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Abstract

Octopus cyanea is taken as an unregulated, recreationally fished species from the intertidal reefs of Ningaloo, Western
Australia. Yet despite its exploitation and importance in many artisanal fisheries throughout the world, little is known about
its life history, ecology and vulnerability. We used stylet increment analysis to age a wild O. cyanea population for the first
time and gonad histology to examine their reproductive characteristics. O. cyanea conforms to many cephalopod life history
generalisations having rapid, non-asymptotic growth, a short life-span and high levels of mortality. Males were found to
mature at much younger ages and sizes than females with reproductive activity concentrated in the spring and summer
months. The female dominated sex-ratios in association with female brooding behaviours also suggest that larger
conspicuous females may be more prone to capture and suggests that this intertidal octopus population has the potential
to be negatively impacted in an unregulated fishery. Size at age and maturity comparisons between our temperate
bordering population and lower latitude Tanzanian and Hawaiian populations indicated stark differences in growth rates
that correlate with water temperatures. The variability in life history traits between global populations suggests that
management of O. cyanea populations should be tailored to each unique set of life history characteristics and that stylet
increment analysis may provide the integrity needed to accurately assess this.
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Introduction recreational fishermen or provide realistic estimates of densities for
such a behaviourally and visually cryptic animal, the biology and
life history characteristics of O. ¢yanea provides an insight into their
vulnerability as a species and can be accurately quantified.

To date, studies on O. ¢yanea have been limited to a handful of
studies on their general ecology, diet, behavioural aspects and
oxygen regulation [8-14]. However, despite its importance in
underpinning their susceptibility to fishing pressure, studies on its

Effective conservation requires baseline life history data to
enable educated decisions to be made for the future management
of a species. This includes aspects such as growth, mortality and
the reproductive characteristics of an organism. Recently, the
implementation of no-take zones based on the timing of life history
characteristics, such as peak breeding and brooding periods, has
been found to be an effective strategy for the management of
artisanal fisheries of octopuses [1]. Age is a particularly important
feature because accurate estimates of age provide a context from
which to measure other life history characteristics [2,3], which in
turn provides a better understanding of the functioning, lifestyle

life history are limited [8,15-19] and rely on using size to estimate
age, a technique which has proven quite inadequate for
cephalopods with flexible growth [20].

Stylet increment analysis is a new technique that produces

accurate estimates of age that do not rely on the size of the

and vulnerability of the species. ) ) . ) individual [3,21,22]. The age of an individual is determined by
The Day octopus, Octopus cyanea [4], is a medium sized, diurnally

active octopus that inhabits tropical sub and intertidal reefs of the
Indo-West Pacific [5]. While O. ¢yanea is not commercially fished in
Australia [6], it is regularly taken off reefs for use as bait by

counting the daily growth increments in the microstructure of the
octopus’ stylet in much the same way that otoliths are used to
accurately age fish. Already validated and documented for the

commercially important temperate species, the holobenthic Octopus

recreational fishermen. At Ningaloo Reef, in remote coastal pallidus [3,21] and merobenthic Octopus vulgaris [22,23], stylet
Western Australia, recreational fishing for finfish is highly

regulated. However, the octopus harvest is currently unregulated
and the numbers of octopuses caught on this fringing reef remains
unknown [7]. While it is difficult to determine the impact from

increment analysis has yet to be used to age a tropical octopus
species. The aim of this study was to significantly expand on
previous research on this common and ubiquitous octopus species
by examining the life history characteristics of the intertidal O.
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¢yanea population from Ningaloo Reef. Specifically, we set out to
(1) develop a reliable ageing technique for a tropical octopus
species, (2) provide the first age-based demographic information
for the species, and (3) establish what life history stages of O.
cyanea are most susceptible to fishing. The results from these
findings were used to provide context on their potential
vulnerability to recreational fishing pressure at Ningaloo Reef,
provide baseline life history information on the species and
significantly expand on previous research on this common and
ubiquitous octopus species.

Materials and Methods

Ethics statement

Research was conducted under the Department of Environment
and Conservation Permits #CE002468 and #SF006976 and
Department of Fisheries Research Permit #1719-2009-43. Uni-
versity of Western Australia Animal Ethics Committee #F11043,
Approval No.RA/3/100/914.

Collections

Seasonal samples of O. ¢panea were collected from the same four
intertidal reefs within the Ningaloo Marine Park (21°46.626'S,
114°09.975'E to 24°01.865'S, 113°25.235"E), Western Australia
in the autumn (April), winter (August), spring (October) and
summer of 2009. Individuals were collected by four workers
during daylight and crepuscular hours for approximately two
hours before and two hours after spring low tides (<0.6m). On
each occasion, intertidal reef areas of approximately 0.5-1 km?
were thoroughly searched including reef holes, ledges, pools and
algal patches at varying distances from the shoreline to ensure
good coverage. Most often octopuses revealed themselves through
surface water movement resulting from their breathing activities.
Upon detection, a few copper sulphate crystals were placed into its
den causing it to exit into a hand-held scoop net. From 113
sightings, 102 individuals were captured. Each individual was
quickly euthanized by double-sectioning of the brain to sever the
optic lobe and brain from surrounding peripheral nerves (as per
Boyle [24]), put into a labelled, plastic zip-lock bag and placed into
an ice-water slurry. Individuals were weighed, externally sexed by
the absence or presence of a ligula on the 3™ right arm (male), and
stylets removed by making a vertical cut from the mantle base to
the mantle tip on the ventral side. A cut was then made into the
mantle at the base of the gills and the stylet removed with a pair of
tweezers and immediately stored in vials in a 70% ethanol/
freshwater solution before the bodies were immersed in a 5%
formalin/seawater solution for future gonad analyses.

Age, growth and mortality

Each individual was aged using a variation of the stylet
increment analysis technique of Doubleday [3] who validated this
technique in the holobenthic species Octopus pallidus and confirmed
the deposition of daily rings, an assumption adopted here for O.
cyanea [22,25]. The technique was modified because, in compar-
ison to the temperate O. pallidus, the tropical O. ¢panea’s stylets
darkened quickly when polished or placed into heated thermo-
plastic cement. The modified technique involved cutting a thin
transverse section (<lmm thick) from the post-rostral zone of the
stylet (as per Doubleday [3]). This section was then simply placed
on its end onto a glass microscope slide and covered with a drop of
microscope immersion oil to prevent drying out. The position of
the stylet was checked under a microscope for orientation and
clarity and two direct counts were made by a single reader without
reference to the previous count from the centre ring to the outside
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edge using a hand counter at 200x magnification. A second reader
made a single count using the exact same technique at a later date
using a new section from the same stylet (original sections had
deteriorated) and the means of the three counts used. In cases
where sections were not clearly readable along the reading axis
(>20% unreadable) or where the closest two counts were not
within 10% of each other, a new section of stylet from the same
individual was prepared and new counts made. Once counts were
completed, the results were compared using the coeflicient of
variation (CV) for precision. In addition to this, counts were
recorded wherever possible where abrupt changes were evident in
stylet rings. Abrupt changes in ageing rings such as distinctive
darkening of further rings or a change in distance between rings
often mark significant stages of an individual’s life such as changes
from a pelagic to a benthic existence (e.g. [26,22,25]).

To examine the growth of O. ¢panea, a size-at-age plot was
constructed using weight and age in days. Weight was the
preferred estimate for size as it is traditionally used in cephalopod
size measurements because of the plastic nature of using length or
width and to enable interspecific comparisons for future studies
[27]. Five different growth models (exponential, linear, logarith-
mic, power and von Bertalanfly) were fitted to the size-at-age data
of all individuals and the best model of growth selected based on
the highest R? value. To investigate variation in growth rates
between (1) sexes and (2) seasons across their lifespan, gender and
seasonal data were tested for normality, then examined for
homogeneity of slopes using Levene’s tests before gender and
seasonal regression slopes were statistically compared using
ANCOVAs.

Rates of mortality were estimated using Hoenig’s equation [28].
Hoenig’s equation has been used and found to provide approx-
imate estimates of post-settlement mortality in a host of marine
organisms (e.g. [29]) and uses the formula; In(Z)=1.23-0.832
In(t,ay) where (Z) is the constant instantaneous rate of mortality
and (tyay) 18 the maximum age of the species. The maximum age
of O. ¢yanea was defined as the oldest octopus collected from the
intertidal zone.

Reproduction

To confirm individual gender and provide information on sex-
ratios, size and age at maturity and the reproductive status of
individuals among seasons, gonads were histologically sectioned at
6-um and stained with Gill’s Haematoxylin and Eosin. Male and
female gonad development was classified into one of four
developmental stages following [30,31]. Using these guidelines,
maturity status for each individual was defined as the most
advanced stage of gonad developmental maturity and were
considered mature upon reaching Stage 3. In males this occurs
when spermatids and spermatozoa are abundant and there are no
empty spaces between cells and in females when there is a
significant increase in oocyte size, deeper infolding of follicular
epithelium and increased yolk production [30]. Seasonal sex-ratios
and size and age at maturity were examined using logistic
regression models. At the population level, age at maturity was
defined as the age at which 50% of all individuals of that gender
were found to be sexually mature [32]. Seasonal patterns in
maturity stage were examined by plotting the frequency of sexual
stages for each gender across seasons to provide an indication of
the main reproductive season for O. ¢yanea. An ordinal multinomial
regression model with a probit link, which allows estimating the
effects of more than one independent variable (i.e. sex and season)
on a dichotomous dependent variable (i.e. maturity expressed as
mature vs immature), was used to examine whether sexual
maturity differed between the two sexes over time (i.e. seasons).
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Coupled with stylet back-calculations of hatching dates, this
provides good estimates of peak seasonal trends in reproductive
cycles and the approximate seasonal timing of recruitment.

Results

Age, growth and mortality

A total of 102 individuals were caught during this study ranging
in size from 0.017 — 1.91 kg (mean 0.851 kg *0.047 kg se).
Individuals ranged in age from 48 d to a maximum of 314 d for
females and 295 d for males indicating that this species is probably
an annual one at Ningaloo, or at best, has a maximum lifespan of
approximately 1.5 yrs (e.g. larger animals may reside in subtidal
zones). The CV on stylet counts ranged from 0.44 to 11.72% with
90% of the total replicate counts having a CV of less than 10%.
This indicated that observer errors were negligible and well within
the boundaries of other ageing studies (e.g. [33,3]).

Of the models tested, the growth of O. ¢panea was best modelled
using a power function (Fig. 1, Table 1). Back-calculation of the
ages of the 102 specimens indicated a bias towards summer/
autumn hatching (28 and 37 individuals respectively) with the
remaining 37 individuals hatching in winter and spring (17 and 20
individuals respectively). Comparisons of growth rates between the
sexes was determined from 95 individuals (seven octopuses were
excluded from the analysis due to gender uncertainty and.data
were linearized using a log transform to meet the assumption of
normality) and showed no statistical differences (I; g9 =0.38,
p=0.54) allowing male and female growth data to be pooled.
Seasonal growth rates (n=102 individuals) were also not
significant (F3 97 =0.87, P=0.46) indicating that growth did not
vary for individuals hatched in different seasons. An abrupt change
in the spacing of rings (and a darker ring marking the edge of this)
close to the centre of the stylet at around 30 d (+/—7.3 sd, n =)
was clearly evident in O. ¢panea. This change most likely marks the
transition of the merobenthic O. ¢yanea from a pelagic existence to
a benthic reef-associated one (see [22,25]). Projected rates of daily
mortality using empirical estimates were 2.9%.

Reproduction

The sex-ratio of the intertidal O. c¢ypanea population was
statistically significant with a female skewed ratio of 0.46:1 (x*
3.89, df =1, p = 0.048). However, there was some variation among
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Figure 1. Growth and life cycle of Octopus cyanea. Weight at age
fitted with a power growth trajectory showing summarised life cycle of
Octopus cyanea (n=102) including proposed age at settlement, sexual
maturity for each gender and maximum age in days. The 30d
settlement estimate is based on an abrupt change in the spacing of
rings bordered by a darker ring in the stylet.
doi:10.1371/journal.pone.0043679.g001
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Table 1. Diagnostics and parameters for the five growth
models fitted to weight at age data for the Ningaloo Octopus
cyanea population.

Growth model Model

fitted R? value equation Parameter estimates
Exponential 0.470 y=a*e® a=0.088, b=0.011
Linear 0.347 y=ax+b a=0.006, b=—0.298
Logarithmic 0.336 y=a(In(x))+b a=0.980, b=—4.312
Power 0.592 y=ax? a=0.001, b=2.042
von Bertalanffy 0.494 y=a(l-e ™) a=1.345, b=0.006

The model of best fit was a power function shown in bold.
doi:10.1371/journal.pone.0043679.t001

the four seasons (Iig. 2) with winter samples being equally
represented by both sexes (winter 2 0.00, df=1, p=1). For all
other seasons, females dominated the population assemblage
(autumn x> 19.78, df=1, p=0.000; spring > 4.60, df=1,
p=0.032; summer y* 38.1, df=1, p = 0.000).

Size and age at maturity both varied between the sexes (size at
maturity 2 6.24, df= 1, p=0.013; age at maturity x* 6.13, df=1,
p = 0.014). Males matured at substantially younger ages and much
smaller sizes than females despite the fact that there was no
significant difference in growth rates between the sexes. Males
were mature at 155 days of age and/or 0.35 kg with the smallest
mature male weighing 0.33 kg. In contrast, females matured at
around 225 days and/or 1.35 kg with the smallest mature female
weighing 0.52 kg.

Examination of the seasonal frequency of maturity stages
indicated a degree of synchrony between the sexes (Figs 3a and b).
The ordinal multinomial model indicated there was no difference
in the way each sex matures with respect to season (Wald statistic
=0.28, df =1,7, p=0.60). The most obvious trend for the
Ningaloo intertidal population was the total absence of mature (>
Stage 3) females coinciding with the lowest rate of male maturity
during autumn alongside maximum female maturity coinciding
with maximum male maturity in spring and summer. With the
exception of autumn, all other seasons exhibited mature individ-
uals of both sexes to some degree with spring and summer
appearing to be the peak reproductive season for both sexes. This
corresponds well when cross-referenced with the back-calculation
hatching dates of specimens biased towards summer and autumn
(two thirds of all samples) as well as our 30 day pelagic larval
duration estimate. Moreover, mating was directly observed at
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Figure 2. Seasonal gender ratios of Octopus cyanea. Seasonal
gender ratios in Ningaloo Octopus cyanea population.
doi:10.1371/journal.pone.0043679.9002
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Figure 3. a-b. Seasonal frequency of maturity stages of Octopus cyanea. Seasonal frequency of developmental maturity stages of (A) male (B)

female Octopus cyanea.
doi:10.1371/journal.pone.0043679.g003

Ningaloo in early summer. Despite seasonal peaks in reproduction
over the spring/summer months, however, it seems likely that
staggered reproduction and recruitment takes place throughout
most of the year.

Discussion

Using stylet increment analysis as the basis for exploring the life
history of O. cyanea, this study expands significantly on previous
research and demonstrates the first use of this technique in ageing
a tropical octopus species. The intertidal O. ¢panea population from
Ningaloo conforms to many known cephalopod life history
generalisations. They appear to be short-lived (<1 yr), displaying
variable but rapid non-asymptotic growth coupled with early
maturation and the likelihood of high mortality rates. All of these
life history characteristics are consistent with documented and
theoretical expectations for animals that exhibit short life spans
(e.g. prey species, populations under fishing pressure etc) [34].
However, comparisons with other published work revealed
marked differences in life history traits between our Ningaloo
population and lower latitude tropical populations. This provides a
unique and compelling opportunity to investigate the degree of
plasticity in life history traits within the species.

The disparities in life history traits between our Ningaloo
population and others around the world are large and intriguing
suggesting caution in directly comparing stylet ageing studies with
the more indirect ageing methods employed in past studies (e.g.
laboratory extrapolations, using size to estimate age). Nonetheless,
the discrepancies are so large as to be of some interest. For
example, maximum ages for Hawaiian O. ¢panea are 400 d and the
largest sized octopuses in Tanzania, Hawaii, and Madagascar are
11.7, 6.5, and 5 kg respectively, contrasting sharply with the
1.9 kg maximum and 314 day lifespan found on Ningaloo’s
intertidal reefs. One explanation is that because our samples were
restricted to intertidal individuals, we simply missed the larger
individuals. Relationships between mature female octopus and
depth have been well documented [18,19,35] and differential size/
depth distributions have been reported for other species [36-38].
Another explanation may be that because the timing of life history
events is strongly tied to rates of growth and growth rate is strongly
dependent on temperature and food availability [16,20,39-41],
then different regions or reefs may produce widely varying life
history results in cephalopods. Although we can not comment on
food availability, average annual sea surface water temperatures in
Tanzania (27.9°C), Hawaii (25.9°C) and Madagascar (28.1°C)
[42] are all higher than the Ningaloo average of 24.6°C
(Depczynski unpublished data). This suggests that even slight
decreases in temperature may adversely affect rates of growth and
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the timing of life history events for this species. From this
viewpoint, it is noteworthy that Ningaloo marks the border
between tropical and temperate Australia (Tropic of Capricorn)
and represents the southern-most limit for Western Australian O.
¢yanea distributions [6].

The life history characteristics of species evolve in response to
their surrounding environment [43]. Species at the limit of their
distributions often live in sub-optimal conditions (e.g. thermal
limits, paucity of food or habitat resources) and these are often
reflected in the life history characteristics of a population [44,45].
In particular, parameters such as lifespans, growth rates and the
timing of maturity can vary considerably across populations [46]
with the strongest responses expected in short-lived species with
wide geographic ranges [47]. Growth rates and size at first
maturity in our intertidal population also contrasted sharply with
those in the warmer waters of Tanzania. At a given age,
Tanzanian individuals are projected to be considerably heavier
than those at Ningaloo or Hawaii. At approximately 6 and
9 months of age for example, Tanzanian octopuses are projected
to weigh approximately 0.7 and 4 kg with a female size at first
maturity of 0.6 kg [18]. By contrast, Ningaloo females matured as
small as 0.5 kg and weighed just 0.5 and 1.3 kg at 6 and 9 months.
These weights are more comparable to those found in the
Hawaiian population (0.5 and 2.5 kg) where more similar average
water temperatures exist (+1.3°C). Despite these apparent slower
growth rates, the fact that Ningaloo females still manage to mature
at smaller sizes further highlights the geographic plasticity in life
history traits for this tropical octopus species and suggests that
maturation in the species may be age rather than size-regulated.
Moreover, if growth rates vary considerably with temperature,
then equatorial populations may have a set of life history traits that
support exploitation better than their more temperate cousins.

Alongside natural variability, strong evidence linking shifts in O.
¢yanea population demographics with the intensity of fishing
exploitation have also been documented. Guard and Mgaya [18]
showed a significant increase in individual mean size and catch per
unit effort for one of three Tanzanian sites where fishing was
restricted to two rather than five or seven days per spring tide.
Despite a two-fold increase in overall fishing intensity (no. fishers/
km?) at the most restricted site, mean individual weights were
approximately double that of the other two sites. Humber et al. [1]
reported similar positive effects on catch rates and individual mean
size in response to seasonal closures timed to coincide with peak
breeding seasons in Madagascar, a strategy recently advocated for
O. ¢yanea populations in Mauritius [19]. These increases in size are
biologically significant because they shift the average size
frequency distributions of populations from one that sits below
the minimum size at maturity threshold for females (~0.5 kg) to
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well above it. For Ningaloo, larger subtidal individuals probably
help ensure the integrity of the O. ¢yanea population. In addition,
seasonal resting of the intertidal population during the summer
months likely provides some refuge and enables recovery from any
fishing-related stress provided recruitment is not largely self-
seeding and that outside sources of larvae (including subtidal areas)
are not compromised. Recent evidence using DNA parentage
analysis in tropical fishes with similar larval durations to O. ¢yanea
(~30 d) has shown that recruitment to natal and nearby reefs
makes up a large proportion of reef populations in at least some
species [48,49] although it remains unclear if this is the case for
cephalopods.

At Ningaloo, O. ¢yanea are fished from intertidal reefs
predominantly for bait via visual hunts on the intertidal reef flats
during low tide [7]. While Ningaloo has a small resident human
population (<7000), approximately 200,000 tourists visit each year
during the cooler autumn — late spring months, a large proportion
of whom either fish within the marine park from the shore (48.6%
of all visitors) or from a boat (a further 39.7%) [50]. Although the
intensity and impact of this fishing on the intertidal O. ¢yanea
population remains unclear, some of these fishers collect octopuses
for bait from the small number of intertidal reef flats dotted up and
down the Ningaloo coast [7]. This recreational fishing activity is
largely unregulated (i.e. no size/bag limits or seasonal closures)
and legal in most of the Ningaloo Marine Park (NMP) including
some sanctuary zone areas near campsites where shore fishing is
permitted. Based on the seasonal frequency of maturity stages data
presented here, the Ningaloo tourist season begins just prior to and
overlaps with the time of highest reproductive activity for intertidal
O. ¢yanea (spring). During this period, reproductive activities (e.g.
mate searching, courting, mating, egg-laying, brooding etc)
increase the already considerable time foraging out in the open
across intertidal reef flats (28% — [12]). These activities increase
exposure and susceptibility to natural and anthropogenic preda-
tors/hunters alike and it is the larger, more conspicuous and
mature intertidal individuals that are at greatest risk of detection

[18].

Conclusion

Although this study does not provide representative life history
estimates for the entire Ningaloo population, by using age- rather
than size-based methods, we provide the first accurate life history
estimates for a tropical octopus species including growth, mortality

References

1. Humber F, Harris A, Raberinary D, Nadon M (2006) Seasonal closures of no-
take zones to promote a sustainable fishery for Octopus ¢yanea (Gray) in Southwest
Madagascar. Blue Ventures Conservation Report, London.

2. Sousa Reis C, Fernandes R (2002) Growth observations on Octopus vulgaris
Chuvier, 1797 from the Portuguese waters: growth lines in the vestigial shell as
possible tools for age determination. Bull Mar Sci 71(2): 1099-1103.

3. Doubleday ZA, Semmens JM, Pecl G, Jackson G (2006) Assessing the validity of
stylets as ageing tools in Octopus pallidus. J Exp Mar Biol Ecol 338: 35-42.

4. Gray JE (1849) Catalogue of the Mollusca in the collection of the British
Museum. 1. Cephalopoda Antepedia, London.

5. Norman M (2000) Cephalopods: A world guide. Conch Books, Hackenheim,
Germany.

6. Norman MD (1991) Octopus cyanea Gray, 1849 (Mollusca: Cephalopoda) in
Australian waters: description, distribution and taxonomy. Bull Mar Sci 49(1-2):
20-38.

7. Depczynski M, Heyward A, Radford B, O’Leary R, Babcock R, et al. (2009)
Stock assessment of targeted invertebrates at Ningaloo Reef. WAMSI Node 3
Project 3.1.3. Final Report to the Western Australia Marine Science Institution,
Perth. http://ningaloo-atlas.org.au/sites/default/files/ WAMSI%203.1.
3%20final%20report.pdf.

8. Van Heukelem WF (1966) Some aspects of the ecology and ethology of Octopus
cyanea Gray. Masters Thesis, University of Hawaii, USA.

9. Maginniss LA, Wells MJ (1969) The oxygen consumption of Octopus cyanea.
J Exp Biol 51: 607-613.

PLOS ONE | www.plosone.org

O. cyanea: Life History, Variability, Vulnerability

and size and age at maturity. Comparisons with other global
locations suggest widely varying life history traits for O. ¢yanea
populations although it remains unclear what portion of these
differences are attributable to our restricted (intertidal) sampling,
different ageing methodologies, or other more natural (e.g.
recruitment dynamics, species borders/water temperature) or
fishing-related factors. Nonetheless, what is clear is that life history
data underpins effective species management strategies and from
this point of view, having a reliable age-based technique will vastly
improve the life history knowledge base from which management
decisions are made. For the Ningaloo population, a number of
factors suggest caution should be exercised until gaps in our
knowledge can be filled. Information on recruitment dynamics,
catch rates, densities and the incorporation of life history data
from the subtidal population would provide a proper assessment
on the impacts of fishing and further elucidate the degree of
variability in O. ¢yanea populations. In the meantime, factors such
as the skewed female sex ratios in targeted intertidal areas, peak
breeding seasons coinciding with maximum visitor numbers,
expectations of increasing numbers of fishers and the current lack
of regulations suggest that the precautionary principle should be
adopted in the management of this population.

Acknowledgments

We would like to thank reviewers; Z Doubleday for demonstrating the
stylet increment analysis technique; T Stewart for histological preparation
of samples; R Fisher and B Radford for statistical advice; O H Avila-
Poveda for help with gonad histology; R Douglas, S Foster, S Gerring, A
Herwig, V Inman and A Sutton for field work assistance; K Waddington
for manuscript advice; D Hewitt and JM Hoenig for help on mortality rates
and the Exmouth Department of Environment and Conservation for
advice. Research was conducted under the Department of Environment
and Conservation Permits #CE002468 and #SF006976 and Department
of Fisheries Research Permit #1719-2009-43. University of Western
Australia Animal Ethics Committee #F11043, Approval No.RA/3/100/
914.

Author Contributions

Conceived and designed the experiments: JNH MD JDR JMS MG AJH.
Performed the experiments: JNH MD JDR MG. Analyzed the data: JNH
MD JMS MG. Contributed reagents/materials/analysis tools: MD JDR
JMS MG AJH. Wrote the paper: JNH MD JDR MG JMS AJH. Instructed
and supervised stylet ageing analyses: JMS MD.

10. Yarnall (1969) Aspects of the behaviour of Octopus cyanea Gray. Anim Behav
17: 747-754.

11. Papini MR, Bitterman ME (1991) Appetitive conditioning in Octopus cyanea.
J Comp Psychol 105: 107-114.

12. Forsythe JW, Hanlon RT (1997) Foraging and associated behaviour of Octopus
cyanea Gray, 1849 on a coral atoll, French Polynesia. J] Exp Mar Biol Ecol 209:
15-31.

13. Mather JA, Mather DL (2004) Apparent movement in a visual display: the
‘passing cloud’ of Octopus cyanea (Mollusca: Cephalopoda). J Zool Lond 263:
89-94.

14. Hanlon RT, Forsythe JW (2008) Sexual cannibalism by Octopus cyanea on a
Pacific coral reef. Mar Freshw Behav Physiol 41(1): 19-28.

15. Wells MJ, Wells J (1970) Observations on the feeding, growth rate and habits of
newly settled Octopus cyanea. J Zool Lond 161: 65-74.

16. Van Heukelem WF (1973) Growth and life-span of Octopus cyanea (Mollusca:
Cephalopoda). J Zool Lond 169: 299-315.

17. Van Heukelem WF (1976) Growth, bioenergetics and life-span of Octopus
cyanea and Octopus maya. Dissertation, University of Hawaii, Hawaii.

18. Guard M, Mgaya YD (2002) The artisanal fishery for Octopus cyanea Gray in
Tanzania. Ambio 31(7/8): 528-536.

19. Sauer WHH, Potts W, Raberinary D, Anderson ], Sylvio Perrine MJ (2011)
Assessment of current data for the octopus resource in Rodrigues, western
Indian Ocean. African J] Mar Sci 33: 181-187.

August 2012 | Volume 7 | Issue 8 | e43679



20.

22.

23.

24.

28.

29.

30.

31

Semmens JM, Pecl GT, Villanueva R, Jouffre D, Sobrino I, et al. (2004)
Understanding octopus growth: patterns, variability and physiology. Mar Freshw
Res 55: 367-377.

. Leporati SC, Semmens JM, Pecl GT (2008) Determining the age and growth of

wild octopus using stylet increment analysis. Mar Ecol Prog Ser 367: 213-222.
Barratt IM, Allcock AL (2010) Ageing octopods from stylets: development of a
technique for permanent preparations. ICES J Mar Sci 67: 1452-1457.
Hermosilla CA, Rocha F, FioritoG, Gonzalez AF, Guerra A (2010) Age
validation in common octopus Octopus vulgaris using stylet increment analysis.
ICES J Mar Sci 67: 1458-1463.

Boyle PR (1991) The UFAW handbook on the care and management of
cephalopods in the laboratory. Potter’s Bar, England: Universities Federation for
Animal Welfare.

. Doubleday ZA, White J, Pecl GT, Semmens JM (2011). Age determination in

merobenthic octopuses using stylet increment analysis: assessing future
challenges using Macroctopus maorum as a model. ICES J Mar Sci 68(10):
2059-2063.

. Fischer P (1999) Otolith microstructure during the pelagic, settlement and

benthic phases in burbot. J Fish Biol 54: 1231-1243.

. Wood JB, O’Dor RK (2000) Do larger cephalopods live longer? Effects of

temperature and phylogeny on interspecific comparisons of age and size at
maturity. Mar Biol 136: 91-99.

Hoenig JM (1983) Empirical use of longevity data to estimate mortality rates.
Fish Bull 82(1): 898-903.

Hewitt DA, Lambert DM, Hoenig JM, Lipcius RN (2007) Direct and indirect
estimates of natural mortality for Chesapeake Bay Blue Crab. Trans Am Fish
Soc 136: 1030-1040.

Rodriguez-Raa A, Pozuelo I, Prado MA, Goémez MJ, Bruzon MA (2005) The
gametogenic cycle of Octopus vulgaris (Mollusca: Cephalopoda) as observed on
the Atlantic coast of Andalusia (south of Spain). Mar Biol 147: 927-933.
Avila-Poveda OH, Colin-Flores RF, Rosas C (2009) Gonad development during
the early life of Octopus maya (Mollusca: Cephalopoda). Biol Bull 216: 94-102.

. King M (1995) Fisheries biology, assessment and management. Blackwell

Science, London.

. Hernaman V, Munday PL (2005) Life-history characteristics of coral reef gobies.

1. Growth and life-span. Mar Ecol Prog Ser 290: 207-221.

. Arendt JD (1997) Adaptive intrinsic growth rates: an integration across taxa.

Quarterly Review of Biology 72: 149-177.

. Guard M (2003) Assessment of the artisanal fishery of Octopus cyanea Gray, 1929

in Tanzania: Catch dynamics, fisheries biology, socio-economics and implica-
tions for management. PhD Thesis, University of Aberdeen, Scotland.

PLOS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

O. cyanea: Life History, Variability, Vulnerability

Smale M]J, Buchan PR (1981) Biology of Octopus vulgaris off the east coast of
South Africa. Mar Biol 65: 1-12.

Hartwick EB, Ambrose RF, Robinson SMC (1984) Den utilization and the
movements of tagged Octopus dofleini. Mar Behav Physiol 11: 95-110.

Iribarne OO (1991) Life-history and distribution of the small south-western
Adlantic octopus, Oclopus tehuelchus. J Zool 223: 549-565.

Forsythe JW (1993) A working hypothesis on how seasonal temperature change
may impact the field growth of young cephalopods. In Recent advances in
cephalopod fisheries biology (eds. T Okutani, RK O’Dor, T Kubodera), 133~
143. Tokyo, Tokai University Press.

Leporati SC, Pecl GT, Semmens JM (2007) Cephalopod hatchling growth: the
effects of initial size and seasonal temperatures. Mar Biol 151: 1375-1383.
Andre J, Grist EPM, Semmens JM, Pecl GT, Segawa S (2009) Effects of
temperature on energetics and the growth pattern of benthic octopuses. Mar
Ecol Prog Ser 374: 167-179.

Global Ocean Observing System (2011) viewed 2nd May 2011. http://www.ioc-
goos.org/.

Stearns SC (1992) The evolution of life histories. Oxford University Press. New
York, USA.

Araujo R, Serrao EA, Sousa-Pinto I, Aberg P (2011) Phenotypic variation at
southern limit borders: The case study of two fucoid macroalgal species with
different life-history traits. J Phycol 47: 451-462.

5. Hoffmann AA, Blows MA (1994) Species borders: Ecological and evolutionary

perspectives. TREE 9: 223-227.

Brown JH, Gillooly JF, Allen AO, Savage VM, West GB (2004) Toward a
metabolic theory of ecology. Ecology 85: 1771-1789.

Diamantidis AD, Carey JR, Papadopoulos NT (2008) Life-history evolution of
an invasive tephritid. J Appl Entomol 132: 695-705.

Harrison HB, Williamson DH, Evans RD, Almany GR, Thorrold SR, Russ GR,
Feldheim KA, van Herwerden L, Planes S, Srinivasan M, Berumen ML, Jones
GP (2012) Larval export from marine reserves and the recruitment benefit for
fish and fisheries. Curr Biol 22: 1-6.

Planes S, Jones GP, Thorrold SR (2009) Larval dispersal connects fish
populations in a network of marine protected areas. Proc Nat Acad Sci USA
106: 5693-5697.

Jones T, Hughes M, Wood D, Lewis A, Chandler P (2009) Ningaloo coast region

visitor statistics: Collected for the Ningaloo destination modelling project.
Sustainable Tourism Cooperative Research Centre, Curtin University of
Technology, Perth Western Australia.

August 2012 | Volume 7 | Issue 8 | e43679



