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Abstract

Phenotypic plasticity together with a short lifespeapid growth and the ability to
move over considerable distances mean that squidistions are extremely
responsive to changing environmental conditiond,thrs generates highly variable
and complex patterns of population ecology. Thislgtexamined the population
ecology of the ommastrephid squNidtotodarus gouldi in southern Australian
waters; investigating how patterns of distributeord abundance vary in space and
time, and the factors that may be driving theseepad.

Broad scale GIS and statistical (GAM and GLM) aralyof trawl fishery observer
data identified clear ‘hotspots’ df. gouldi abundance in southeastern Australian
waters, which corresponded with areas of significaesoscale oceanographic
activity (i.e. strong shelf break fronts, convergezones and upwelling). Abundance
was seasonal, but this seasonality varied betwsstidbns. Remotely sensed sea
surface temperature and chlorophyll-a concentratiere unable to account for the
spatio-temporal patterns kh gouldi encounter and catch rates, possibly due to a
temporal mismatch between local oceanographiciactnd the evidence of its
effect onN. gouldi.

Lagged relationships between local environmentaditmns and\. gouldi
abundance were then examined on an annual scadedaiegion- the Bonney Coast,
a ‘hotspot’ area subject to seasonal upwellingvagtiLocal wind speed and ENSO
were both strongly correlated with annual abundamest likely due to their
influence on mixing and upwelling activity, and ghprey availability. Cross
validation of a linear model incorporating thesgimmnmental variables suggested
reasonably good predictive ability. A negative etation between jig and trawl
derived indices of abundance however suggestsiitestannual variability is driven
by distributional changes as well as recruitmemiabdity, with the depth
distribution ofN. gouldi possibly changing in response to the positiornef t
upwelling front.

Population structure and life history charactesgstfN. gouldi on an inshore jig
ground in southeastern Tasmania exhibited sigmifigariability over four years,
although patterns were not always consistent two sexes, particularly in

relative levels of reproductive investment. Abuntiawas also highly variable over
this four year period however there was no clelatiomship between biological
characteristics and available abundance. Squid/eaaof extremely high abundance
were a similar size and age to those sampled irsy@dow abundance; the change
in biomass therefore attributed to changes in nushbiesquid.

Nototodarus gouldi appear to undertake ontogenetic bathymetric magrat with
squid recruiting to the jig fishery as small juMesi growing and maturing over the
summer before moving away, most likely into deepaters where large mature
individuals are caught by trawlers. A change in o over the jig season also
indicates that males may leave the jig groundsezdHan females. Tracking of
gouldi using an automated acoustic telemetry array &dlswead that squid moved
away from the inshore jig grounds, but this movehveas not in any way
synchronous, with individuals apparently leaving@oan extended time period in the



season of the tracking study- a year of very lownalance. In contrast, the
persistence of large matuxe gouldi on the jig ground when abundance was
extremely high suggests the increased numbersuid segy be due to longer
residency times and the accumulation of individuals

Thus, the ecology dfl. gouldi, like many other commercially exploited
ommastrephid squid, appears to be closely linkdd/tisography and ocean
productivity. They are in greatest abundance whegeshelf break is strongly
defined or where other mesoscale oceanographiatsigs present (e.g. upwelling),
and variability in biomass cycles also appearsetodhated to the seasonality and
nature of local mesoscale oceanography. Furthestigations are needed to
elucidate the finer-scale variability and detaitloé mechanisms driving these
patterns. In particular, investigation into thekhiges between populations on jig and
trawl fishery grounds and the relationship betweetogeny and depth distribution
appear to be critical for understanding patterngdistfibution and abundance, and for
the development of appropriate fishery assessmedels.

- v -
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Chapter 1:

General Introduction

Life Cycles and Population Ecology of Squid

Although squid generally fill a similar ecologiaakthe to teleost fish, their
physiology and life cycle characteristics set theell apart, specifically their short
lifespan, rapid growth and development, and phenotylasticity (Boyle &

Boletzky 1996). Most squid species live for onlyear or less (Jackson & O'Dor
2001) and thus the population is made up of newwviddals each year. Squid growth
is much faster than in similar sized teleost fisbréythe & Van Heukelem 1987, Lee
1994), and unlike fish, they do not reach an asghtpsize (Alford & Jackson

1993). This is evident at the cellular level, wstfuid growing over their entire
lifespan by both hypertrophy (increased muscle)sind hyperplasia (addition of
new muscle fibres, Moltschaniwskyj 1994, Pecl & Mohaniwskyj 1999), while
teleost fish generally cease hyperplasia with dgekson & O'Dor 2001). Squid
have exceptionally high growth efficiency, with efein-based metabolism that
rapidly converts energy into growth rather thamage (O'Dor & Webber 1986, Lee
1994, Moltschaniwskyj & Semmens 2000). The metabatid growth rates of squid
are indeed higher than many poikilothermic vertesaincluding most teleost fish,
and can in fact be as high as some mammals (P@&tdAezlinski 1998, Zielinski &
Pdrtner 2000).

Although genetic variation is relatively low in sdypopulations, they show a high
degree of phenotypic plasticity in all life histarlaracteristics (Boyle & Boletzky
1996). Large intra-specific variability has beercamented for egg size and rates of
embryonic development (e.g. Steer et al. 2002 r&ted. 2003a), hatchling size
(e.g. Ikeda et al. 1999, Steer et al. 2003b, Reall 2004a), growth (e.g. Arkhipkin
1996, Pecl 2004, Jackson et al. 2005), age andsipaturity (e.g. Arkhipkin &
Laptikhovsky 1994, Boyle et al. 1995, Jackson & tvigan 1996, Arkhipkin et al.
2000) and reproductive investment (e.g. Pecl 2MtGrath Steer & Jackson 2004,
Smith et al. 2005). Phenotypic plasticity togetiwéh a short lifespan and rapid
growth mean that squid at the individual, and udtiety population level are
extremely responsive to changing environmental tmms. Coupled with the ability
to move over considerable distances, these featordsbute to the unpredictable
and complex patterns of distribution and abunda&vegent for many squid species
(Boyle & Boletzky 1996). Large seasonal, inter-aarand spatial variability in
abundance are therefore characteristic featureset squid populations.

Although ageing studies show that many species s@and hatch year-round (e.g.
Arkhipkin et al. 2000, Jackson et al. 2005), biosnaduction is typically seasonal,
with peaks on an annual or bi-annual scale. Thig Ioeadue to differential survival
and growth under seasonally changing environmeotaditions, particularly during
the early life history stages (O'Dor 1998, Gristlés Clers 1999). Squid hatched in
different seasons can have very different bioldgibaracteristics (e.g. Jackson
1995, Dawe & Beck 1997, Arkhipkin et al. 2000, Jswk & Moltschaniwsky;j

2001b, Pecl & Moltschaniwskyj 2006) and laboratbaged experimental studies

-1-



have confirmed the importance of both temperatacefaod availability to rates of
growth (Forsythe 1993, Forsythe et al. 2001, JatksMoltschaniwskyj 2001a).
Later hatched cohorts can grow faster and ‘catclwitp the earlier hatched cohorts
when exposed to better conditions during the ingmdnuvenile stages (e.g. Hatfield
et al. 2001, Pecl 2004), ultimately influencing g#easonal timing and relative size of
the biomass recruiting to the population (Gristé&sdClers 1998, 1999, Reiss et al.
2004).

Without the stability of multiple year classes tlatger lived fish populations
possess, population size can also vary dramatifralty year to year, sometimes by
several orders of magnitude (Rodhouse 2001). Anmgalitment is strongly
influenced by environmental variability, particuiaat the time of hatching (Bakun
& Csirke 1998), and environment-recruitment relasioips have been described for a
wide variety of commercially exploited species utthglllex argentinus on the
Patagonian shelf (Waluda et al. 1999, Waluda étGfl1a). illecebrosus in the
western Atlantic (Coelho & Rosenberg 1984, Dawe &rin 1993, Dawe et al.
2000), Todar odes pacificus andThyanoteuthis rhombus in the Sea of Japan (Sakurai
et al. 2000, Kang et al. 2002, Miyahara et al. 20Dbsidicus gigas in the eastern
Pacific (Waluda et al. 2004, Waluda & Rodhouse 200digo forbesi andL.
vulgarisin the English Channel and North Sea (Robin & B&$i99, Pierce & Boyle
2003), and.. gahi in the southwest Atlantic (Agnew et al. 2000).

The mechanisms by which the environment may cotgraporal variability in
recruitment are however, not always clear. Therenmental variables most often
examined are those which are most readily availaislieally sea surface temperature
(SST) and climatic indices such as the North Attaat Southern oscillation indices
(NAO and SOI). While SST can exert a direct effacembryonic development
(Villanueva 2000a, Boyle et al. 2001, Villanuevakt2007) and post-hatching
growth rates (Forsythe 1993, 2004), it may alsaad proxy for the productivity of
the system or mesoscale dynamics such as theqguosita current important for
dispersal or prey concentration (e.g. Jackson & 8ien2003, Roberts 2005,
Waluda & Rodhouse 2006). Climatic indices mostliikeflect the influence of
broad-scale atmospheric circulation patterns oroteanographic regime (e.g. Dawe
et al. 2000, Dawe et al. 2007).

The nature of squid life cycles and their abiliyréspond rapidly and dramatically to
environmental change thus promote considerabledeahpariability in abundance,
at both seasonal and annual scales. Life histayacteristics and population
structure have also been shown to vary signifigamter geographic scales. For
example, Moreno et al. (2005) found thavulgaris in the eastern Atlantic and
Mediterranean varied between locations in meamasxdmum length and weight,
condition (weight-at-length), size-at-maturity, & of reproductive investment and
the seasonal timing of spawning and recruitmeneséldifferences were attributed
to latitudinal changes in temperature, as welhagiming of productivity cycles
related to upwelling activitylllex coindetti sampled in several locations in the
European Atlantic and Mediterranean (Arvanitidigle2002) and northwest Africa
(Arkhipkin 1996) also varied between locationsiresat-recruitment, timing of
recruitment, condition, growth rate, maximum sind age, size-at-maturity and
maturity structure. Some of these biological indiegere correlated with SST and/or
chlorophyll-a concentration (Arvanitidis et al. Z)0The timing and magnitude of



squid biomass cycles may therefore also vary betwamations in response to the
specific local environmental conditions encountered

Spatio-temporal patterns of biomass for many sgpéties are further complicated
by ontogenetic migrations. Many ommastrephid sgegarticularly those associated
with high energy western boundary current systediBgr & Coelho 1993),
undertake large scale migrations between spawmddeeding grounds, often over
thousands of kilometres (elgargentinus, Haimovici et al. 1998 illecebrosus,

O'Dor & Dawe 1998T. pacificus, Takami & Suzu-Uchi 1993, Mokrin et al. 2002;
Ommastrephes bartramii, Bower & Ichii 2005). Loliginid squid undertake after
scale movements (in the order of a few hundrednlives or less), usually between
feeding grounds in deeper waters and inshore slaérs where they form dense
breeding aggregations (elg.gahi, Hatfield et al 1990, Hatfield & Rodhouse 1994;
L. vulgarisreynaudii, Sauer et al. 200Q.. forbesi andL. vulgaris, Waluda & Pierce
1998, Sims et al. 2001). These movements, couplétettiming of the life cycle,
dictate the seasonal location of biomass (Boyleate&ky 1996), and may vary in
timing and nature depending on the local oceandyrapd environmental
conditions. For examplé, forbes in the English Channel migrate earlier in warmer
years (Sims et al. 2001), perhaps in relation éz@ecious maturation (Pierce et al.
2005).

Squid may also display environmental preferencgkiancing how the biomass is
spatially distributed. For instance the distribataf |. argentinus in the southwest
Atlantic has been linked to sea surface and botemperature and the presence of
thermal gradients (Waluda et al. 2001b, Bazziral.€2005, Sacau et al. 2005), and
for Loligo spp. in the North Sea and English Channel a stivarables including
water temperature, salinity, sea level pressutar #ox and wind direction may be
important (Pierce et al. 1998, Waluda & Pierce 1®#lido et al. 2001, Denis et al.
2002). Environmental change can influence pattefmistribution and abundance,
with range expansions and contractions evidergspanse to changing SST (e.g.
Chen et al. 2006, Zeidberg & Robison 2007). As wattruitment models, the
environmental relationships may be indirect in matinstead reflecting mesoscale
activity and/or prey availability (e.g. Ichii et &002), the distribution of different
water masses (e.g. Mokrin et al. 2002, Arkhipkiale2004a), or may correlate with
a decline in predators (Zeidberg & Robison 2007).

The short lifespan, rapid growth and developmeigh) kevels of phenotypic
plasticity and mobility of squid all contribute éomplex patterns of population
ecology. They allow squid to act as ecological appuosts, responding rapidly and
dramatically to environmental change, and thisledgo terrestrial analogies of
desert locusts (Rodhouse 2001) and weeds (O'D@)1B@wever these
characteristic features of squid also grossly “geagte the difficulties of
establishing useful generalizations about populati¢Boyle & Boletzky 1996,
p985). Population abundance fluctuates greatlpats and time and this makes the
guantification of the role of squid as predatord prey in ecosystem studies and the
development of useful assessment and managemateigsds for commercially
exploited stocks extremely difficult.

Traditional stock assessment techniques develapddriger lived fish populations
are not relevant to squid, severely limiting théi@ps available for fishery



assessment and management. Understanding the smjaid in the ecosystem is
also complicated by their spatio-temporal vari&piln abundance, although they are
clearly an important source of prey to higher pteda The availability of squid can
influence the breeding success (Xavier et al. 2@d8)distribution patterns (Jaquet
& Gendron 2002) of higher predators, and may hassbatantial influence on rates
of natural mortality and recruitment of prey pogigas, including many
commercially exploited fish (eg. Ilvanovic & Brunet®94, Boyle & Rodhouse
2005).

This study examines the population ecology of tineva squid,Nototodarus gouldi
in southern Australian waters; describing pattefdistribution and abundance and
investigating the factors shaping these patteromr@ercial fishing statistics and
surveys oiN. gouldi (JAMARC 1978a, 1978b, 1979, Willcox et al. 200¢nth
2004) suggest highly variable spatial and tempiealds in abundance, and while
recent investigations have shed light on the Mee of N. gouldi and spatial and
seasonal trends in its growth and reproductiveegiras (Jackson et al. 2003,
McGrath Steer & Jackson 2004, McGrath-Steer 208eksbn et al. 2005), little is
understood of its ecology, specifically patternglistribution and abundance.
Nototodarus gouldi is a key component of the southern Australianioental shelf
and slope ecosystem, and spatial and temporalbiiggian availability may have
considerable impacts on both predator and preylptpns.Nototodarus gouldi also
support the largest commercial cephalopod fisheAwistralian waters, although
industry development and management have beenrbohtg a lack of
understanding of patterns of distribution and alaunce.

Review of the biology, ecology and fisheries of Nototodarus gouldi

The Indo-Pacific arrow squid genbistotodarus has three speciekk sloanii (Gray,
1849) occurring around southern New Zealdsdhawaiiensis (Berry, 1912) broadly
distributed in the tropical Indo-Pacific; ahtd gouldi (McCoy, 1888), the study
species, present around northern New Zealand antleso Australia (Dunning &
Forch 1998). In Australian waters the distributediN. gouldi ranges from southern
Queensland on the east coast and mid Western Aasirathe west coast,
encompassing all southern coastal waters, inclu@asgnania (Dunning 1998,
Dunning & Forch 1998).

Life Cycle

Nototodarus gouldi appear to live for up to 12 months, with samplguid having
maximum ages of 360 days for females and 325 dayméles (Jackson et al. 2005).
FemaleN. gouldi are consistently larger in size, reaching a marinafi 393 mm
dorsal mantle length (ML) and 1655 g total bodygi¢i(BW), while the largest
males recorded are only 366 mm ML and 1057 g (decksal. 2003). Mature males
have been observed from around 200 mm ML, with mades greater than 280 mm
ML fully mature (O'Sullivan & Cullen 1983). Femalattain sexual maturity at
larger sizes than males, from around 280 mm MLh wibst females mature at
mantle lengths greater than 320 mm (O’Sullivan &1€u1983, Willcox et al 2001).
These sizes at maturity are similar to those fdondhe species in New Zealand
waters, where mantle length was shown to be artggterminant of maturity than
age (Uozumi 1998).



Ageing studies suggest tHdtgouldi have a protracted spawning period with
hatching taking place throughout the year (Uozu®88l, Jackson et al. 2005). They
appear to be multiple spawners with eggs releasethall batches (McGrath &
Jackson 2002). Females are mated before they liyefature and sperm is stored in
buccal pouches around the mouth (McGrath & JackRe@R). Eggs are fertilised as
they pass the buccal mass and are transferrethtgeapelagic egg ‘balloon’ (O'Shea
et al. 2004). The egg mass is a free floating oelas sphere of at least 1.5m in
diameter and contains several thousand eggs (Otlaa2004).

Population ecology

Allozyme electrophoresis on sampled\bigouldi collected from 6 locations around
southern Australia revealed no evidence of more ¢haingle species (Triantafillos

et al. 2004). Allele frequencies were similar firsites (separated by up to 4300 km)
and all polymorphic loci, however the study was samat limited by small sample
sizes low numbers of genetic markers and allelesnaeker. The possibility of some
population sub-structuring on the east coast oftrialia was suggested and further
molecular investigation using microsatellite anadymd/or mitochondrial DNA
sequence data are needed to clarify any fine-seaiability in population structure.

Large-scale ontogenetic migrations of many comna#lycexploited ommastrephid
squid are well documented (eTgpdarodes pacificus, Takami & Suzu-Uchi 1993,
Mokrin et al. 2002]. illecebrosus, O'Dor & Dawe 1998l. argentinus, Haimovici et

al. 1998). However, tag-recapture studies off seasgtern Australia (Machida 1983)
and western New Zealand (Sato 1985), and studipsmiflation biology (Uozumi
1998, Jackson et al 2005) provide no evidence y&anilar migration byN. gouldi.
Mature male and femal. gouldi have been found at all sampled locations in
Australian waters, suggesting that spawning ocaarsss their entire range (Jackson
et al. 2003, Jackson et al. 2008@totodarus gouldi paralarvae close to the probable
size at hatching (0.8 to 1.0 mm ML) have also baslected over a broad area of the
Australian continental shelf from southern Queamdli& the western Great
Australian Bight (Dunning 1985, Dunning & Forch B)9Spawning in northern

New Zealand waters also appears to occur acrosmnthre geographic range Nf
gouldi (Uozumi 1998).

Size and age structure Nf gouldi is complex and highly variable in space and time
(Jackson et al. 2005). There is often a mix of sdveodal groups (Harrison 1979,
Machida 1983, O'Sullivan & Cullen 1983), and hdteguencies from monthly
samples off western Victoria suggest up to fourmzahorts within a year (Jackson
et al 2003). The southern NSW population appeaiguerfrom those sampled
elsewhere in Australian waters, with individualsnigegenerally smaller for a given
age, and maturing earlier (Winstanley et al. 1938kson et al. 2003).

Little is known of patterns of distribution and algiance except from fishery
statistics Nototodarus gouldi is available year round to demersal trawlers fighn
shelf and slope waters and also appear seasonahallow coastal waters, where
they are targeted by commercial jig fisheries (Wnkeyet al. 1983, Willcox et al
2001). However the jig fisheries are highly locadisand seasonal in nature and both
catches and catch rates fluctuate greatly betwssatibns and years. The timing of



availability on jig grounds also varies betweeriadé#nt locations (Willcox et al.
2001, Lynch 2004, Sahlqvist 2007). Japanese suaysgouldi in the 1970s and
1980s covered a much broader area of the shelfthigacurrent jig fisheries, and also
found a high level of spatial and temporal varigpih availability (JAMARC

1978a, 1978b, 1979). It is not known what drives\tariability in abundance of.
gouldi, but it is most likely related to oceanographiaditions and prey abundance
given that these are important drivers of the ilistron and abundance of other
ommastrephid squid (Anderson & Rodhouse 2001). @roates are also highly
variable among locations and seasons, and for &agouldi, correlated with

ocean productivity (Jackson et al. 2003).

Prey & Predators

Stomach contents analyses have shown the ditgguldi to consist of small
planktonic crustaceans, fish and squids (Machid&3,1@'Sullivan & Cullen 1983,
Smith 1983, Uozumi 1998). The relative contributadrcrustaceans to the diet was
negatively correlated with squid size, while thewtcence of cephalopod prey
increased with size (O’Sullivan & Cullen 1983, Uaaul998). The fish component
of the diet remained constant over all sizebl.gjouldi in one study (O’Sullivan &
Cullen 1983), but increased in another (Uozumi }9%Be proportion oN. gouldi
with empty stomachs also increased with size andiniaof both male and female
squid (O’Sullivan & Cullen 1983, Uozumi 1998).

In southern Australian samples, pilchar8ar{linops pilchardus) and juvenile
barracoutal(eionura atun) were the most common fish species identifiechandiet
of N. gouldi (Machida 1983, O'Sullivan & Cullen 1983). Crustatg included
Leptochela sydeniensis (a carid prawn)Cirolana sp. (an isopod), and other
unidentified crabs (adults and megalopa larvaepads and amphipods. The
cephalopod component of the diet was mostly ommalsid squicand a few
unidentified Octopuses. The majority of the squielypappeared to be conspecifics
of considerably smaller size than the predatord,this could not be attributed to
post-capture cannibalism (O’Sullivan & Cullen 1983)

Stomach fullness dfl. gouldi is greatest at night and dawn, and lowest at dusk
(O’Sullivan & Cullen 1983, Uozumi 1998), suggestih@tN. gouldi feed primarily
at night. This is consistent witk. gouldi behaviour determined from an echo
sounding and sonar study in which squid aggregaetie bottom during the day
and then dispersed throughout the water columigat (Evans 1986). Jig fishing
catch rates are also highest at night (Nowara &¥fal998), although this is
probably related to the use of lights as attrastaviértical stratification oN. gouldi
has been suggested, with smaller squid apparexetiirig higher in the water
column than larger squid (Nowara and Walker 19p8jhaps in response to prey
distributions.

Nototodarus gouldi is a key prey species in southern Australia amdisumed in
large numbers by many fish (Dunning et al. 1993ynpet al. 1997, Lansdell &
Young 2007), birds (Hedd & Gales 2001) and marimenmals (Gales et al. 1993).
The contribution oN. gouldi to the diet of these higher predators has beemdftm
vary spatially, seasonally and inter-annually. &ampleN. gouldi was more
abundant in east coast swordfigtiphias gladius) and yellow-fin tunaThunnus



albacares) diets in winter compared to summer (Lansdell 8uxig 2007). In
southern Australian waters however, Australian l[dad Zealand fur seals
(Arctocephalus pusillus doriferus andA. fosteri) consumed relatively moig. gouldi
during summer and autumn months (Gales et al. 1288 et al. 2005), although
Littnan et al. (2007) found that such seasonaldseaiso varied between locations
and years. Considerable inter-annual variabilitg &iso evident in the contribution
of N. gouldi to the diet of Shy AlbatrosJlfalassarche cauta) during their breeding
season off northwestern Tasmania (Hedd & Gales)20bikse spatial, seasonal and
inter-annual patterns in the consumptiofNogouldi probably reflect the highly
variable patterns dfl. gouldi abundance as well as the foraging behaviour and
preferences of the predators.

Commercial Fishery for N. gouldi in Australian waters

The commercial potential of squid resources in falistn waters was first
recognised by the Japanese with the Golin Gyukushitg Company conducting
surveys around Tasmania in 1969/70. Several feé@giurveys were then
conducted by the Tasmanian Fisheries Division (sanr1979, Willcox et al. 2001)
and the Japanese Marine Fishery Resources Re<eamtte (JAMARC 1978a,
1978b, 1979) during the 1970s and 80s. Commeragdrlese, Taiwanese and
Korean squid jig vessels also fished Australianensafrom 1977 to 1988 under joint
venture partnerships with Australian companiesntakip to 8000 tonnes ¢.

gouldi each year from Tasmanian, Victorian and South raliah waters (Sahlqvist
2007). Domestic vessels first geared up for jigifig in Tasmanian waters in 1972.
However, interest levels quickly waned due to @davailability of squid, poor
prices and limited market opportunities (Willcoxaet2001).

The domestic jig fishery in Bass Strait began wuit one vessel fishing in the
1986/87 season. Participation and annual catchesgh the early 1990s were low
(a maximum of 17 vessels and 400 tonnes), primdrtiky to the seasonal and
unpredictable availability of squid and relativéigh running costs of light-equipped
jig vessels (Sahlqvist 2007). A successful seasd®95 (over 1200 tonne) however,
rekindled interest in the fishery and up to 40 eésfished Bass Strait and western
Victorian waters in the following two seasons. Digrithe early and mid 1990s there
was also small-scale jig fishing in Tasmanian Stedters, with up to 17 local
operators using hand-lines (Willcox et al. 200Dlléwing on from the expansion of
the Bass Strait fishery in the mid 1990s, there avespid increase in the number of
vessels fishing in Tasmanian State waters in 1898/@h the entry of several new
jig boats as well as boats usually based on thelara. Participation in the jig
fisheries has however, generally declined sincdatee1990s, with less than 30
vessels active since 2000 (Sahlqvist 2007). Thiesto the unpredictable nature of
the fishery coupled with poor market prices anaeasing competition with
imported squid product.

All jig fishing for N. gouldi is conducted in shallow continental shelf watassjally
less than 150 m depth. There is little by-catchhwass than 1% of the catch made up
of squid species other th&h gouldi (most oftenTodarodes filippovae or

Ommastrephes bartramii; Sahlqvist 2007). Very little effort is directedtside of the
traditional fishing grounds off western Victoria, Bass Strait and to a lesser degree
southeast Tasmania, although reasonable catchatsar@aken occasionally from



waters off eastern Victoria (Willcox et al. 2003rich 2004, Sahlqvist 2007). This
concentration of effort over small discrete arsasnrelated to management
restrictions, with the boundaries of the Commonttealanaged fishery (the
Southern Squid Jig Fishery, SSJF) extending fromth&sn Queensland (24°30'S) to
the South Australian border with Western Austrélia9°E), including Tasmanian
waters beyond the 3 nautical mile State bounddmg. Tasmanian State managed jig
fishery has access to all Tasmanian waters wittmawgical miles from the coastline.

The jig fisheries are highly seasonal with the mgjaf fishing occurring during the
autumn months (February to June) in Bass Straitnaesdern Victoria, and during
summer (December to February) in southern Tasn{@viiicox et al. 2001, Lynch
2004, Sahlgvist 2007). Currently, most active jggsels are based on the mainland
where they can access the more reliable Bass §taainhds, and only venture south
to Tasmania when availability is particularly higkithough jig fishing occurs on
several spatially (and temporally) discrete fishgngunds, this doesn’t necessarily
reflect any population structuring. Instead theataan of jig fishing grounds has
much to do with port locality and the presenceuwtfable jig ground (i.e. relatively
flat and shallow sea floorlNototodarus gouldi are also caught over much of
southern Australia and year-round as a by-prodyctemersal trawl fisheries which
operate on deep continental shelf and upper slopends, targeting more valuable
finfish species (Lynch 2004, Sahlgvist 2007).

Catches of\. gouldi have fluctuated greatly from year to year in bibinjig and
trawl fisheries. Between 1995 and 2007 the Commaittvenanaged jig fishery
(SSJF) annual catches have fluctuated by a fat@nwst 6- from 360 tonnes in
2000 to more than 2000 tonnes in 1997 (Sahlqvi872an Tasmanian waters, jig
catches have been even more sporadic, with loviheat(®©.8 - 12 tonnes) taken in
most years, but large peaks occurred in 1999/06 {@7nes; Willcox et al. 2001)
and more recently in 2006/07 (at least 690 tondelsyle pers. comm.). Demersal
trawl catch is slightly more stable than the jigct@s, but has ranged from 315 to
1052 tonnes since 1986 (Sahlgvist 2007). The dexheesvl and jig fisheries do not
appear to have any common trend in their annuahdagjectories.

Although the scale of thid. gouldi fisheries are small by global squid fishery
standards, it is the most important commerciallylexed cephalopod in Australia
(in volume of catch), and has considerable potkfttigexpansion, at least in terms
of effort applied, with less than 30% of the alllBthSSJF Statutory Fishing Rights
assigned to active vessels in 2006 (J. Dpstis comm.).

THESISSTRUCTURE & PRESENTATION

The spatial and temporal variability evident in &wailability of N. gouldi to
commercial fisheries and higher predators in soatAestralia prompts the
questions: how does the abundancBl.ajouldi vary in space and time, and what
factors might be driving these patterns? This saygiyroaches these questions within
a hierarchical framework, investigating the ecolo§il. gouldi at several spatial

and temporal scales. PatterndNofjouldi distribution and abundance are described
and links to environmental conditions investigatedily over a broad spatial area,
and then by focussing on inter-annual variabilita @articularly productive location.



This thesis examines if large-scale spatial and@®sd patterns in abundance can be
explained by environmental variability, and if amhabundance be predicted from
pre-recruitment environmental conditions. Contirguiimvestigations at a smaller
spatial scale, this thesis then explores how pdipualdiology varies inter-annually
and the relationship between population structifeshistory characteristics and
abundance- are changes in population biomass litikdee biological characteristics
of the population? Finally, small-scale movemert activity patterns ol. gouldi

are examined to provide insight into habitat wilisn and occupancy times in
relation to the seasonal availability on an inshigrground.

There are four chapters in the body of this thesish briefly outlined below. Each
chapter has been written as a free-standing rdseager and can therefore be read
independently without the need to refer back teotreas of the thesis for
clarification. However, this has resulted in sompatition between the main
chapters, particularly in the introductory sections

Chapter 2

Broad-scale spatio-temporal patterns of arrow s¢atdotodarus gouldi)
abundance in southeastern Australia: investigaif@nvironmental
associations.

Little is known of the ecology dfl. gouldi, so the first step was to describe spatial
and seasonal patterns of distribution and abundars@utheastern Australia. Catch
and effort data from a demersal trawl fishery wesed to calculate the probability of
N. gouldi (which is a non-targeted by-product) being pregeatparticular location

at a particular time, and the relative abundancenngresent. Statistical models were
used to determine if spatio-temporal patterns cbeldelated to environmental
variables. This chapter provided an important bsighe thesis and suggested the
appropriate scale and scope for further work.

Chapter 3:

Inter-annual variability in arrow squidNétotodarus gouldi) abundance in the
Bonney upwelling, southern Australia: environmewtairelations and
predictive models.

This chapter builds on chapter 2, by examiningriatenual variability in abundance
at one of the most productive locations forgouldi in southeastern Australia. The
aim of this chapter was to investigate if predietmodels oN. gouldi annual
abundance could be developed using a suite of lwgged environmental variables.
As two different fisheries foN. gouldi operate in the area, there was the opportunity
to compare indices of abundance derived from tleefisheries which generally
operate at different depths, and consider the gadbimplications of their
relationship. This chapter provided important ihsigto the processes driving
variability in available biomass and the potengipplication of predictive models for
forecasting and managing squid fisheries.



Chapter 4:

Inter-annual variability in population structureddife history parameters of
Nototodarus gouldi in southeastern Tasmania, Australia.

Changes in the available abundance of squid aea aftributed to environmental
influences and these can also impact on populaticture and life history
characteristics. This chapter examines inter-anvardbility in the population
biology of N. gouldi collected over 4 seasons (1999/00, 2000/01, 2G04d
2003/04) from the same location, and the relatignaiith annual available
abundance which fluctuated greatly in the yearspdas Few studies have examined
inter-annual variability in squid population struiet and life history characteristics,
although seasonal and latitudinal comparisons gshaihese parameters can vary
greatly in response to environmental variabilithisTstudy also provides a
description of the population biology Nf gouldi on an inshore jig fishing ground
(in contrast to previous work from trawl caught isjand discusses the possibility
of ontogenetic migrations between jig grounds iallskiv continental shelf waters
and the trawl grounds in deeper shelf-break aneugppe waters.

Chapter 5:

Tracking arrow squid movements with an automatedisiic telemetry
system:Nototodarus gouldi in inshore Tasmanian waters.

This study used an acoustic telemetry array tkthagouldi movements and
activity patterns in Storm Bay, southeastern Tasaduring the austral summer in
2002/03. The aim of this study was to gain insighd the behaviour dN. gouldi
when in inshore aggregations, and in particulamiogement dynamics of the
population and the timing of emigration from thedst area. This work contributes
to understanding of the seasonal abundandé gbuldi in inshore shelf waters.

Chapter 5 is presented as published:
Stark, K.E., G.D. Jackson, J.M. Lyle (2005). Trackarrow squid movements with an
automated acoustic telemetry systémarine Ecology Progress Series 299: 167-177.

The relative contributions if each co-author aréioed in the Statement of co-
authorship (page ii).

A brief overview of the general findings and corsituns of the thesis are provided in
Chapter 6, along with a discussion of the implications aé¢h findings to our
understanding of squid population dynamics, andjesigons for future research.
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