed paternity has been observed in squid and may also occur in octopus 

(Buresch, et al. 2001, Emery, et al. 2001). Investigating mixed paternity could 

provide insights into the effects of genetic diversity on growth and how this 

is related to individual growth heterogeneity. To determine the potential 

extent of mixed paternity for a species, spermatophore retention rates in 

oviducal glands, which can be up to 10 months in cephalopods (Mangold 

1987), need to be estimated for the octopus species being investigated. Once 

information on mixed paternity and spermatophore retention rates is 

acquired, it could be used to help reveal further details on how gender-

specific variation in reproductive development can effect recruitment for 

different seasons. This could be achieved by calculating operational sex ratios 

for a population at different times of the year, and then using this 

information to model different outcomes for a range of biotic and abiotic 

inputs.  

 

The present study determined that age has a minimal relationship with size 

and reproductive development for adult octopus; and that growth is strongly 

influenced by temperature, particularly for juveniles, which in turn 
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influences reproductive development and therefore population dynamics. By 

providing such insights into the life history of octopus, this study has 

allowed for further investigations into the way octopus populations can be 

impacted upon by biotic and abiotic variables. Such studies may include 1) 

further investigations into the causes of individual growth heterogeneity, 2) 

comparisons between captive and wild growth and 3) determining the 

minimal length of time required for temperature at hatching to have 

significant effects on juvenile octopus growth. These studies would require 

an expansion of the present analyses, such as: a laboratory study which uses 

a series of different hatching temperatures set for a range of time periods and 

an investigation into the effects of different diets and rations on individual 

growth. In addition, to compare wild and captive growth effectively, wild 

octopus from all size classes would need to be examined. Once this 

information is acquired then it could potentially be used in models to predict 

the effects of various environmental variables on octopus populations. 

 

The present study has revealed new details on the life history of an octopus 

species and demonstrated how it can be used in a fishery context. This 

information provides a solid basis for future studies, which will help to 

contribute to the expansion of our knowledge on the population dynamics 

and fisheries biology of the world’s octopus species. 




