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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. Abuntawas also highly variable over
this four year period however there was no clelaticmship 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 sogy 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/ttsography 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 appearsetodbated 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 thekliges 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, Jat&sMoltschaniwskyj 2001a).
Later hatched cohorts can grow faster and ‘catclwitp the earlier hatched cohorts
when exposed to better conditions during the ingminuvenile stages (e.g. Hatfield
et al. 2001, Pecl 2004), ultimately influencing #easonal timing and relative size of
the biomass recruiting to the population (Gristé&dClers 1998, 1999, Reiss et al.
2004).

Without the stability of multiple year classes tlatger lived fish populations
possess, population size can also vary dramatifrally year to year, sometimes by
several orders of magnitude (Rodhouse 2001). Anmgaliitment is strongly
influenced by environmental variability, particdiaat 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 &Qfl1a)/. illecebrosus in the
western Atlantic (Coelho & Rosenberg 1984, Dawe &rign 1993, Dawe et al.
2000), Todar odes pacificus and Thyanoteuthis rhombus in the Sea of Japan (Sakurai
et al. 2000, Kang et al. 2002, Miyahara et al. 20D6sidicus gigas in the eastern
Pacific (Waluda et al. 2004, Waluda & Rodhouse 200digo forbes andL.
vulgarisin the English Channel and North Sea (Robin & B&$199, Pierce & Boyle
2003), and.. gahi in the southwest Atlantic (Agnew et al. 2000).

The mechanisms by which the environment may cokgraporal 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 eff@cembryonic 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 theguosita current important for
dispersal or prey concentration (e.g. Jackson & 8iem2003, Roberts 2005,
Waluda & Rodhouse 2006). Climatic indices mostliikeflect the influence of
broad-scale atmospheric circulation patterns orodeanographic regime (e.g. Dawe
et al. 2000, Dawe et al. 2007).

The nature of squid life cycles and their abildyréspond rapidly and dramatically to
environmental change thus promote considerabledeathpariability in abundance,
at both seasonal and annual scales. Life histaayaciteristics and population
structure have also been shown to vary signifigamier geographic scales. For
example, Moreno et al. (2005) found thatulgaris in the eastern Atlantic and
Mediterranean varied between locations in meamasadmum length and weight,
condition (weight-at-length), size-at-maturity, & of reproductive investment and
the seasonal timing of spawning and recruitmeneséhlifferences 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 locationsizesat-recruitment, timing of
recruitment, condition, growth rate, maximum sind age, size-at-maturity and
maturity structure. Some of these biological indieeere 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 sajaid in the ecosystem is
also complicated by their spatio-temporal vari&piin 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@@8)distribution patterns (Jaquet
& Gendron 2002) of higher predators, and may hasebstantial influence on rates
of natural mortality and recruitment of prey pogigas, including many
commercially exploited fish (eg. Ivanovic & 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 patterosmr@ercial fishing statistics and
surveys oNN. gouldi (JAMARC 1978a, 1978b, 1979, Willcox et al. 200¥nth
2004) suggest highly variable spatial and temptoealds in abundance, and while
recent investigations have shed light on the Mee of N. gouldi and spatial and
seasonal trends in its growth and reproductiveegies (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 temporabiiggian availability may have
considerable impacts on both predator and preylptpaos.Nototodarus gouldi also
support the largest commercial cephalopod fishe@wistralian waters, although
industry development and management have beenrbiohtdg a lack of
understanding of patterns of distribution and alaunce.

Review of the biology, ecology and fisheries dfototodarus gouldi

The Indo-Pacific arrow squid genNstotodarus has three speciekk doanii (Gray,
1849) occurring around southern New Zealddhawaiiensis (Berry, 1912) broadly
distributed in the tropical Indo-Pacific; ahdgouldi (McCoy, 1888), the study
species, present around northern New Zealand arnttleso Australia (Dunning &
Forch 1998). In Australian waters the distributadiN. gouldi ranges from southern
Queensland on the east coast and mid Western Aasirathe west coast,
encompassing all southern coastal waters, inclutasgnania (Dunning 1998,
Dunning & Forch 1998).

Life Cycle

Nototodarus gouldi appear to live for up to 12 months, with samplgaid having
maximum ages of 360 days for females and 325 daywéles (Jackson et al. 2005).
FemaleN. gouldi are consistently larger in size, reaching a marinafi 393 mm
dorsal mantle length (ML) and 1655 g total bodygii(BW), while the largest
males recorded are only 366 mm ML and 1057 g (dacksal. 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 fdonthe 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 betweeriaté#nt locations (Willcox et al.
2001, Lynch 2004, Sahlqgvist 2007). Japanese sufdysgouldi in the 1970s and
1980s covered a much broader area of the shelfttieacurrent 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 d.
gouldi, but it is most likely related to oceanographiaditions and prey abundance
given that these are important drivers of the iistron and abundance of other
ommastrephid squid (Anderson & Rodhouse 2001). @roates are also highly
variable among locations and seasons, and for &hagjouldi, correlated with

ocean productivity (Jackson et al. 2003).

Prey & Predators

Stomach contents analyses have shown the diktgduldi to consist of small
planktonic crustaceans, fish and squids (Machid&81@'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 sizebsl.ajouldi in one study (O’Sullivan &
Cullen 1983), but increased in another (Uozumi 19%Be proportion oN. gouldi
with empty stomachs also increased with size andinbyaof both male and female
squid (O’Sullivan & Cullen 1983, Uozumi 1998).

In southern Australian samples, pilchar8arfinops pilchardus) and juvenile
barracoutal(eionura atun) were the most common fish species identifiechendiet
of N. gouldi (Machida 1983, O'Sullivan & Cullen 1983). Crustacg 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 with. gouldi behaviour determined from an echo
sounding and sonar study in which squid aggreganettie bottom during the day
and then dispersed throughout the water columigat (Evans 1986). Jig fishing
catch rates are also highest at night (Nowara &défal998), although this is
probably related to the use of lights as attrastaviértical stratification oN. gouldi
has been suggested, with smaller squid apparezgdiirig higher in the water
column than larger squid (Nowara and Walker 1988)haps in response to prey
distributions.

Nototodarus gouldi is a key prey species in southern Australia ambisumed in
large numbers by many fish (Dunning et al. 1993yunpet al. 1997, Lansdell &
Young 2007), birds (Hedd & Gales 2001) and marimemals (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 swordfidtphias 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. 2003nich 2004, Sahlqvist 2007). This
concentration of effort over small discrete aresagrirelated 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 bounddng. Tasmanian State managed jig
fishery has access to all Tasmanian waters witmawgical miles from the coastline.

The jig fisheries are highly seasonal with the mgjaf fishing occurring during the
autumn months (February to June) in Bass Straitnaasdern Victoria, and during
summer (December to February) in southern Tasn{@viiecox et al. 2001, Lynch
2004, Sahlgvist 2007). Currently, most active jggsels are based on the mainland
where they can access the more reliable Bass §tainhds, and only venture south
to Tasmania when availability is particularly higkithough jig fishing occurs on
several spatially (and temporally) discrete fishgmgunds, this doesn’t necessarily
reflect any population structuring. Instead theatgan of jig fishing grounds has
much to do with port locality and the presenceutable 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-prodyctdmersal trawl fisheries which
operate on deep continental shelf and upper slopends, targeting more valuable
finfish species (Lynch 2004, Sahlqvist 2007).

Catches ofN. gouldi have fluctuated greatly from year to year in hibign jig and
trawl fisheries. Between 1995 and 2007 the Commaitivenanaged jig fishery
(SSJF) annual catches have fluctuated by a fattmmst 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 {@Tnes; 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 jigctas, but has ranged from 315 to
1052 tonnes since 1986 (Sahlqvist 2007). The dexhieesvl and jig fisheries do not
appear to have any common trend in their annuahdadjectories.

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 potkfareexpansion, at least in terms
of effort applied, with less than 30% of the allehSSJF Statutory Fishing Rights
assigned to active vessels in 2006 (J. Dpstis comm.).

THESIS STRUCTURE & PRESENTATION

The spatial and temporal variability evident in #wailability ofN. gouldi to
commercial fisheries and higher predators in soutAestralia prompts the
guestions: how does the abundancBl.ajouldi vary in space and time, and what
factors might be driving these patterns? This stglyroaches these questions within
a hierarchical framework, investigating the ecolo@i. gouldi at several spatial

and temporal scales. PatterndNofjouldi distribution and abundance are described
and links to environmental conditions investigatadtly 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 populatioicture and life history
characteristics. This chapter examines inter-anvardébility in the population
biology ofN. gouldi collected over 4 seasons (1999/00, 2000/01, 2G0d
2003/04) from the same location, and the relatignafith annual available
abundance which fluctuated greatly in the yearguadn Few studies have examined
inter-annual variability in squid population struit and life history characteristics,
although seasonal and latitudinal comparisons gshawthese parameters can vary
greatly in response to environmental variabilitiisTstudy also provides a
description of the population biology Nf gouldi on an inshore jig fishing ground
(in contrast to previous work from trawl caught isfjand discusses the possibility
of ontogenetic migrations between jig grounds iallskv continental shelf waters
and the trawl grounds in deeper shelf-break an@ugppe waters.

Chapter 5:

Tracking arrow squid movements with an automatedisiic telemetry
systemNototodarus gouldi in inshore Tasmanian waters.

This study used an acoustic telemetry array tkthagouldi movements and
activity patterns in Storm Bay, southeastern Tasanduaring the austral summer in
2002/03. The aim of this study was to gain insighd the behaviour ai. gouldi
when in inshore aggregations, and in particulamtiogement dynamics of the
population and the timing of emigration from thedst area. This work contributes
to understanding of the seasonal abundandé gduldi 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 systéarine Ecology Progress Series 299: 167-177.

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

A brief overview of the general findings and corsatuns of the thesis are provided in
Chapter 6, along with a discussion of the implications afgh findings to our
understanding of squid population dynamics, andssigons for future research.
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Chapter 2:

Broad-scale spatio-temporal patterns of arrow squid
(Nototodarus gouldi) abundance in southeastern Australia:
investigation of environmental associations.

INTRODUCTION

Knowledge of spatial and temporal variability ire tbcology of species is an
important component of population dynamics modgland thus resource and
ecosystem management. In particular, how pattdrdswibution and abundance
relate to habitat or environmental conditions loexglbeen examined (Andrewartha
& Birch 1954, Cushing 1982) and used to generapotieses about the processes or
mechanisms shaping these patterns (explanatorylg)pded also for predicting
future patterns under changed conditions (prediatnodels, Guisan & Zimmermann
2000, Austin 2002). Predictive models are becormogeasingly important as issues
of climate change and other human induced envirommhdegradation confront us.
Although for forecasting purposes it is not necessaunderstand the mechanisms
driving such species-environment relationshipshaut some sound ecological basis
we cannot be certain if or when the underlying egwial relationship may break
down.

Squid are short-lived ecological opportunists veixtreme plasticity in biological
parameters and life histories (O'Dor 1998, BoylR&dhouse 2005). They display a
high degree of responsiveness to environmentalitons, with rates of growth,
maturity and reproductive strategies shown to gty influenced by spatial and
seasonal variability in water temperature and fiovake (Forsythe 1993, Villanueva
2000, Jackson & Moltschaniwskyj 2001a, 2001b, Morehal. 2005, Pierce et al.
2005, Pecl & Moltschaniwskyj 2006). Given the kelerof squid in the marine
ecosystem as prey for numerous species of marinenmaés, birds and fish, and as a
voracious predator of smaller fish and crustaceiarsbecoming increasingly
important to understand how their ecological patanay be affected by
environmental change. For instance, the recenerargansion of the Humboldt
squid,Dosidicus gigas in the eastern North Pacific is thought to betesldo
increasing water temperatures coupled with a dedfirhigher predators (Zeidberg
& Robison 2007). The ecological impact of this exgian, particularly on other
commercially exploited fish such as hake, is caysionsiderable concern. In
contrast, the squidoligo forbesi has disappeared from much of its range in
association with increased sea surface temperatin@sghout the 1990s (Chen et al.
2006).

Changes to a species distribution not only impaetother species with which they
interact or compete, particularly those with lonliferspans and less capacity to
respond to environmental change, but also therfgsimdustries which rely on them.
Understanding the relationship between commercedploited squid and
environmental conditions is therefore critical tmgystem based fishery
management and industry development. If environallgrdriven spatial or seasonal
changes in availability can be predicted, thenrmdmbeasures (such as effort or
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catch quotas, spatial and/or seasonal closuredjsdridg practises can be adjusted
appropriately, and impacts on other species matielle

The arrow squidNototodarus gouldi, is the dominant squid species in southern
Australian waters and an important prey for mamgdafish, birds and marine
mammals (Dunning et al. 1993, Gales et al. 1993ingcet al. 1997, Hedd & Gales
2001). They are also commercially exploited, befegtarget of Australia’s largest
squid jig fishery and an important by-product ie ttemersal trawl fishery (Sahlgvist
2007). However commercial and exploratory fishitagistics forN. gouldi suggest
highly variable patterns of distribution and abumckin waters of southeastern
Australia (Machida 1983, Willcox et al. 2001, Lyn2004). The oceanography of
this region is also quite complex with a numbedifferent current systems and
mesoscale activity in the form of shelf break feyntpwelling and eddies.

The two dominant currents around southern Austeakathe East Australian Current
(EAC) and the Leeuwin Current (LC). The EAC is asteen boundary current that
brings warm, nutrient poor water poleward from @wal Sea down the east coast of
the Australian mainland and Tasmania. It has angtseasonal cycle, flowing
stronger and extending further south in summerd&nhy & Godfrey 1997). The

LC is an anomalous poleward flowing eastern boundarrent, also carrying warm,
nutrient poor waters down the coast of Western valiat During winter it extends
east along the southern Australian coast (whaesestmetimes called the South
Australian current), and then south down the weattof Tasmania (the Zeehan
current), covering a total distance of 5500 km (feiday & Condie 2004). In
summer the flow off southern Australia reversesl e Flinders Current (FC), a
westward flowing northern boundary current, indusgsimer-autumn upwelling
(Lewis 1981, Schahinger 1987, Middleton & Ciran®@20Middleton & Platov 2003,
Kampf et al. 2004). Variability in the directiomning, spatial extent and intensity of
these currents in southeastern Australia createssoale variability in physical
environmental parameters such as temperature andrgrproduction. These
oceanographic processes may be driving the sgatthteasonal variability N.

gouldi ecology, as shown for other ommastrephid squairmlar dynamic
environments (Waluda et al. 2001b, Ichii et al. 2(Bazzino et al. 2005, Sacau et al.
2005, Waluda & Rodhouse 2006).

Without a quantitative understanding of spatio-terappatterns oN. gouldi, fishery
development and management is increasingly hindaretluncertainty regarding
their ecosystem role increased. Indeed, one difitffeest research priorities
identified by the Southern Squid Jig Fishery Mamaget Advisory Committee in
2007 is to understand spatial and temporal didiohipatterns of squid populations
(P. Domaschenzpers comm.). The southeast region has also been identidabang
one of the most vulnerable to climate change intralia, with models predicting a
large increase in sea surface temperature on gteeast as a consequence of
increased EAC strength and southward flow, and g@ésito wind driven circulation,
particularly upwelling (Mclnnes et al. 2003, Hobdztyal. 2006a). A dramatic
change to ocean stratification is also predictath l@ss mixing leading to reduced
nutrient supply and therefore declines in primargt aecondary production.
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Figure 2.1. Maps of a) the rangeMNfgouldi (dark grey shaded area) in Australian waters,thad
study area (outlined). The Australian States anditbeies are shown: QLD, Queensland; NSW, New
South Wales; VIC, Victoria; TAS, Tasmania; SA, SoAustralia; WA, Western Australia; NT,
Northern Territory. The study area is enlarged)ishpwing the trawl fishery boundaries by zone
(where A, B & C are in the east region and D & E arthe west region for analyses). Major surface
(black arrows) and subsurface currents (grey afro®AC is South Australian Current, FC is Flinders
Current, ZC is Zeehan current (derived from Leeusvirrent), and EAC is East Australian Current.
200 and 1000m depth contours are shown as thinliges;
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In order to understand how squid might responditoré climate change, an
understanding of their current ecology in relatio@nvironmental parameters is
required. This study therefore aims to quantitdyigescribe the spatial and temporal
patterns of abundance Nf gouldi in southeastern Australian waters, and determine
if there is any relationship to local environmergahditions, represented by
remotely sensed sea surface temperature (SSThémdghyll-a concentration

(CHL).

SST is the environmental parameter most often irgeged in squid-environment
studies as it is easily obtained, and squid haea lseown to have strong
physiological responses to temperature (e.g. Hoesi®93, Forsythe et al. 2001).
Although the temperature at the sea surface daasacessarily reflect the
temperatures that the squid are directly exposeditia on the conditions within the
water column or at the sea bottom are not as feaddilable. SST is nonetheless an
effective proxy for the local environmental conalits experienced by squid, and a
useful indicator of mesoscale oceanographic prese&sg. Waluda et al. 2001a,
2001b, Ichii et al. 2002, Roberts 2005, Waluda &Rause 2006).

In addition to temperature, food availability magvk a strong influence on patterns
of distribution and abundance. Productivity of lowephic levels may be an
important predictor of squid ecology, especiallyayi their high energy requirements
(Wells & Clarke 1996, Webber et al. 2000, Jackso@'®or 2001)Nototodarus

gouldi are opportunistic predators, feeding on a widétaof fish and small
crustaceans (O'Sullivan & Cullen 1983), making etogl data on the availability of
prey difficult to obtain. However, remotely sensenliface CHL, as a proxy measure
of surface phytoplankton or primary production, available. Although the
relationship between phytoplankton and squid isiated through several levels of
the food web, links between CHL ahdgouldi growth (Jackson et al. 2003) suggest
it may be a useful parameter to examine.

MATERIALS AND METHODS

Fishery Observer Data

In the absence of fishery independent data onigigliition and abundance Nf
gouldi, catch and effort data from a demersal trawl figlodoserver program were
used. Fishery catch-per-unit-effort (CPUE) is asstino be linearly related to
abundance by the classic equation:

CPUE =gN (1)

where N is the population biomass or abundancegasthe catchability coefficient
and assumed constant.

The trawl sector of the Southern and Eastern Sshlahd Shark Fishery
(http://www.afma.gov.au/fisheries/sess/spislicensed to fish Commonwealth waters,
from the 3 nm limit of State waters out to the 200 Exclusive Economic Zone, off
southern NSW, Victoria, Tasmania, and eastern SAusiralia (Figure 2.1). The
sector is primarily comprised of demersal ottewteais, although Danish seining and
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mid-water trawling also occur. The fishery targetsuite of valuable finfish species
which are quota managed, but also harvests numamuguota by-product species,
including squid (Tilzey 1994). The Integrated StigmMonitoring Program (ISMP)
Is an observer program established by AFMA in 1@®ntinuing from its
predecessor, the Scientific Monitoring Program @:9996; Koopman et al. 2005).
ISMP observers carry out on-board monitoring ofseésduring normal fishing
activities, collecting shot-by-shot details of th@wl position and depth, effort (trawl
hours) and weights of all retained and discardéchcavhere a shot is an individual
trawl. Between 1 and 6 shots are usually undertalieressels during a days fishing.
Latitude and longitude were used to indicate trexgie location where catches
occurred, however depth represents the distaniteteeafloor, and not necessarily
the depth at which the squid were caught as sotsbemmay occur in the water
column as the trawl is hauled in.

While the ISMP has less coverage than the fulbbebmmercial fishing logbook
data (approximately 2.5% of shots monitored), samphtensity is still reasonable -
between 657 and 957 shots were observed annuaily 098 to 2004. Observer
data also has the considerable advantage in thedtioir and catch of non-quota by-
product species such as squid are recorded. A tmgbler proportion of this catch is
identified to the species level, and there is greabnsistency in the reporting of
operational data, such as effort, than in commElmggooks. The ISMP also
provides some level of geographical and seasoraifgtation in its sampling design
(Knuckey & Gason 2001). For this study ISMP datademersal trawlers between
1998 and 2004 is used to match the availabilityeafotely sensed environmental
data. This period also avoids potential issuescat®al with changes in fishing
practises prior to and immediately following thé&aauction of an Individual
Transferable Quota (ITQ) management system in {882lde 2001).

Although considerably more squid catch is identifie the species level in the
observer data (70%) compared to the fisher repdotgabok data (22%), there are
still a large number of records where squid casatecorded as a general ‘squid’
category. The presence or absence of squid intassho essential component of the
abundance estimation and thus it is importantg$trdjuish those shots for whidh
gouldi were definitely absenhototodarus gouldi accounted for 96% of the
identified ISMP squid catch (by weight) between 828&d 2004, and most likely
contributed to a significant component of the uedped squid catch as well, since
both categories were rarely reported in the same(shly 7 records, <0.1%). As the
degree of squid identification is likely to varytiween observers, and thus between
ports and years, it is not valid to simply disregtre shots with unspecified squid
catch, as this could strongly bias estimates obenter rates (the proportion of shots
with N. gouldi). Therefore, botiN. gouldi catch and unspecified squid catches are
used for analysis in this study; it is assumed khagouldi dominate the unspecified
squid catches. This introduces a degree of unogytai the analyses, and therefore
the results generated by the combihegdouldi and unspecified squid catch data
were also compared with those from usingRhgouldi catch data only (Appendix
Al).

Initial investigations found that the proportionNfgouldi in the total squid catch

declined with depthiNototodarus gouldi were not identified in any catches beyond
1000m depth, and the small number of squid cattttegsoccurred in waters between
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600 - 1000m were highly influential and resulte&amplex multi-modal response
functions. Although some of these records weretified asN. gouldi (in 20 of 658
shots in waters 600 — 1000m depth; 0.03%), it sdiely that these records may
have been misidentifications, Hsgouldi is similar in appearance to the deep water
inhabitingTodar odes filippovae. Data were therefore further restricted to
observations in waters 600m or less in depth. Resworporating the shots between
600 and 1000m depth are presented in Appendix@.2dmparison.

This depth restriction removed zero catches whiehsanply outside the known
distributional range dN. gouldi (the 'naughty naughts' of Austin & Meyers 1996),
and reduced the influence of any unidentified deegspecies within the general
squid catches. It also reduced the complexity reguin the GLMs. A small number
of shots without location (latitude & longitude) @epth data were also excluded, as
were any offshore fishing records (generally tangeorange roughysloplostethus
atlanticus around 250 km from nearest coast).

Due to confidentiality requirements, reporting @flbook information based upon
aggregation of less than 5 vessels cannot be shown.

Environmental Data

AVHRR (Advanced Very High Resolution Radar) SST)(&Bd SeaWiFS (Sea-
Viewing Wide Field-of-view Sensor) sea surface Cfrtig.ni®) data were obtained
from the CSIRO Marine & Atmospheric Research Reng®rsing Unit
(http://www.marine.csiro.au/remotesengingourtesy of Orbimage and the NASA
SeaWiFS Projechftp://oceancolor.gsfc.nasa.gov/SeaWiFhd accessed via SDODE
(Hobday et al. 2006b). SST and CHL data were abviglas 6 and 7.94 day
composites respectively, and aggregated to 0.5edegpatial resolution. This scale
of extraction was selected arbitrarily as a compserbetween maintaining fine scale
spatial and temporal variation, and reducing naisd the number of missing values
due to cloud cover.

Data Analysis

As the trawl fishery rarely targets squid, an applothat takes into account the large
number of zero catch observations was necessany.i@ation is a common

attribute of abundance data, reflecting the patdsrof the environment and/or the
inherent heterogeneity of the species concernadafiér et al. 2005). A number of
methods are available for dealing with such datsydver the simplest is the two-
phase approach used here. While mixture modelsl@aalyto a better fit when some
of the zeros arise from measurement error (Fletehat. 2005), the use of observer
rather than fisher logbook data in this study stididve minimised the recording of
false zeros.

Spatial and seasonal trends in (i) the proporticshots with squid present
(encounter rates), (ii) the mean CPUE for shotsre/equid were present (catch
rates), and (iii) the total abundance (calculatedhfi and ii, see below) were
examined by 5 fishing zones (A- E; Figure 2.1), ahd finer 0.5 degree square
spatial scale.
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CPUE was calculated for each shot as the catchp@ghour fished. As catch is
recorded in kilograms not numbers, abundance freraih is in reference to weight
or biomass. The distribution of CPUE was highlyve&é with multiplicative errors,
so data were log-transformed prior to analysis. Meg(CPUE) values were back-
transformed after addirgj/2 (wheres’ is the sample variance; Aitchison & Brown
1957).

Total abundance was estimated assumifglastribution (Aitchison & Brown
1957), taking into account both the log(CPUE) ctindal on squid being present,
and the probability of squid being caught. The munm variance unbiased
estimators of the mean of the total abundan@ad variance of the mean yar
were calculated after Pennington (1983, 1996):

mexr(y)gm(s2 /2), m>1
n
_J X _
cC=9—, m=1
n 2)
0, m=0
Mexp(2y) 992(37)_(%1}9 [m_zszj m>1
n n-m™ /25 \n-1)""{m-1" )
— Xl ’ —
var, Cc = R m=1 3)
0, m=0

wheren is the number of observatioms,is the number of non-zero observatiogs,
= untransformed CPUE; = log(CPUE), and y ands’ are the sample mean and
variance ofy, andgm(t) is a function ofm andt (e.g.t =s%/2 in Eq. 2), defined by:

_om-1 8 (m-2)"~ ny
9 () =t Y e e ) (e 2 =3) )

Data were imported into a GIS (Manifold 6.50) amg@leratory maps created to
examine fine scale (0.5 degree square) spatianpattMeans were also examined
by fishing zone. All CPUE calculations were repeatsithgN. gouldi catch data

only for comparison (Appendix A.1). Maps of seadqaterns cannot be shown at
the 0.5 degree spatial scale due to confidentiedipirements, instead seasons were
compared graphically between fishing zones only.

Satistical Models
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Due to the very different geography (in particuteg orientation of the coastline), all
statistical analyses were conducted separatelhéEast and West regions of the
fishery, where the East region includes zones An& C, and the West region
includes zones D & E (Figure 2.1). This was to lithe need for complex non-linear
or interaction terms in the description of spdtightion using latitude and longitude.
Splitting of the analysis by region was also usé&ulthe environmental
investigation, where SST and CHL are used as itmlis®f oceanographic
processes. As the two regions are subject to disturrent systems and
subsequently quite different mesoscale activitgyFe 2.1), the splitting of the
analysis allows different regional response fumdior SST and CHL.

Generalized Additive Models (GAMs, Hastie & Tibsinr 1990) and Generalized
Linear Models (GLMs, Nelder & McCullagh 1989) wereed to quantify
relationships between squid and (i) spatial and@®a covariates (latitude,
longitude, depth and month), and (ii) environmenotalariates (SST and CHL). As
the environmental covariates inherently vary irhtgggace and time, the objective
was to determine if they could adequately descobaccount for the spatial and
temporal variability in the data within a GAM or GLframework. Although SST
and CHL are surface measurements, they are uggaéss for the conditions the
squid are exposed to, and potential indicatorsedascale oceanographic activity.

The simplest form of a GLM is a linear least sqeaegression model.€. with
normally distributed errors and identity link), kbe GLM family also include
models with alternative response distributions lisas gamma, Poisson, or
binomial), and more general connections betweetirtkar predictor and the mean
response, as defined by the link function (Neldavi@Cullagh 1989). GAMs are
non-parametric extensions of GLMs (Hastie & Tibahir1990). The response
variable is modelled as the sum of separate noanpetric functions of each of the
predictor variables. While the individual functioofsthe predictor variables are
linear in GLMs, in GAMs they may also be non-parmoesmoothing functions,
such as regression splines, allowing much moretflexesponse curves.

GAMs were used here primarily as an exploratory, timoidentify the form of
relationships between response and predictor Magalbhe flexible and data-driven
nature of GAMs makes them well suited for this s as they are not constrained
to fit predefined parametric shapes as in GLMshaligh this flexibility makes

GAMs a popular choice for modelling species—enwvinent relationships, they can
often produce complex response functions, and mathetrievable model formula in
the classic sense, they can be difficult to in&trprcologically. Parametric response
functions in GLMs are often able to capture muckhefsame variation as a complex
GAM function, with a more reasonable ecologicallarption (Austin 2002).

A two stage analysis approach was taken with bé&tiM&and GLMs to account for
the two types of data available: the presence/aeseisquid and the catch-per-unit-
effort of squid given they are present. First thabability of a positive observation,
i.e. squid being present in a shot, was modelletllagistic GAM (Eg. 5) or GLM
(Eq. 6), with a binomial distribution and logit kiriunction:
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In| —P— :ifj(xj) (5)

In| P :iﬂjxij (6)

wherep; is the probability that squid are present initfi@ shot, and;; are the values
of the explanatory variables for th¢h shot. In the GAM (Eq. 5), tHeare
smoothing functions, while for the GLM (Eq. 6) theare the linear coefficients to
be estimated. These models are referred to hereaftae PA-GAM and PA-GLM
models (after Presence-Absence).

The CPUE conditional on a positive catch of squaswhen modelled with a normal
GAM (Eq. 7) or GLM (Eq. 8) on log-transformed CPUd&ta:

N

In(cPUE,)=>" 1, (x,) (7)

j=1

In(CPUE; ) = iajxij (8)

=1

whereCPUE; is the catch rate (kg for thei-th shot,x; are the values of the
explanatory variables for theh shot. Thd; (Eq. 7) are smoothing functions, and the
a; (Eq. 8) are the linear coefficients to be estimaldhese models are referred to
hereafter as the CE-GAM and CE-GLM models (afteick-per-unit-Effort). CPUE
data were log transformed prior to analysis, rathan applying a log link function

to the raw data, as errors were multiplicative.r@&dels were fitted to the combined
squid dataset and also tNegouldi dataset (Appendix A.1).

All GAMs and GLMs were done in R version 2.4.1 (Bvelopment Core Team
2007), using penalized regression splines in thevipgckage for GAMs (Wood
2006, 2007). GAM plots were examined to identifg thost appropriate parametric
response function with which to parameterize GLMsich were then fitted with the
same spatial and seasonal, or environmental poediatiables as linear or second
order polynomial terms. Two-way interactions onlgresallowed in the GLMs, as
higher order interactions are difficult to interpeeologically and their inclusion
destabilized many of the models. Where strong tairoms occurred between
predictor variables, only the variable which praddhe best ‘fit’ (see below) was
included in models. CHL was log transformed (logQlgtior to analysis due to a
skewed distribution with a few extremely large \eduln all models a ‘Year’ factor
was included (or made available for selection)dooant for potential differences in
recruited biomass between years.

The Akaike Information Criterion (AIC, Akaike 19¢&ed in Burnham & Anderson
1998) was used to assess model fit for differenttmoations of predictor variables.
As it is rarely feasible to consider all possibbwariate combinations (including
interactions), some process of predictor variabledion is required. In this study
predictor variables were selected via an automstgulvise selection process using
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the StepAIC function from the MASS package (Venal@eRipley 2002). A base
model with all potential main effects was initiaflited, and then stepwise backward
elimination and/or forward selection of main effaad two-way interaction terms
applied until an optimal model was reached, i.at tth the lowest AIC. This
selection process was chosen as initial investigatfound that the optimal models
from this process were more parsimonious (i.e. loW€) than those determined
from a manual forward stepwise selection processiisg with only an intercept
term. This is because while some predictor varsabteild not reduce the AIC when
included as a main effect, they could substantiallyer the AIC when their
interaction terms were considered. Goodness o iitdicated in all models by the
percentage of the null deviance explained by thvacates (Nelder & McCullagh
1989).

RESULTS
Spatial & seasonal patterns

Squid were present throughout southeast Australaers, although there was
considerable spatial variability in encounter rgf@eportion of shots with squid
present; Figure 2.2a), catch rates (CPUE when preSgure 2.2b), total abundance
estimates (Figure 2.2c) and sampling intensityyf@éd.2d). Over all years (1998-
2004), encounter rates, catch rates and thusabtaddance estimates were highest in
waters east and west of Bass Strait (i.e. in z8n&<E; Figures 2.2 & 2.3). These
areas had large numbers of observed shots (Fig2adg, BDeing productive areas for
more valuable finfish species and therefore suldgesttensive fishing pressure
(Larcombe et al. 2001, Prince 2001). Although emtexurates were similar for zones
B and E (0.78 and 0.75 sHofFigure 2.3a), the mean catch rate in zone E wazhm
higher, particularly in waters near the Victoriamdé&South Australian border (Figure
2.2b). The mean abundance estimate for zone E kiy38') was therefore almost
double that of zone B (9.8 kg-hrFigure 2.3b). No information is available on
abundance of squid within Bass Strait (i.e. betwsmres B & E), as trawl effort was
scarce, although jig fishing for squid does oceauthis region (Lynch 2004).

Despite intensive sampling (Figure 2.2d), and atrnedly high overall encounter rate
(0.70 shot), the abundance estimate for NSW waters (zondgr€ 2.3), was
reduced by low catch rates. In waters off eastasniania (zone C) encounter rates
were low (0.57 shét Figure 2.3a), however catch rates were quite, ipghticularly
off the north-east coast (Figure 2.2), and thd edtandance estimate similar to that
for zone A (Figure 2.3b). In western Tasmanian vgafeone D), the encounter rate
(0.53 shot; Figure 2.3a) was similar to that for eastern Tasia (zone C), but the
mean catch rate was the lowest of all zones, Igadithe low estimate of abundance
(2.81 kg.ht; Figure 2.3b).

There was strong seasonal variability in the distrton and abundance Nf gouldi,
with a general decline occurring in all zones frantumn to spring, driven primarily
by changes in catch rates (Figure 2.4). Howeverdlagive magnitude of abundance
varied greatly between zones within seasons, Wehatitumn abundance estimate in
zone E almost 3 times as great as that for east zoaes A and B, and 7 times that
estimated for Tasmanian waters (zones C & D; Figut& Abundance during
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summer months varied between zones, being low iamthsto spring estimates in
zones A and E, but high in B and C/D (Figure 23)mmer encounter rates, catch
rates and abundance estimates for Tasmania wehggtiest of all four seasons in
these two regions (zones C & D; Figure 2.4e & f)islwas driven primarily by
observations taken on the east coast (zone C),switimer abundance on the west
coast (zone D) lower than both autumn and wintata(@ot shown).

The availability of squid was much more variabl&asmanian waters compared to
other areas, with encounter rates ranging from k&8 in summer to only 0.34
shot* during winter (Figure 2.4e). The low winter enctrrates are however,
balanced by increased catch rates, suggestingaehiathe behaviour ™. gouldi

in Tasmanian waters during winter.

a b
) 1.0 30 ) 25
= 0.8 ® 20 -
5 / —
%] g - 20 ]
o} | g w |
5 06 '/\\/ o4 2 15
Iy o S %10
S | 7 e 107 2
o °
o 0.2 o % 5
o)
<
0.0 0 0
A B C D E A B C D E
Zone Zone

Figure 2.3. Squid abundance by zone: a) propodfahots with squid present (black line and filled
circles), and mean CPUE when present (kB.back-transformed from log scale (dashed line and
grey diamonds), and b) total abundance of squich(Rpwith standard error (based on delta
distribution unbiased mean estimator). See Figurddt boundaries of each zone.
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Figure 2.4. Proportion of shots with squid pregbtack line and filled circles; left graphs), mean
CPUE when present (kg:Hrback-transformed from log scale (dashed linegney diamonds; left
graphs), and Total Abundance (kgthbased on delta distribution unbiased mean estimaiith

standard error (right graphs), by Season (Su = Sennéwu = Autumn, Wi = Winter, Sp = Spring),
and by Zone (a & b- Zone A; ¢ & d- Zone B; e & farzes C & D combined due to confidentiality

restrictions; g & h- Zone E). SE is standard erSwe Figure 2.1 for boundaries of each zone. Note

different y-axis scale on g & h.
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GAMs
a. Spatio-temporal Models

GAM plots display the relationship between eacthefindividual covariates and the
response variable in the units of the link functioe. log odds for the PA-GAM
(presence-absence) models, and log CPUE for th& &H-(catch-per-unit-effort)
models. Spatio-temporal GAMs, including latituddangitude, depth and month
covariates and a year factor, explained 13.6% &msP2 of the deviance in the squid
PA data, and 27.3% and 58.4% of the deviance iiCtheélata, for the east and west
regions respectively.

Latitude and longitude were highly correlated duéhe orientation of the coastline
(r =0.94 and -0.96 for east and west regions resedgtp<0.001 for both), and as
such only one of the two terms was included in eaoldel. The ‘best’ term (i.e.
explaining the most deviance in the data) wasuiditfor the east region, but
longitude for the west region, reflecting the diree of the greatest variability in the
data. Both latitude and longitude GAM response tions were non-linear and
displayed several small modes or peaks, which generally consistent in location
for the PA and CE-GAM plots, although variableheit relative effect, particularly
in the east region (Figures 2.5 & 2.6).

These peaks occurred off the north east coastoh@aia and Flinders Island (40.0 -
42.5°S), the southeast corner of the mainland (338.5°S), and along the Bonney
coast (140 - 142°E). PA and CE-GAM plots displagliéng encounter and catch
rates at the latitudinal extremes of the fishengyFes 2.5 & 2.6), reflecting the
known range oN. gouldi (Winstanley et al. 1983, Dunning 1985, 1998), it
northern and southern boundaries of the fishergecto their distributional limits
(Figure 2.1).

GAM response functions for depth in the east regiere dome shaped, with
encounter and catch rates peaking at around 25@uré=2.5). In the west region
few shots were observed in waters less than 20@th denly 56 shots; 5%)
compared to the east region (2065 shots; 54%)ttendest region PA-GAM
showed a relatively linear (negative) responseequtit (Figure 2.6). In contrast, the
CE-GAM plot for the west region displayed a declimeatch rates at depths below
around 275m (Figure 2.6), a trend also seen ir#éséregion plots. The
inconsistency in depth response functions for testwegion PA- and CE- GLMs
suggests that there may be a change in the spggatgation and/or behaviour of
squid in waters less than 275m, although the smaiber of observations generates
considerable uncertainty around this result.

The month covariate displayed very different regeoiunctions in the west and east
region PA-GAM plots. In the east region, encound¢es varied widely with month,
peaking in February and May, and low in March amy@&mber (Figure 2.5). The
east region CE-GAM plot for month was similar tattfor the PA data, with catch
rates peaking in May-June, and low in October-NdvengFigure 2.5). However, the
rapid decrease in encounter rates during Marchewaent as a small dip only in the
catch rate response curve. In the west region eneorates showed much less
seasonal variability, declining slowly from JanusmyDecember, while the CE-GAM
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plots showed a small peak in catch rates around, dimilar to that in the east
region (Figure 2.6).
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Figure 2.5. East region PA (presence-absence;arig®: €) and CE (catch-per-unit-effort; Figs b, d
& f) spatio-temporal GAM plots. Dashed lines aré&®pointwise confidence intervals. Y-axis label
includes the approximate degrees of freedom fon eavariate. Small markers along the x-axis (rug
plot) indicate where observations occurred. Nogedifferent y-axis scales.
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Figure 2.6. West region PA (presence-absence;&ig® e€) and CE (catch-per-unit-effort; Figs b, d
& f) spatio-temporal GAM plots. Dashed lines aré&®pointwise confidence intervals. Y-axis label
includes the approximate degrees of freedom fan eavariate. Small markers along the x-axis (rug
plot) indicate where observations occurred. Notedifferent y-axis scales.
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b. Environmental models

Environmental predictors could only explain veryadinmamounts of the deviance in
the data despite the flexible GAM framework. Onl9 @nd 2.3% of the deviance for
the east region PA- and CE-GAMs, and 9.0 and 14d2%he west region PA- and
CE-GAMs respectively were explained by the envirental covariates SST and
logCHL. Small peaks in the CE-GAM plots for SST ev@rconsistent between
regions, and PA-GAM plots for SST showed lineaeetff in opposite directions
(Figures 2.7 & 2.8). GAM plots for logCHL were algmonsistent in shape between
regions and response variables, however all shawktline (albeit with large
confidence intervals) at large values of logCHLg(Fes 2.7 & 2.8).
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Figure 2.7. East region PA (presence-absence;aRgs) and CE (catch-per-unit-effort; Figs b & d)
environmental GAM plots. Dashed lines are 95% as# confidence intervals. Y-axis label
includes the approximate degrees of freedom fon eavariate. Small markers along the x-axis (rug
plot) indicate where observations occurred. Nogedifferent x and y-axis scales.
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environmental GAM plots. Dashed lines are 95% s confidence intervals. Y-axis label
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indicate where observations occurred. Note thedfft x and y-axis scales.

GLMs
a. Spatio-temporal Models

All available predictor covariates and all possitwe-way interactions were selected
for inclusion in the spatio-temporal models by ABgcept in the west region PA-
GLM where the only interactions present were thetle the year factor (Table 2.1).
Latitude, longitude and depth were fitted in athsp-temporal GLMs as second
order polynomial terms, except in the west regidrGLM where depth was a linear
term. Month and Year were modelled as categoriaaables.

West region GLMs explained a greater percentagkeofleviance than the east
region models, and within both regions the CE m®é&plained more than the PA
models, however the total null deviance was loweaxest region and CE models
(Table 2.1). The relative contributions of the sggdaind temporal covariates to
explaining the deviance varied between the twooregand response variables. In all
models interaction terms were important (Table,24f)ecting the complex response
functions displayed in some GAM plots (Figures &.3.6).

Combined spatial covariates (latitude/longitudggtdeand their interaction)
generally explained more deviance (11 - 40%) tleamporal (year and month and
their interaction) covariates (5 - 23%; Table 2[0¢pth was the most important
predictor in all spatio-temporal GLMs, its mainesff and interactions accounting for
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between 14 and 43% of the explained deviance imatlels (including depth
interactions; Table 2.1). In both regions the mdatior and its interactions were
more important in the CE models compared to coomedimg PA models (Table 2.1).
The Year factor explained very little of the dedaras a main effect, but was
included as its interactions were important, sutiggshat spatial and especially
seasonal trends in abundance are changing fromtygear (Table 2.1).

b. Environmental Models

SST and logCHL were both entered as second ordgngrials, except for logCHL
in the east region CE model, and SST in the wegbnePA-GLM. Only small
percentages of deviance were explained by SSTay@HL in the environmental
GLMs (Table 2.2), much less than that describethbyspatio-temporal GLMs
(Table 2.1). Less than 1.5% of the deviance wata@gd by SST and logCHL in
the east region models, with SST not even seldotadclusion in the east region
PA-GLM. In the west region slightly more deviancasaexplained by SST and
logCHL, a total of 5.2 and 8.5% for the PA- and GEMSs respectively (Table 2.2),
however the models still explained considerablg dsviance than the spatio-
temporal models (Table 2.1).
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Table 2.1. Spatio-temporal GLM results for a) @agton PA, b) west region PA, c¢) east region CH, @nwest region CE. In all models depth and ldgtlongitude were
entered as"™ order polynomials, except in b) where depth imear term. Month and year are categorical varibteedictors are shown in the order that they adod to

the model. See text for explanation of variablestdn process.

% Deviance

Region Model Predictor Df  Deviance . Region Model Predictor Df Deviance% Dev!ance
Explained Explained
a) East PA Null Model 3603 4165.7 b) West PA  Null Model 914 966.0
Depth 2 315.9 7.6 Depth 1 128.9 13.3
Latitude 2 98.1 2.4 Longitude 2 33.2 3.4
Month 11 46.4 1.1 Month 11 31.7 3.3
Year 6 21.4 0.5 Year 6 25.9 2.7
Depth:Month 22 127.5 3.1 Month:Year 52 116.1 12.0
Depth:Latitude 4 67.2 1.6 Depth:Year 6 12.6 1.3
Depth:Year 12 67.7 1.6 Full Model 836 617.7 36.1
Latitude:Month 22 83.4 2.0
Month:Year 64 147.5 3.5
Latitude:Year 12 39.9 1.0
Full Model 3446 3150.7 24.4
c) East CE Null Model 2649 6764.1 d) West CE  Null Model 712 1712.5

Depth 2 983.5 14.5 Depth 2 606.8 354
Latitude 2 177.8 2.6 Longitude 2 60.2 3.5
Month 11 407.7 6.0 Month 11 194.0 11.3
Year 6 23.1 0.3 Year 6 105.0 6.1
Month:Year 64 513.1 7.6 Depth:Month 22 91.2 5.3
Depth:Year 12 168.4 2.5 Longitude:Month 22 3.86 3.7
Depth:Latitude 4 85.1 1.3 Month:Year 51 1. 6.0
Latitude:Month 22 132.0 2.0 Longitude:Year 2 1 35.0 2.0
Depth:Month 22 114.0 1.7 Depth:Longitude 4 1.21 0.7
Latitude:Year 12 54.7 0.8 Depth:Year 12 19.8 1.2
Full Model 2492 4104.8 39.3 Full Model 568 423.7 75.3




Table 2.2. Environmental GLM results for a) eagior PA, b) west region PA, c) east region CE, @nhdest region CE. Predictors are shown in theraiti they were
added to the model. See text for explanation dfisée selection process®@rder polynomial terms are indicated iogubscript. Year is a categorical variable (indidaby

f subscript).
Region Model Predictor Df Deviance% Dev_|ance Region Model Predictor Df  Deviance % Dev_lance
Explained Explained
a) East PA Null Model 3603 4165.7 b) West PA  Null Model 914 966.0
logCHL, 2 12.8 0.3 SST 1 25.9 2.7
Yea¥ 6 17.8 0.4 logCHL 2 19.0 2.0
Full Model 3595 4135.1 0.7 Year 6 26.6 2.8
SST:logCHJ 2 5.7 0.6
Full Model 903 888.8 8.0
c) East CE Null Model 2649 6764.1 d) West CE  Null Model 712 17125
SST, 2 15.6 0.2 SST 2 76.3 4.5
logCHL 1 50.5 0.7 logCHL 2 10.9 0.6
SST:logCHL 2 29.6 0.4 Year 6 57.8 3.4
Full Model 2644 6668.5 14 SST:logCHL, 4 58.9 3.4
Full Model 698 1508.5 11.9




DISCUSSION

Nototodarus gouldi show complex spatial and temporal patterns in danoce, yet
very little of this variability could be attributed environmental conditions,
indicated here by SST and CHL. This result was paeted, as many other squid
species show patterns of distribution and abundelosely tied to environmental
conditions, includindllex argentinus (Waluda et al. 2001b, Bazzino et al. 2005,
Sacau et al. 2005osidicus gigas (Ichii et al. 2002) andloligo spp. (Pierce et al.
1998, Waluda & Pierce 1998, Bellido et al. 2001niSeet al. 2002). Either SST and
CHL are poor indicators of the variables that dtive spatio-temporal patternsiof
gouldi abundance in southeastern Australia, or theinamfte could not be detected
at the broad scale examined using the fisheryaadamodelling framework applied
in this study. In all models spatial and seasograhs were able to explain
considerable amounts of the deviance in the deden(24 to 75%), however the
processes involved in shaping these patterns dreew.

Applying data from a commercial fishery to ecol@jianalyses should always come
with some caveats. The use of CPUE assumes tisdiriearly related to abundance
and that catchability is constant, yet there araynexamples in the literature where
this assumption does not hold (e.g. Hilborn & Wa&ltE987, Harley et al. 2001).
There are two main reasons for assuming constéetiatality, and hence that CPUE
is a reasonable index of abundance in this stuidstly; the data were from a multi-
species fishery that very rarely targsitggouldi, and secondly, analyses have been
limited to a subset of years over which manageraedtfishing practises have
remained relatively stable (Baelde 2001). It wawéner, not possible to standardise
for differences in catchability between vesselse(tlufactors such as vessel power,
capacity and technology), as the necessary infeomét not available.

Standardising for vessels as a whole (Punt e080 2Maunder & Punt 2004) was
not feasible; different vessels tend to fish pritlgfrom one port and thus vessel
effects were confounded with spatial effects.

Another potential limitation of the use of fishatgpendent data was the poor level
of squid species identification, although usingesteer rather than fisher logbook
data greatly increased the proportion identificale Tajority of the squid catch that
was identified wad§\. gouldi and it was assumed that the species also coredliat
the vast majority of the unidentified squid catClomparison of the CE-GAM and
GLM results with those derived using the subsetlentifiedN. gouldi catch data
showed very little difference, providing suppornt this assumption.

Modelling the two components of the catch and éffata separately allows a
comparison of covariate effects on the two respémsetions (i.e. PA and CE), and
therefore can provide greater insight into the psses shaping patterns of
distribution and abundance. For example, latitudieaks evident in the east region
GAM plots varied in relative size between presethata and abundance data. While
the probability of catching squid was similar ftioss at 42°S (eastern Tasmania)
and 38°S (eastern Victoria), the catch rate (whesgnt) was considerably greater
off Tasmania. The population (size and age) straadfitrawl caughN. gouldi
sampled in two years and seasons from Lakes Emti@astern Bass Strait) and
Tasmania did not differ greatly in size, age orumt status (Jackson et al. 2003);
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instead spatial arrangement (i.e. tendency to ddgmyegate) may explain the
difference in catch rates between the two locatibasel of aggregation may vary in
response to fine scale abiotic and biotic condgjon particular the local availability
and dispersion of suitable prey.

Effects of month also varied for the two responaeables, particularly in the east
region for which there was a dramatic decline iocemter rates during March and
April, which was not matched in the catch rate oes@ curves. It is unclear what
might be responsible for this pattern; it doesapyear to correspond to any
significant spawning period or other life histomeat which could affect availability
of squid. Fisher behaviour may be responsibleHisr pattern, but the detail of any
such changes is not clear. The effect of monthasied between the two regions,
although catch rates peaked in May/June in bothtG&4 plots. This increase in
abundance (biomass) during the colder winter moistatso reflected in the diet of a
major predator- the swordfisiXiphias gladius) caught off the east coast of Australia
between approximately 22 and 38°S (Lansdell & YoR0§7). Examination aX.
gouldi abundance by zone however, suggests the natgeasbnal patterns vary
over finer spatial scales, and this is accountedfthe GLMs by significant
interactions between spatial and month terms.

There was considerable variability in the spatistribution ofN. gouldi, with

latitude, longitude and depth all important preatistof squid presence and
abundance. Depth was the most important spatidigice in all GLMs, and
abundance dN. gouldi in both regions peaked near the shelf-break. Tie#-break

is a frontal zone, the transition area betweemidiers of the shelf and the open sea,
and usually associated with high biological produigt (Mann & Lazier 1996).

Wind forcing can influence the position of the shekak front, and this may explain
the depth by year and month interactions in the GLM

The increased encounter and catch ratéé gbuldi near the shelf break, coupled
with latitudinal and longitudinal trends, suggdsittmesoscale oceanographic
features play an important role in the ecologiofjouldi. Many marine species
have been found to be associated with both coasthbceanic frontal waters,
including cetaceans (Davis et al. 2002, Doniol-Vaee et al. 2007), turtles
(Polovina et al. 2000, 2001), tunas (Royer et@Dd42 Schick et al. 2004), anchovies
and sardines (Hansen et al. 2001, Valavanis 2084), and squid (Waluda et al.
2001b, Valavanis et al. 2004). The three areas lghestN. gouldi abundance were
waters off (i) the Bonney coast (140- 142°E), f@) east Victoria (37.5 — 38.5°S)
and (iii) northeastern Tasmania and Flinders Isi@d@d- 42°S), and are all subject to
notable mesoscale frontal activity.

In the waters off the Bonney coast, from westerctdfia to eastern SA, summer and
autumn upwelling events occur, introducing nutriecit deep water to the shelf
(Lewis 1981, Schahinger 1987). Nitrate concentratncreases from background
levels of 0.1 - 0.9 mmol.Fhup to between 6 and 7 mmol*rduring upwelling

(Lewis 1981). Although the Bonney upwelling does pi@duce nutrient
concentrations of the scale seen in other upwediiggems around the world, it is a
highly productive area amongst the typically olrgphic waters of southern
Australia.
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In waters east of Bass Strait, a persistent shielibfront occurs where cool and
dense Bass Strait water meets the warmer watbeofasman Sea and ‘cascades’
down the continental slope (Godfrey et al. 1980n¢pak 1985, Gibbs et al. 1986,
Tomczak Jr 1987, Gibbs et al. 1991). This shel&kreont is a year-round feature,
but is most prominent in winter and spring (Tomc&akanner 1989, Belkin &
Cornillon 2003). Winter concentrations of nitratesurface waters increase from less
than 1 mmol.i7 in Bass Strait, to more than 5 mmof mt the shelf break, and
derive from the mixing of deep nutrient rich watefsSub-Antarctic origin (Gibbs et
al. 1986). The process of nutrient enrichment is #nea may be driven by the Bass
Strait cascade, however the mechanism has noeget demonstrated conclusively
(Gibbs et al. 1991). Summer upwelling has also liescribed for eastern Victorian
waters (Rochford 1979), although satellite imageS®TI and CHL suggest it is not a
consistent feature like the Bonney coast upwelling.

Waters off the east coast of Tasmania are a conmpiexf subantarctic and
subtropical (EAC) water masses (Harris et al. 198Ag boundary of the two water
masses, the subtropical convergence, is a strongafrzone and its position varies
seasonally between northeast and southeast Tas(htaniss et al. 1987). Off the
east coast of Tasmania (ca. 42.5°S), CTD profita®talso indicated the winter
presence of a strong shelf break front (perhapscaged with the subtropical
convergence) and upwelling was suggested by higatej phosphate and
fluorescence levels (Young et al. 1996).

Seasonal and sometimes sporadic jig fisherieblfgouldi (Lynch 2004) also occur
in all three of these areas which have been idedtds fish production (and hence
trawl effort) ‘hotspots’ (Larcombe et al. 2001, i@ 2001).

Mean SST and CHL however, appear to be unablectmuat for the increased.
gouldi encounter and catch rates in these areas. Measugesdients in SST have
been used elsewhere to identify and associatedlrantivity with species
distributions (Waluda et al. 2001b, Schick et 802, Valavanis et al. 2005), and it is
probable that mean SST as examined here is nafal usdicator of this frontal
activity. However, the increased productivity gexted by the mesoscale activity in
these areas should be evident in the CHL datalaldkeof a statistical relationship
may be primarily attributed to a temporal mismatgth the timing of peak frontal
activity in these hotspots (leading to elevated §Hiot corresponding with the peak
seasonal abundanceMfgouldi in the same arealNlototodarus gouldi hatch and
recruit to the fishery year-round (Jackson et @03 Jackson et al. 2005), however
strong month effects and significant interactionthwpatial variables in the CE-
GLMs indicate that seasonal trends in abundancesgrenally specific, as indeed
are the seasonal patterns in frontal activity @scdbed above). This suggests that
the processes driving patterns of distribution abdndance may be lagged behind
the physical oceanographic changes, or they magtieg on the pre-recruitment
life history stages.

For instance, in the California upwelling systemeday of several months has been
found between the phytoplankton peak and the egsnanease in the biomass of
zooplankton (Hayward & Venrick 1998). The arrivalarge predators (blue whales,
Balaenoptera musculus) to forage in the region is also delayed to calaavith the
zooplankton peak (Croll et al. 2005). Nsgouldi feed on a variety of small fish,
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crustaceans, and cephalopods, including conspe¢@itSullivan & Cullen 1983), it
Is possible that the mismatch between squid abwedand environmental conditions
may be a result of delayed responses by the lawphic levels which ultimately
link N. gouldi to the frontal activity. Alternatively this misntdt may be related to
environmental influences on the vulnerable preui¢dife-history stages. Rates of
growth and survival during paralarvae and juve(ple-recruit) stages are critical
determinants of the biomass recruiting to the fighand correlations between
environmental conditions experienced during thesb ¢ife stages and the biomass
of adult squid have been found for a wide varidtgquid species (Robin & Denis
1999, Agnew et al. 2000, Dawe et al. 2000, Waludd.€2001a, Georgakarakos et
al. 2002, Pierce & Boyle 2003, Waluda et al. 20@4,ahara et al. 2005).

Frontal activity may not only increase the avaiipbf suitable prey, but also be an
important factor in dispersal and transport ofgaealarvae and juvenile squid
(Bakun & Csirke 1998)Nototodarus gouldi that recruit during the peak season off
eastern Victoria are hatched over the precedingewand early spring (June -
September, Jackson et al. 2003), and this hatébdpenincides with the strongest
definition of the Bass Strait front which extendswh northeastern Tasmania
(Tomczak & Tanner 1989, Belkin & Cornillon 2003hd convergent flow at fronts
tend to aggregate phytoplankton and zooplanktokyB& Csirke 1998) and are
associated with high concentrations of fish lar{jerkstedt et al. 2002, Munk et al.
2003) and squid paralarvae (Leta 1992, Bower €989, Vecchione 1999, Zeidberg
& Hamner 2002, Watanabe et al. 2004). Thereforedlsguid that hatch during
periods of strong frontal activity may subsequengigruit with a greater biomass
than those micro-cohorts that hatch at other tioi¢ke year, due to the retention of
paralarvae and increased availability of food. Hesvein upwelling systems in
particular, there may be a trade-off between threefies of increased biological
productivity and feeding opportunities, as eggs palarvae in these high energy
zones may be transported offshore, away from pedderaters (Bakun & Csirke
1998), or the physical conditions optimal for grbwveind development may be
compromised (e.g. by the cold water associated wpthkelling). This might explain
why the main cohort recruiting to the Bonney caast hatches several months prior
to the start of the upwelling season (winter -rsgriJackson et al. 2005).

In all models there were significant spatial and@asonal interactions with year. As
the oceanographic processes influendingouldi ecology vary from year to year in
nature and strength, so too will the shape of éspanse function for the spatial and
temporal variables representing those processgsn@e regional variability in the
seasonal patterns bif gouldi abundance, and in the timing of mesoscale
oceanographic activity, future studies examinirggid environmental relationships
on regional scales should provide more insight theoprocesses driving abundance
and at what life history stages these processemaseimportant.
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Chapter 3:

Inter-annual variability in arrow squid (Nototodarus gouldi)
abundance in the Bonney upwelling, southern Australia:
environmental correlations and predictive models.

INTRODUCTION

Squid are an important component of the marineystes); they are voracious
predators and a major source of prey for many mreariammals, seabirds, sharks and
fish. Squid are also an increasingly important footicommercial fisheries, with
worldwide catches rising significantly in the |&stv decades relative to more
traditional finfish species (Caddy & Rodhouse 19%8)wever, squid populations
often fluctuate greatly in size from year-to-yesrpwing little evidence of any stock-
recruitment relationship (Boyle & Boletzky 1996,k8@ & Csirke 1998). This
variability in abundance limits the options fortesy management (Rodhouse 2001),
and can lead to significant ecosystem effects.aMadlability of squid can influence
the breeding success (Xavier et al. 2003) andiloigion patterns (Jaquet & Gendron
2002) of higher predators, and may have a subatantiuence on rates of natural
mortality and recruitment of prey populations, udihg many commercially
exploited fish (eg. Ivanovic & Brunetti 1994, Boy8eRodhouse 2005).

Fluctuations in squid abundance are frequentlybatied to the environmental
conditions they are exposed to during their lifgtigularly during the early life
history stages. The flexibility inherent in squifé lhistories allows dramatic
individual level responses to environmental condsi Factors such as ambient
temperature and food availability may influencetihneng, nature and success of
spawning, hatching, growth and reproductive matfgy. Forsythe 1993, Jackson &
Moltschaniwskyj 2001a, 2001b, Steer et al. 2004esE effects are manifested at
the population level as dramatically variable réanent. Without overlapping
generations to dampen effects, annual recruitmeterchines the abundance of squid
resources available to higher predators and figkeri

Quantifying links between environmental conditi@msl recruitment can be
extremely useful for assessment and managemequaf eesources, particularly
where relationships are lagged and can be utilisedpredictive manner (Agnew et
al. 2000, Rodhouse 2001, Agnew et al. 2002). Wsileh relationships are difficult
to ascertain in fish because of their long lifespad the presence of many
overlapping generations, tight relationships hasenbfound for many squid species.
Abundance has been shown to be closely relategbtswrface temperature for a
wide range of squid species includiriggx argentinus on the Patagonian shelf
(Waluda et al. 1999, Waluda et al. 2001aillecebrosus on the Scotian shelf
(Coelho & Rosenberg 1984)pdar odes pacificus andThyanoteuthis rhombus in the
Sea of Japan (Sakurai et al. 2000, Kang et al. , 2d0&hara et al. 2005),0ligo
forbes andL. vulgarisin the English Channel and North Sea (Robin & B&rfi99,
Pierce & Boyle 2003), and. gahi in the southwest Atlantic (Agnew et al. 2000). El
Nifio - Southern Oscillation (ENSO) parameters #&e enportant predictors of
squid abundance (Roberts & Sauer 1994, Waluda #0898, Dawe et al. 2000,
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Taipe et al. 2001, Ichii et al. 2002, Pierce & Bog003, Waluda et al. 2004, Waluda
& Rodhouse 2006), most likely through teleconnewiwith the local environment.
These relationships, although not necessarily pgingiany understanding of the
mechanisms affecting recruitment, are neverthelsstul for management purposes,
provided the relationships are maintained over time

This study aims to investigate the relationshipveein environmental conditions and
temporal patterns of abundance of the arrow sijotdtodarus gouldi in Australian
waters.Nototodarus gouldi is widespread in southern Australian waters from
southern Queensland to mid Western Australia.dnis of the most valuable
commercially exploited cephalopod species in Alisti@nd an important prey for
many fish, birds and marine mammals (Dunning 1@28es et al. 1993, Young et
al. 1997, Hedd & Gales 200Nototodarus gouldi has an annual life-cycle and is a
multiple spawner with hatching occurring year-roghttGrath & Jackson 2002,
Jackson et al. 2003). Large spatial and temporabiéity in N. gouldi biological
parameters has been described, possibly linkedwioommental variability (Jackson
et al. 2003, McGrath Steer & Jackson 2004, Jacksah 2005).

Nototodarus gouldi are distributed over the continental shelf angeland are
genetically well mixed over their range (Triant@fd et al. 2004). No spatial
associations with environmental variables have lieend, but their abundance is
greatest in areas of strong mesoscale frontalipc{@hapter 2) - in waters off
eastern Victoria where there is a persistent divelfk front (Godfrey et al. 1980,
Tomczak 1985, Gibbs et al. 1986, Tomczak Jr 198ih<et al. 1991), and along
the Bonney Coast (from western Victoria to easoath Australia), where austral
summer-autumn upwelling events occur (Lewis 198ha8inger 1987).
Nototodarus gouldi do not appear to undertake large scale migratiolike many
other ommastrephid squid, but do make seasonalsiotis into shallow inshore
waters where they are targeted by jig boats (Willkebal. 2001). In Australian
waters, the main jig fishing ground filr gouldi, in terms of the consistency and size
of catches, is along the eastern end of the Bo@uagt, and is managed as part of
the Southern Squid Jig Fishery (SSMNegtotodarus gouldi are also an important by-
product of a demersal trawl fishery (the South &asTrawl Fishery; SETF),
working the shelf and slope year-round. In bothdiges the annual catches and
catch rates fluctuate greatly from year to yeah(@ast 2007).

The objective of this study is therefore to expltre relationship betweds gouldi
abundance and time-lagged environmental variablesthe potential development
of predictive models based on these relationsHips.Bonney Coast was selected as
the focus for this study as it covers the mainifiglground of the jig fishery (Lynch
2004), and also accounts for a significant propartf the total demersal trawl squid
catch (SETF; Chapter 2). Development of predicingalels which would give some
indication of the relative size of the next yeagsruitment would be of great benefit
to both industry and managers of the fishery, dtagefor use in ecosystem models
givenN. gouldi’s role as an important prey and predator species.

The Bonney coast is an area of dynamic oceanogyaphyect to seasonal upwelling
(Schahinger 1987), which can be highly variablénmng and strength depending on
patterns of local wind-forcing. Although the Bonngywelling does not produce
nutrient concentrations of the scale seen in atperelling systems around the
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world, it is a highly productive area amongst tyy@dally oligotrophic waters of
southern Australia - a ‘hotspot’ for commerciahisies (Prince 2001) and an
important feeding ground for higher predators idalg blue whales (Gill 2002,
2004).

Fishing effort has occurred consistently and ategigh levels in the Bonney Coast
area over the history of both the jig and trawhéigses, and thus provides an
opportunity to compare predictive models develofpeoh two independent time
series of abundance, where abundance is inferoed fishery catch and effort data.
While there is some spatial overlap of the twodises, they primarily operate over
different depth ranges: jig vessels in shelf wabérs 150m depth, and demersal
trawlers largely over the shelf edge and slopeaggrehan 200m depth). Other
regions of southeastern Australia are subjectlatively low and irregular activity

by the jig fishery in particular, and could not pice such useful time series of
abundance estimates. In any case, the stock steuaitN. gouldi in southeastern
Australian waters is uncertain (Triantafillos et2004), and larger scale spatio-
temporal models dfl. gouldi abundance (derived from trawl fishery data) around
southeastern Australia (Chapter 2), show that sedgmtra-) and inter-annual
patterns are dependent on spatial location. Hus appropriate to examine temporal
trends on a smaller spatial scale as done heherritan over the entire fishery area.
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Figure 3.1. Maps of a) the rangeMfgouldi (grey shaded area) in Australian waters, andttdys
area (Bonney coast; light grey area). The Austmaitates and Territories are shown: QLD,
Queensland; NSW, New South Wales; VIC, Victoria;SIAasmania; SA, South Australia; WA,
Western Australia; NT, Northern Territory. The bdxaea is enlarged in b) showing the study site
boundaries, and the 50, 100, 200, 500, 1000 andr@@®pth contours as thin grey lines.
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MATERIALS AND METHODS
Sudy Area

The Bonney coast is defined as that extending fGape Jaffa to Cape Otway in
southern Australia (Figure 3.1). The boundarieslusalefine the study area were
based on the geography of the area and the distnibarf fishing effort (see below),
and are roughly perpendicular to the coastlinedeqth contours.

Fishery data

Commercial logbook data from the Southern Squid=Bery (SSJF) and the trawl
sector of the Southern and Eastern Scalefish aatk$tishery (SETF) were
provided by the Australian Fisheries ManagementAuty (AFMA) Data Section.
Fishers are required to fill in daily logbooks piding details of their catch weight
and composition, effort (hours fished), and thatam of fishing (latitude &
longitude). Data were extracted for the Bonney €etagly area only (Figure 3.1),
and were available from 1996 to 2005 for the jghéry, and from 1986 to 2005 for
the trawl fishery. Only records where ‘normal fistpiactivity’ occurred were used.
Records were excluded if effort was not recordegreater than 24 hours. In the jig
fishery a small number of zero catch records (~M#e also excluded from all
analyses as they had virtually no influence orattveual mean CPUE and their
exclusion allowed a simpler standardisation mosie¢ (below). Zero catch records
were however retained in the trawl dataset as say@ic by-catch in this fishery and
the probability of squid being caught is an impottaomponent of the abundance
estimation. For both fisheries CPUE was calculatethe catch (kg) per hour fished.

In the trawl fishery logbooks a significant compnohef the squid catch is
unidentified and recorded only as ‘squid’. Examimatf the species composition of
squid catches in observer data (Koopman et al.,2008pter 2) suggests tht

gouldi accounts for the vast majority of squid catcheth@nBonney Coast area. Thus
the total squid catch for each record was takahatsecorded as either arrow squid
or a general (unspecified) squid category. If casclvere recorded for both
categories in a single record, only those spedifi¢ar arrow squid were included.

Due to the seasonality of the fishery, jig dataevestricted to between February and
July. Very little jig activity occurs on the Bonnegast outside this period and any
catches are likely to be opportunistic and unlikelye representative of true
abundance. Considerable effort is however expegdadround by demersal trawl
operators in the Bonney Coast region, and catcheguid, although relatively low,

do occur outside the February to July period. T8taadardised total abundance for
the trawl fishery was calculated using data frohmainths of the year. Trawl
standardisation models based on February to Jlyy as for the jig fishery, did not

fit well, but indices were highly correlated witoise from the full-data models (see
below).

Environmental data

Two measures of ENSO activity were investigatede $buthern Oscillation Index
(SOI) measures the atmospheric component of EN8@tg@nd is the standardized
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pressure difference between Tahiti and Darwin. &unestl negative values of the SOI
often indicate El Nifio episodes, which usually acewery 2 - 7 years. Sustained
positive values of the SOI are known as La Nifi@eges. The Nifio3.4 index
(NINO) is an oceanic based measure of El Nifio/LidaNictivity and is the sea
surface temperature anomaly for the tropical Pao#gion between 5°N - 5°S and
120°W - 179°W. A sustained positive anomaly indisan El Nifio episode. The
mean monthly and annual values of the SOI and thie3\¥ index were obtained
from the Climate Prediction Centre (http://www.cpep.noaa.ggv

Remotely sensed sea surface temperature (SSTat&Wwere obtained from the
NOAA-CIRES Climate Diagnostics Center (http://wwdcanoaa.govReynolds et

al. 2002). Monthly SST (1982- 2006) values wereantgd for all 1° grid squares
which overlapped the Bonney coast study area. Towgoption of the study area
covered by each grid square was calculated in aa@GtSveighted mean monthly and
annual SST anomalies for the whole area calculated.

SeaWiFs (Sea-Viewing Wide Field-of-view Sensor) s@dace chlorophyll-a
concentration (CHL; mg/f) data were obtained from the CSIRO Marine and
Atmospheric Research Remote Sensing Unit (www.reargiro.au/remotesensing
courtesy of Orbimage and the NASA SeaWiFS Project
(http://oceancolor.gsfc.nasa.gov/SeaWiF®id accessed via SDODE (Hobday et al.
2006b). CHL data were extracted as 7.94 day cortggsveraged over the Bonney
coast study area (Figure 3.1), and were availablevfery 6-12 day period from
September 1997 only. Composites were converteditp vhlues and mean monthly
and annual anomalies were calculated using 19985 as the base period. For days
where no composite was available, values weregaotated by taking the average of
the two closest days where composites were availabl

Water mass circulation along the Bonney coastimanly the result of wind forcing
(Middleton & Platov 2003, Cirano & Middleton 2004)y several wind parameters
were also examined as potential predictors.ajouldi abundance. Sea level is
tightly linked to circulation and currents and nago be a useful indicator of
upwelling activity. Monthly sea level (SL) dataRartland, and daily wind speed and
direction data for Robe and Portland (Cashmoreodiywvere obtained from the
Bureau of Meteorology (www.bom.gov.)abea level data were available from July
1991, and wind data from January 1985. Monthly @maual anomalies were
calculated using 1992- 2005 as the base periodd\déata from both sites were used
as they were not strongly correlated.

Moon phase data, as fraction of the moon illumitiateere obtained for every SSJF
fishing day from the Astronomical Applications Dejpaent of the US Naval
Observatory (http://aa.usno.navy.mftér use in standardisation models.

Sandardisation of CPUE

In the absence of any fishery-independent dathembundance . gouldi,
commercial catch rates (catch-per-unit-effort, CPWEre used. As catch is
recorded in kilograms not numbers, reference tmdance hereafter relates to
weight.
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CPUE is assumed to be linearly related to abundaydkee classic equation:
CPUE =gN 1)

where N is the population biomass or abundancegasthe catchability
coefficient- a fixed constant of proportionality ieh is related to fishing efficiency.
If qis constant through time (or known), CPUE is tletioally a useful measure of
N. Catchability, however, usually varies throughdi primarily as a result of
variable fishing practises: changes in when, wheog; and who fishes.
Standardisation of CPUE using generalised lineadetso(GLMs) attempts to
remove some of the variability op(i.e. that variability in the CPUE series which is
not a consequence of changes in population simd)peoduce a more meaningful
index of abundance (Maunder & Punt 2004). By inirigd/ariables which influence
catchability in the statistical model, we are ableemove their influence and extract
a more reliable annual (or monthly, bi-annual etdex of abundance.

a. Model Structure

As squid are rarely targeted in the trawl fishéngre are a large number of records
with zero squid catch. To incorporate this inforimatinto the abundance estimates a
two stage or ‘delta’ GLM approach was used (Lole1892, Stefansson 1996). First
the probability of a positive observation, i.e. ishoeing present in a shot, was
modelled as a binomial GLM with a logit link funati:

P]_~

wherep; is the probability that squid are present initfie shot, and;; are the values
of the explanatory variables for théh shot and thg; are the coefficients to be
estimated. This trawl presence-absence modelesreef to hereafter as the T-PA
model.

Secondly, the CPUE conditioned on a positive cafaquid, was modelled with a
normal GLM on log-transformed CPUE data:

In(CPUE, ) = ZN:a.x.. 3)

17N
j=1

whereCPUE; is the catch rate (kg/h) for tireh shotx; are the values of the
explanatory variables for theh shot and the; are the coefficients to be estimated.
The log-transformation of CPUE was required as datige highly skewed with
many small values and few extremely large valuéss awl catch-per-unit-effort
model is referred to hereafter as the T-CE model.

The standardised overall year effect for the tfastlery (std-trawl), as a proxy for
the annual total abundance, was calculated fromprb@uct of the Year coefficients
from the two GLMs (T-PA and T-CE) transformed backo the original scale. For
back-transformation all other predictor variablesrevset to zero, indicating
‘average’ levels, as all continuous predictorshie $tandardisation models were
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centred, and an ‘average’ vessel (based on efise)l as the reference level of the
Vessel factor (see below). The expected probalfifck-transformed from logit) of
a non-zero catch in yeais therefore

explB, +1,)
1+expB, +1,)

E(p)= (4)

wherep is the probability of a non-zero catch in ygdl is the intercept angd is the
Year coefficient for yeat.

For the lognormal model the expected back-transtédrgrear effect is simply
E(CPUE, ) = exdy; +0?/2) (5)
wherey, is the Year coefficient for yeaando; its standard error.

Total standardised trawl fishery derived abundgetitrawl) for yeat is therefore
calculated ag; .CPUE;.

For the jig fishery the small number of zero catetords (~1%) were excluded from
analysis and only the CPUE data for positive catahere used to obtain an index of
abundance. Examination of model diagnostics (NefdetcCullagh 1989, Ortiz &
Arocha 2004) suggested a GLM with a gamma errdriligion and log link on
untransformed CPUE data was more suitable thandheal GLM on log
transformed data as used for the T-CE model. Thk-tbansformed annual
abundance series (std-jig) was simply the expoakotithe year coefficients (i.e.

expy))-

All standardisations were done in R version 2.&ihg the glm function (R
Development Core Team 2007).

b. Predictor Variables

The variables examined for inclusion in the stadgation models were: month,
vessel, moon phase, several spatial co-ordinatteféort. Month was entered as a
continuous covariate to account for any seasorai@és in fishing behaviour from
year to year. Spatial co-ordinates were include€itagr latitude and longitude or the
principal components of these two variables. Ldgtand longitude were highly
correlated in their raw state due to the orientatibthe coastline. Therefore the first
principal component represents the position altvegcbastline, while the second is
the position out from, or perpendicular to the ¢olkoon is the fraction of the moon
illuminated, a continuous variable to account fotemtial catchability changes with
moon phase in the jig fishery. As jig vessels tyartificial lighting to attract squid,
it is hypothesized that catchability would be lowlering periods of high
illumination (e.g. full moon), but higher arounchew moon. Effort (hours fished)
was also included as a potential explanatory véiabthe T-PA models.

Vessel is a unique vessel identification code, @&t as a proxy for all potential
vessel effects. It accounts for differences inlealbdity between vessels, due to
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variability in characteristics such as size, h@gacity, engine power, technology
(including lighting) and amount of fishing gear,vasll as skipper skill and
experience. Sixty-four separate jig vessels haleefl in the Bonney coast region
during the 10 years of available logbook data, @hdessels over 20 years in the
trawl fishery. To reduce variation in the CPUE tiseies due to inexperienced and
opportunistic fishers, and to avoid over-parametion of regression models, the
datasets used for analysis were restricted toinémaicative’ vessels only (e.g.
Punt et al 2000). Vessel selection for the jigdishwas based on the number of
years in which the vessel recorded a catch in thhenBy coast regior»(3 years), the
total number of catch records in the region ofregé & 50), and the median number
of catch records (days fishing) per yearg). This resulted in 31 vessels being
selected for the jig analysis. For the trawl analpsly vessels which had fished on
the Bonney Coast for 5 or more of the 20 years weegl: 38 vessels. This
substantially reduced the number of Vessel parasedquired in the regression
models, without sacrificing much information: thedicator’ vessels still accounted
for 84% and 94% of the total Bonney coast catdhénjig and trawl fisheries
respectively, and exclusion of the other vesseldenvary little difference to the
CPUE series.

c. Model Fitting & Selection

Predictor variables were added manually in a fodveaepwise manner and model
fits compared using both the Akaike Informationté€ion (AIC, Akaike 1973 cited
in Burnham & Anderson 1998) and the magnitude aihgje in residual deviance
(relative to the null deviance). Explanatory valéswvere therefore included if they
reduced AlCand reduced relative residual deviance by 1% or maseyith large
datasets such as these, the AIC on its own haglarey to overfit. AIC weights
(AIC,, Burnham & Anderson 2002) were used as a meastine oelative support
for each of the models fit to the data. The 4l& all models examined sums to 1,
and thus can be interpreted as the weight of eglér each model being the best
from the set of models tested. All continuous Malga were centred around their
mean before analysis. Second order polynomials aleyeed for continuous
variables where they provided a better fit. A Yfzator was also necessary in all
models in order to obtain the annual coefficieritabundance.

Links between trawl and jig fishery derived time series of total abundance.

Pearson correlation coefficients were calculatedHe two standardised abundance
time series, std-trawl and std-jig. 95% confideimtervals on the correlation
coefficients were calculated with the boot libranyR using the adjusted bootstrap
percentile (BCa) method (Davison & Hinkley 1997).

Links between N. gouldi abundance and environmental variables.

The std-trawl and std-jig time series were coreslatith the environmental
conditions of the previous year. Analyses were cotetl using both annual and
monthly mean environmental parameters (Table Bdgtstrap 95% confidence
intervals were calculated for all correlation caméints to determine the significance
of the relationships. Simple linear regression n@dere then built (in R with the
Im function) only allowing environmental variablesich were significantly
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correlated with the standardised abundance timessas potential predictor
variables.

Auto-correlation in the residuals was examined giil and partial auto-correlation
function (ACF and PACF) plots. Where residual clatien was significant,
autoregressive models were applied using the gistitn from the nime library in R
(Pinheiro et al. 2007). First-order autoregresgéiMe(1)) models were found to be
the most suitable. These models are of the samedsra normal linear regression
model, except for the structure of the error terich follows a first order
autoregressive process, i.e.

p-1
Y =5t Zﬁlxkt t& where & = pg_, + 4 (6)
k=L

Each error termy, consists of a fraction of the previous error tg@los a new
disturbance termy. The parameter is called the autocorrelation parameter. Only
they are independent wit(0, 4%). AR(1) models were fitted using restricted
maximum likelihood (REML). AIC and likelihood rattests were used to evaluate
the addition of the autoregressive error term.

For the linear models with normal random errors, ghredictive ability of the models
was assessed by comparing the mean squared ppadictor (MSPR) from a leave-
one-out cross-validation procedure with the redidugan square error (MSE). A
MSPR much greater than the MSE suggests poor piredability (Neter et al.
1996). Both partial and full (Francis 2006) leaveeaut cross-validations were
examined. In partial cross-validation the same rhstlecture is applied for each
new prediction, only the coefficients differ. TheSHR, (i.e. partial MSPR) is
calculated as:

> (d,)
= (7)
n

wheren is the number of observatiortsis the difference between the observed
value for thd-th case and that predicted from a model fittedh\alt observations
excepti. This can be calculated more simply using an akgeally equivalent form
whered; is defined as:

MSPR, =

d; = (8)

whereg is the ordinary residual for theh case andi; is thei-th diagonal element
of the hat matrix (Neter et al. 1996).

Partial cross-validation has however been crititidgegrancis 2006), as it leaves out
the process of predictor screening. The full cnesgdation mean square prediction
error, MSPR is therefore calculated as Equation 7 but wheediptor screening is
included at each step, i.e. each time the databislsrided and a new model fit
(Francis 2006).
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The predictive ability of models with correlatedas was not assessed as internal
cross-validation is not particularly meaningful @vthe serial correlation in the data.
Alternative methods of assessing predictive abditgh as external cross validation
(using new data) were not suitable due to the shoe series available.

Table 3.1. Environmental variables: acronyms usdebit and descriptions.

Abbreviation Description

SOl Southern Oscillation Index
NINO Nino3.4 index
SST Sea surface temperature
rSP Wind speed at Robe
rDIR Wind direction at Robe
pSP Wind speed at Portland
pDIR Wind direction at Portland
SL Sea level at Portland
CHL Surface chlorophyll-a concentration
RESULTS
The Fishery

Up to 2000 tonnes of squid was caught annualliénjig fishery from 1996 - 2005,
but catches fluctuated from year to year, withittle las 350 tonnes taken in 2000
(Figure 3.2a). In most years more than half oftttal annual catch was taken from
the Bonney Coast, in 2002 it was 95%. By contra®000, the poorest year for
squid jig catch, only 17% of the catch came fromBonney Coast, as catch rates
were low and fishers searched elsewhere. Betwe@m2@ 850 tonnes of squid were
taken in the trawl fishery annually, and up to 58Pthis was from the Bonney Coast
(Figure 3.2b). Trawl catches of squid on the Boncagst exceeded 200 tonnes per
annum in 2001 and 2002, and peaked at 443 ton?@08 (Figure 3.2b).

Catches on the Bonney coast have fluctuated grbatlyeen years, with the smallest
annual catch (22 tonnes in 1989 for trawl; 59 t@nNe2000 for jig) being less than
5% of the largest catch (443 tonnes in 2003 fawltrd780 tonnes in 1997 for jig) in
both fisheries. There is strong seasonality evidetht catches peaking in May (late
austral autumn) in both the jig and trawl fishellegure 3.2c & d). Although

catches of squid are taken year round by trawlertie Bonney Coast, the jig

fishery is almost entirely confined to the Februgryuly period.
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Figure 3.2. Total annual catch (tonnes; a & b) mmaahthly catch (c & d) across all years for the jig
fishery (top row) and trawl fishery (bottom row)aMies are shown for the Bonney Coast study area
(dark grey bars), and for the rest of the fishegadlight grey bars).

Sandardisation of CPUE
a. Jig Fishery

The best fit CPUE standardisation model for thdighery included a Vessel factor
and a spatial covariate: th& girincipal component from a PCA on latitude and
longitude (Table 3.2). Principal component analgsited the axes of the spatial co-
ordinates (latitude and longitude) so that theyenaore meaningful with regard to
the orientation of the coastline. The first priredipomponent (PC-1) accounted for
the majority of the variability in latitude and Igitude (92.5%), providing a measure
of spatial location parallel to the shore line.(frem north-west to south-east), and
was entered as a second order polynomial in th&tgigdardisation model.

The jig standardisation model accounted for 36.7T¥h@residual deviance in the
CPUE data. Vessel and PC-1 contributed 12 and $pectively to the total
deviance explained (Table 3.2). All other varial@gamined (Month, Moon and
PC2) could only contribute 0.5% or less to the deee explained, despite lowering
the AIC. As such, inclusion of these extra paranseteade very little difference to
the Year coefficients.

Table 3.2. Significant factors in the jig standaation model. Response variable is log(CPUE).
Predictors are shown in the order that they wededdo the model. See Methods section for
explanation of model structure and variable sedeqtirocess. Df is degrees of freedom.

Predictor Respo_nse Df Deviance % Dev_lance
Function Explained
Null Model 4167 3478.0
Year Factor 9 821.0 23.6
Vessel Factor 30 418.0 12.0
PC-1 Polynomial- 2nd 2 35.8 1.0
Full Model 4126 2203.2 36.7
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The main effect of the inclusion of the Vessel &@t1 predictor variables was to
reduce the value of the back-transformed Year mefits relative to 1996,
particularly in the later years (Figure 3.3). Thios high catch rates from 2001
onwards appear to have been driven to some exyesttdnges in catchability(due

to changes in the combination of vessels fishirdjtara lesser extent, their spatial
location within the Bonney Coast study area), idithoh to changes in population
sizeN. The general shape of the standardised CPUEI{gttigjectory however
remained similar to that based on a model contgiaiiYear factor only (base model,
Figure 3.3). There was no significant autocorrelatietected for the short std-jig
total abundance time serigsH0.29).
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Figure 3.3. Annual standardised jig CPUE (backafammed) for base model: log(CPUE) ~ Year
(thick line), and the optimum standardisation motte)(CPUE) ~ Year + Vessel + PC1 + P(thin
line).

b. Trawl Fishery

Standardisation models account for 27 and 29%eotifviance in the trawl
presence-absence and CPUE data respectively (3&8)leDepth and Vessel terms
were included in both the T-PA and T-CE models. theép particular explains a
large proportion, 19.4%, of the deviance in thespnee-absence data (T-PA model),
showing that the probability of catching squid ipaticular shot is highly dependent
on the depth being fished. Longitude was the ottigospatial coordinate included
(selected ahead of the spatial principal compopeexplaining ~2% of the deviance
in the T-PA model. The Vessel factor was importariioth models, but explained
slightly more of the deviance in the CPUE data {i-€E model) showing that the
combined vessel effects had more influence on qattels than the probability of
encountering squid. This may be due to the spesaifithe gear being used and
methods of fishing. Month was included in the T-@&del only, where it was the
most important predictor variable (explaining 10#4h@ deviance). Thus, while the
probability of catching squid remains relativelynstant over the course of a year,
the CPUE of squid, when present, is highly seasonal
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Table 3.3. Results of the trawl standardisation @gdrhe T-PA model was a logistic GLM with
presence or absence of squid in a shot as thensspariable. The T-CE model was a Gaussian GLM
on log-transformed CPUE data. Predictors are showime order that they were added to the models.
See Methods Section for explanation of variablea&n process. Df is degrees of freedom.

Model Predictor Requnse Df Deviance % Dev_lance
Function Explained
T-PA  Null Model 67822 89947.0
Year Factor 19 2013.0 2.2
Depth Continuous 1 17464.0 19.4
Vessel Factor 37 3250.0 3.6
Longitude  Polynomial- 2nd 2 1695.0 1.9
Full Model 67763 65526.0 27.2
T-CE  Null Model 25559  31033.0
Year Factor 19 1178.5 3.8
Month Polynomial- 2nd 2 3145.3 10.1
Depth Continuous 1 2428.3 7.8
Vessel Factor 37 2302.9 7.4
Full Model 25500 21978.0 29.2

The back-transformed Year coefficients of the T+RAdel show a substantial
increase in the probability of catching squid dgrihe 1990s (Figure 3.4a). This
increase is not seen in the base model (with Ye#neonly factor) and is driven
primarily by a change in the depths fished, pogdibked to management changes
(introduction of ITQs) in the early 1990s and shift the species targeted by the
trawlers. The T-CE model shows that annual CPURditimnal on presence)
oscillates between years, but also increases ih1986s above the base model
(Figure 3.4b).

The standardised index of total abundance§i.€EPUE; ; std-trawl), is therefore
substantially different from the base model estesdFigure 3.4c), being much
higher in the 1990s and lower in the 2000s, biitvgitih considerable inter-annual
variability.

Both the T-PA and T-AB standardisation models, laedce the combined total
index of abundance (std-trawl), showed signifiqgamditive auto-correlation at a
variety of lags ranging from 1-9 years. Partial AGHow that correlations between
consecutive years are driving this pattern (Tab#@. Residuals from the base
standardisation models (i.e. with Year as the pnédictor variable) were not auto-
correlated.
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Figure 3.4. Back-transformed Year coefficients fr@hthe T-PA model, (b) T-CE model, and (c) the
combined index of total abundance (Proportion x ERdresence). Thin lines are for the base model
(i.e. Year as the only explanatory variable), dridkt black lines for the optimal standardisation
models (see Table 3.2 for details). Note diffessratles for y-axes.
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Table 3.4. Auto-correlations for trawl standardisethual time series. Lag is in yearall
correlations are statistically significant (*; bdsen BCa 95% confidence intervals: lower CL and
upper CL).

Lag Variable r lower CL upper CL
1 T-PA(w+1 084 * 0.55 0.94
1 T-AB(w; 066 * 0.45 0.81
1 T-total .y 0.72 * 0.45 0.86

Links between Jig and Trawl standardised time series

Annual std-jig was negatively correlated with thaé-sawl total abundance € -
0.44), although this correlation was not signifitadifferent from zero (95%
bootstrap confidence interval: -0.91 to 0.37), puitty due to the year 2000 which
was a strong outlier with low abundance for bosihdries. Excluding the year 2000
results in a large and significant correlation lestw the std-trawl and std-jig € -
0.83, 95% bootstrap confidence interval: -0.940t46; Figure 3.5).

2.0

1.5+

1.0

Std - Jig

0.5 A

0.0 T T
0.0 0.5 1.0 15

Std - Trawl

Figure 3.5. Relationship between std-jig and stavtrannual time series, no time lag. Line is simple
linear regression through the points, excluding thiathe year 2000, marked by asterisk (y = -0x692
+1.780,r% = 0.69, 7df).

Correlations between N. gouldi abundance and environmental conditions
a. Annual Environmental Parameters

The std-jig total abundance time series was naiifstgntly correlated with any of

the annual environmental variables (Figure 3.6k Jtrongest correlations were
with SL (r=0.46) and CHL1(=-0.48), however in all cases the bootstrap 95%
confidence intervals were extremely wide. The saavk total abundance time series
was significantly correlated with the previous w80l (=-0.51), rSP1(=0.49), pSP
(r=0.54), pDIR =0.63) and SLrE-0.46; Figure 3.6b). NINO and rDIR also showed
strong positive correlations which were close gmgicant levels, but the lower
boundary of both bootstrap 95% confidence intervase just below zero.
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b. Monthly Environmental Parameters

Correlations using monthly environmental variablese also examined, as the
annual means may mask important inter-annual viditiabccurring in particular
months. Other studies (e.g. Waluda et al. 1999 efget al. 2000, Yatsu et al. 2000,
Waluda et al. 2004) have found that conditionsrduthe months of hatching may be
the most important for predicting abundance offisiged population. Lagged
correlations were extended back to May of the pneviyear only, as hatch-date
distributions for squid caught in the Portland afksckson et al. 2003) showed that
May 2000 was the earliest hatch month recordetréavl-caught squid in 2001. The
peak hatching period (derived from hatch-date feegies in Jackson et al. (2003)
weighted by total trawl catch) was between August lIlovember.

Eighty-one correlation coefficients were calculatedeach fishery, and given an
alpha of 0.05, four or fewer significant relatioghwould be expected to occur due
to chance alone. Fourteen significant relationshipse found with the std-trawl, but
only three with std-jig (Table 3.5). No further gagpalysis was undertaken.

Wind conditions in August and November were sigaifitly correlated with annual
std-trawl abundance, with August pSP showing thgelst absolute coefficient £
0.71; Table 3.5). SL in June and SOI in Octobes Aksd strong negative correlations
with the following year’s std-trawl abundance (TaBL5).

Wind and ENSO variables therefore appear to bédlsé potential predictors of
squid abundance derived from trawl catch and effata. Std-trawl abundance was
not significantly correlated with SST or CHL athet monthly or annual scales
(Figure 3.6b, Table 3.5). The most important momhgrms of wind speed were
August and November of the previous year.
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Figure 3.6. Correlation coefficients with BCa bap 95% confidence limits (error bars) for
standardised annual total squid abundance demeed &) std-jig, and b) std-trawl, and environmental
variables of the previous year. Std-jig correlagiovere calculated over 10 years of data except for
CHL which was only 7 years. Std-trawl correlatiovere calculated over 20 years of data except for
SL which was over 13 years, and CHL which was @njears. Explanation of acronyms in Table 3.1.

Table 3.5. Lagged monthly correlation coefficielnétween environmental variables and std-trawl
(std-jig). Only statistically significant correlatis (based on bootstrap BCa 95% confidence in®rval
are shown.

Month, Deg., Nov.; Oct; Sep: Aug: Juk; Jun; May,
SOl -0.57

NINO 0.55
SST

rSP 0.40 0.63 0.61 (-0.70)
DIR 0.43 0.50 -0.47

pSP  0.42(-0.68) 0.55 0.71

pDIR 0.56 0.46

SL -0.66

CHL (0.55)
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Regression Models

Regression models were built for the std-traw! aetly, as the std-jig time series is
very short and correlates with few environmentalaldes (Figure 3.6a, Table 3.5).
The strong negative correlation between the stdiaad std-jig time series (Table
3.5, Figure 3.5) suggests however, that model$ bsithg standardised trawl data,
may also be useful for predicting jig abundancéomger time series is required
however to fully assess the relationship betweenwlo fisheries.

Annual and monthly SL and CHL were not made av&lédx selection as predictor
variables in the regression models due to missatges in the early years.

a. Annual Models

Using annual mean environmental parameters asgboediariables did not remove
the autocorrelation in the std-trawl time seriesAR(1) models were fitted,
allowing for autocorrelation in the residuals. Aatiog to AIC, the best-fit AR(1)
model contained no environmental predictors (M@dEl Table 3.6), although the
95% confidence interval aroupdvas quite large (0.11- 0.97). AIC weights were
however low for models with and without environnamgredictors, suggesting that
there was no clear optimal model from those exathiModels with pSP and/or SOI
were the best-fit models with environmental preaiet(Models A2-4; Table 3.6). All
other annual environmental predictor models exath{@6 in total) had AIC weights
less than 0.10.

Table 3.6. Comparison of AR(1) models. Only thd mddel and the next three best-fit models are
shown.p is the autocorrelation parameter.

Model Predictors p MSE AIC AlCw

Al ~1 0.81 0.583 30.07 0.20
A2 ~ pSP 0.79 0.501 30.34 0.17
A3 ~pSP +S0OI 0.81 0.432 3042 0.17
A4 ~ SOI 0.81 0.480 31.03 0.12

Annual pSP had a positive relationship with stavtrabundance, although the
coefficient was not significant (Table 3.7). SOlsasagnificant when included, and
had a negative effect on std-trawl abundance.
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Table 3.7. Results for the four best-fit AR(1) reggion models. * denotes significant at the 0.p&al
level.

Model Coefficients Estimate Std. Error t-value puea

Al (Intercept) 0.57 0.44 1.29 0.212
A2 (Intercept) 0.60 0.40 1.50 0.150
pSP 0.49 0.34 144  0.167
A3 (Intercept) 0.59 0.38 1.54 0.143
pSP 0.55 0.30 1.81 0.088 .
SOl -0.17 0.07 -245 0.025 *
A4 (Intercept) 0.58 040 1.45 0.164 .
SOl -0.16 0.07 -2.18 0.043 *

b. Monthly Models

Residuals were not auto-correlated in any of thathlg predictor models examined,
SO time series regression was not necessary, asd-galidation prediction error
could be calculated for all models.

AIC weights were also low for all monthly scale netedexamined, with the best-fit
model having a weight of only 0.17 (Table 3.8). Totve weights are probably due to
strong correlations between the candidate montyrenmental predictor variables,
thus many combinations of predictor variables poadsimilar fits. The best fit
model according to AIC was model M4, and includagydst pSP, November rSP
and October SOl as predictors. The MGRR this model was only slightly higher
than the MSE (Table 3.8), suggesting good predidivility. However, inclusion of
SOl in the optimal model selected by AIC added dhB# to the total® and reduced
the AIC by only 0.2 (Table 3.8). The model with@®I (model M3) had almost the
same AIG, as the 3 parameter (M4) model, and the MSR&S the lowest of all
models examined (Table 3.8). Therefore the modelWi8 August pSP and
November rSP only as predictors, appears the nawsinponious for predictive
purposes (Table 3.8).

Table 3.8. Comparison of monthly environmental esgion models. Only the null and four best-fit
models are shown. The lowest MSPRIC and highest Al¢; are underlined.

Model Predictors df r* MSE MSPR AIC AIC,
M1 ~1 19, 20 041 043 421 0.00
M2  ~Aug_pSP 18,20 0.51 021 022 299 0.02
M3~ Aug_pSP + Nov_rSP 17,20 0.63 0.17 _ 0.2026.1 0.15

M4  ~ Aug_pSP + Nov_rSP + Oct_SOlI 16,20 0.67 0.16 .210 26.0 0.17

M5 TAUGPSP +Nov ISP+ OCt SOl o5, 68 016 028 270 0.0
+ Aug_rSP

August pSP and November rSP both had a positieetedin the std-trawl (Table
3.9). The fitted values follow the observed valtessonably well, following the
increase in the early 1990s, but underestimatihgegan the late 1990s, and
overestimating std-trawl in the late 1980s (FigBi®). The partial cross-validated
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predicted values were very close to the fitted e@alior model M3, and were strongly
correlated i( = 0.99).

Table 3.9. Results for the linear regression mdizzl std-trawl ~ August pSP + November rSP.

Coefficients Estimate Std. Error t-value p-value

(Intercept) 0.76 0.09 8.20 0.000 ***

Aug_pSP 0.28 0.08 3.31 0.004 =

Nov_rSP 0.24 0.10 237 0.030 *
3.0

Std - Trawl

'10 T T T T T T T T T T T T T T T T T T T

1986
1988
1990
1992
1994
1996
1998
2000
2002
2004

Figure 3.7. Observed (thick line), fitted (dashiee witho) and partial leave-one-out cross validation
predicted (thin line) std-trawl values. Fitted gédicted values are for model M3. Error bars on
fitted values are 95% confidence intervals.

An objective selection criterion is necessary fatomating the full cross-validation
procedure, and in this case it was AIC. The MPRI27) was considerably greater
than the MSE of both the 2 and 3 parameter montnhr@nmental models (0.17
and 0.16 for model M3 and M4 respectively; Tablg.3l8venty models with ten
different structures (combinations of predictoriables) were fitted and compared
using AIC during the full cross validation. Augyes$P and November rSP were
present in 19 and 17 of the 20 models respectiaglg,SOI in 12. Other
environmental variables occurred in only 1 or 2 eledPredicted values from the
full cross-validation did not fit the observed s$tdwl data well (Figure 3.8), however
as seen above (Table 3.8), AIC does not necesgachythe best model structure for
predictive purposes.
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Figure 3.8. Observed (thick line) and full leaveeasut cross-validation predicted (thin line with
std-trawl values.

DISCUSSION

The jig and trawl fisheries fd¥. gouldi in southern Australian waters are
characterised by extreme year-to-year variabilityis study shows that annusl
gouldi abundance derived from Bonney coast trawl fisloerta is related to local and
global (ENSO) environmental parameters, at botluahand monthly time scales.
This finding has important implications for managetrend development of.

gouldi fisheries in Australian waters. With further valicbn, these lagged
environmental relationships may be employed fortstesm forecasts of annual
abundance, or for longer-term predictions suclhasonsequences of climate
change or\. gouldi, its natural predators, and the fishing industty.significant
relationships were found between the shorter §igdry derived time series of
abundance and environmental variables; althougie tihas a negative correlation
between the abundanceNfgouldi available to the two fisheries, suggesting shifts
in the spatial distribution from year to year.

The best-fit model (selected by AIC) for describarqual trawl derived abundance
included wind speed for the previous August andéwalver, and the October SOI.
Monthly environmental variables led to better petisie models than those built with
annual environmental variables, as they were abéetount for the auto-correlation
in the standardised trawl abundance data. Empmoalels for other fisheries have
used SST to predict squid abundance (e.g. Robin @999, Ueta et al. 1999,
Waluda et al. 1999, Agnew et al. 2000, Pierce &IB@&D03, Waluda et al. 2004).
However, neither annual nor monthly mean SST wa®lzded with trawl or jig
fishery derived\. gouldi abundance in this study. This suggests that qufifierelint
processes may be driving the inter-annual varigioli N. gouldi in the Bonney
upwelling area of southern Australia. Unlike SSThavspeed and the SOI cannot
affect squid abundance directly, but instead mayedhe oceanographic conditions
the squid are exposed to, influencing patterns@fement and dispersal (especially
paralarvae), and the availability of suitable paey larger predators.
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August and November, the months for which wind dpgas most important,
correspond to the main hatching period for trawlgta squid sampled in 2001
(Jackson et al. 2003), and the start of summer lipg@vents on the Bonney Coast
(Gill 2004). Back-calculations from statolith bassgking found that almost 50% of
trawl-caughtN. gouldi hatched in the previous August and September (when
monthly hatch distributions from Jackson et al.0@0are weighted by fishery
catch). This finding is consistent with other sagdof squid-environment
relationships, where correlations are typicallpsgest when the environmental
variables considered relate to the time of hatckWgluda et al. 1999, Agnew et al.
2000, Yatsu et al. 2000, Waluda et al. 2004). Tkehlmanisms by which stronger
winds in August may lead to higher abundance theviing year are not known, but
may be related to the dispersal of paralarvae arfokbal availability for the juvenile
squid (Bakun & Csirke 1998). August winds over Rordl are predominantly
westerly, and water circulation over the southémlfas an eastward flowing
extension of the Leeuwin current, which then tisoasth down the west coast of
Tasmania (Ridgeway & Condie 2004). During wintex ttarm oligotrophic waters
of the Leeuwin current cool as they travel eastwaadd downwelling and mixing
occurs along the southern shelf (Godfrey et al61@8rano & Middleton 2004).
Wind-driven turbulence intensifies this processmning the mixed layer and
bringing more nutrients into the euphotic zone. d@hpth of the mixed layer in late-
winter may subsequently influence the nature ofsiireng bloom, and therefore the
availability of prey to the juvenilisl. gouldi.

November wind speed over Robe was the second ptaasatected for inclusion in
the monthly environmental model. Winds are prinyasibuth-easterly over Robe in
November, and instigate summer upwelling eventsv($4981, Schahinger 1987),
particularly along the western end of the BonnepsToThe positive influence of
November wind speed on squid abundance the follpwaar is probably mediated
through the behaviour of the upwelling and the sghent productivity of the
waters; with November wind conditions potentiallgialogically relevant indicator
of the intensity and nature of the upwelling oves éntire summer.

The SOI was also included in the AlC-selected migrehvironmental model.
ENSO events are important to the strength of theuiaen current, being weaker in
El Nifio years, particularly during winter (Fengaét2003). ENSO may also
influence the Bonney upwelling, with EI Nifio condits (low SOI, high NINO) in
this study associated with stronger wind speedgeisea level and lower sea
surface temperatures along the Bonney Coast al §¢ar lags (results not shown).
This pattern is in the reverse of that found intN@nd South America, where El
Nifilo conditions diminish upwelling activity (Mann Bazier 1996). The inclusion of
SOl may therefore also reflect the summer upwebiatyvity and represent a suite of
associated local environmental parameters, inctu8in and/or CHL which were not
considered as candidate variables in the regressoaiels due to missing values for
the early years.

These results suggest that food availability dutivgearly juvenile and pre-recruit
stages may therefore be the most important drilvdk gouldi abundance on the
Bonney coast, as found fboligo opalescens (Zeidberg & Hamner 2002, Jackson &
Domeier 2003), anBosidicus gigas (Ichii et al. 2002, Waluda & Rodhouse 2006),
also in upwelling areas. However, the jig-deriviedet series oN. gouldi abundance
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was negatively correlated with that derived from ttawl fishery, suggesting that the
spatial distribution of squid along the Bonney QGasslso shifting from year to year
(between the jig and trawl grounds).

The behaviour of the upwelling, represented inghasdels by November wind
speed and October SOI, may not only influence tinegal and growth oN. gouldi
during the vulnerable early juvenile and pre-reicstages (by controlling the
availability of suitable prey), but may also infhee the post- recruitment spatial
distribution and patterns of aggregatiorNofgouldi, in particular the relative
abundance between the shallow jig grounds anddbpeat shelf-break and slope
regions fished by demersal trawlers. The interesiliy nature of the wind-driven
upwelling determines the location and strengthhefupwelling front (the interface
between the cool nutrient rich upwelled waters @redwarmer stratified offshore
waters), and to what degree any upwelled nutrientssubsequent primary and
secondary production may be transported off thé #iveugh Eckman transport
(Mann & Lazier 1996). Phytoplankton biomass andnalaince of higher predators
such as tunas, tend to be highest in the vicifitypovelling fronts (Mann & Lazier
1996). Shifts in the location and dispersion oftpevelling production front from
year to year may be the cause of the negativaoesdtip between jig and trawl
derived indices of abundance. In years of poowuigoent however, the abundance
of squid will be low on both jig and trawl grounds seen in 2000. Thus the
abundance dN. gouldi appears to be a complex interplay of environmental
influences affecting rates of growth and survivailidg the pre-recruit stages, and
spatial distribution post-recruitment.

While the possible mechanisms responsible foreteionships discussed above are
uncertain, an exact understanding of the processes critical for predictive
modelling purposes (Agnew et al. 2000). Howevemedorm of validation of the
models predictive ability is required. Unfortungtabplying the model to new data
was not feasible in this study due to the shoretsaries of data available, instead
leave-one-out cross-validation was used. Part@scralidation suggests that the
predictive ability of the optimal squid abundanecedeonment model is good, but
can be improved by reducing the model to 2 enviremiad parameters by excluding
SOLl. In particular, the peak in 1992 was poorlydreed when SOI was included as
an independent variable in the model. The full srealidation which includes the
uncertainty of predictor selection, in contrastgesjs poor predictive ability. Francis
(2006) showed through simulation that relying ortiphcross-validation only can
lead to the identification of chance correlatiomspverestimate the reliability of
useful environmental predictors. However, the s&lamf predictor variables at
each step of the full cross-validation processiregan objective decision rule,
usually AIC as used here and by Francis (2006)itamak already been
demonstrated above that model structures selegtédare not necessarily the
best models for predictive purposes. The full creaglation could perform better
with a decision rule based on the prediction eratier than the AIC.

Predictive ability may be compromised by indireadationships between the
environmental variables and squid abundance. Ithamd ENSO parameters are
proxies for productivity as discussed above, thedels would perform better with
primary and secondary productivity parameters ae#planatory variables. CHL
was examined in this study as a proxy for primandpction, but the time series of
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data available was very short (7 years) and nafgignt relationship with squid
abundance was found. Secondary and tertiary prmshjchore relevant tdl. gouldi
which feed on small crustaceans and fish (O'Sulli&aCullen 1983), are not always
linearly related to primary production. More flebglxurvilinear (e.g. GLMs with
polynomial predictors) and non-linear model stroesu(e.g. Generalized Additive
Models or Artificial Neural Networks) were not exered in this study, although

they may perform better in investigating such emwnental relationships (Megrey
et al. 2005), particularly if longer time seriesdafta are available. However,
scatterplots of standardisdldgouldi abundance versus environmental variables did
not suggest that curvilinear or non-linear modetserappropriate here. Straight-line
model forms have proven suitable for squid-envirenhrelationships elsewhere,
and given the short time-series of data availaditernative model structures were
not pursued. Considerable caution should be usededimcreasing the flexibility of
models in what is essentially a ‘data-dredging’reise, unless a specific mechanism
generating non-linear or curvilinear relationshgpbeing examined.

The magnitude of correlation coefficients calculidbetween trawl fishery
abundance and environmental variables were comlgai@those published
elsewhere for other squid species (eg. Waluda 980, Pierce & Boyle 2003), and
the best-fit model with three environmental prealisthad a reasonably high
coefficient of determination (0.67). However, thvieonmental models described
here are highly dependent on the assumption thattdindardized CPUE time series
are suitable indicators of population abundancepecifically the abundance of the
populationavailable to the fishery. The standardisation models arg ahle to
explain relatively low proportions of the devian@e27 and 0.29 for the trawl
fishery; 0.37 for the jig fishery), and this ispart due to an inability to include all
potential influences on catchability, as the datdd this are simply not available.
Factors such as skipper or crew experience, ‘legrtiehaviour, and advances in
fishing technology change over time, and a timerayed vessel factor cannot
account for this. Changes in targeting practisesydght about by management
restrictions or market preferences may not be ctftkin spatial or seasonal
variables, and can also influence fishery derivetices of abundance. Similarly, the
behaviour of the fleet or dynamics of the fishegylation may cause non-linear
relationships between catchability and abundangeRese & Kulka 1999). For
Nototodarus gouldi in New Zealand waters there was no relationshipvéen fishery
CPUE and SST or SOI (Waluda et al. 2004). Howenéke the Australian trawl
fishery, in New Zealand squid are targeted anddarscause hyperstability in catch
rates (Harley et al. 2001).

Jig fishery CPUE may too be less useful as an atdicof abundance, despite being
standardised, due to the nature of the fishingidsare targeted in large aggregations
attracted to the fishing vessels by lights (Eva®86). The catch rates for this fishery
may also have an upper limit, based on what theashcrew on the fishing vessels
can handlegersobs.). All these factors may add to hyperstabilityhe jig CPUE
data, which cannot be removed by standardisatios possible that CPUE data from
commercial jig fishing oN. gouldi is an unsuitable indicator of the available
abundance. So while standardisation is an improweorethe use of raw fishery-
dependent data, it is important to emphasize tleassumption of catch rates being
proportional to abundance is not always upheld (M&u & Punt 2004). However,

in the absence of fishery independent survey déaagdardised CPUE remains the
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best available option. Without standardisationweelld have very different time
series of abundance, particularly for the trawhéig/, and it would be impossible to
know if correlations with environmental variableere reflecting changes in
abundance, or catchability.

Conclusions

Although SST is the variable most often used aedigtor of fishery derived squid
abundance, it was not important férgouldi in the Bonney Coast region of southern
Australia. In this study, the environmental varegmost useful for predicting trends
in squid abundance were wind speed and ENSO condjtbut only for trawl fishery
derived indices of abundance. It is hypothesizadtlttiese variables may directly
influence local productivity and thus prey availdapi However, by comparing two
time series oN. gouldi abundance derived from different fisheries, thislg
suggests that abundance does not appear to be griegominantly by pre-recruit
processes, as found for other squid species. bhBtegouldi abundance along the
Bonney coast appears to be a complex interplaydsetvenvironmental influences
on the success of the pre-recruit stages as wlkeaspatial distribution of post-
recruit squid. Comparing the population structurd kfe history strategies M.

gouldi between years of varying abundance and enviroraheonditions may
provide insight into the relative contribution bkeke processes, particularly
important for predictions over longer time scaleshsas responses to global climate
change. Global warming is predicted to have sigaift impacts on wind conditions
over southern Australia (Mclnnes et al. 2003, Hgbelaal. 2006a) and could have
considerable ramifications for populationsNofgouldi and the fishing industry that
relies on them. Future work should therefore famusinderstanding how wind speed
in particular might influenc®l. gouldi, with particular emphasis on upwelling
behaviour, ocean productivity and prey availahility
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Chapter 4:

Inter-annual variability in population structure and life history
parameters of the arrow squid (Nototodarus gouldi) in
southeastern Tasmania, Australia.

INTRODUCTION

Many squid populations fluctuate greatly in sizeniryear to year, with exploited
species often varying in biomass by several ordensagnitude. For a number of
species, annual biomass is strongly correlated evithronmental variables,
particularly the conditions experienced during ¢laely life history stages (Robin &
Denis 1999, Waluda et al. 2001a, Pierce & BoyleX@hapter 3). It is often
hypothesized that changes in biomass are mediatgshte degree by environmental
controls on biological parameters, particularlywtto. Squid show a high degree of
phenotypic plasticity in response to environmewgalability, with growth rates, size
at maturation, and reproductive investment showraty greatly between seasons of
hatching (Jackson 1995, Arkhipkin et al. 2000, RP8€l4, Pecl & Moltschaniwskyj
2006) and between squid in different geographiregy(Arkhipkin 1996, Jackson

& Moltschaniwskyj 2001b, Jackson & MoltschaniwsRg02, Olyott et al. 2006).
Controlled laboratory studies have confirmed tlgmificance of both water
temperature and food availability on squid growkbréythe 1993, Hatfield et al.
2001, Jackson & Moltschaniwskyj 2001a). As relativewth rates are highest
during juvenile phases, the eventual size of ashylid is highly dependent on the
early ontogenetic stages, and environmental vditiabduring juvenile stages can
therefore greatly influence the subsequent adalbss (i.e. recruitment) from year
to year.

A few studies have empirically examined the roldifefhistory processes
(particularly growth) in linking the environment tile abundance or biomass of
recruited squid. In the upwelling system of theif@ahia coast, environmental
(ENSO) influences on the recruitment (adult biomas$s oligo opalescens have

been shown to be mediated, at least in part, byggsato life history parameters.
The biomass, size and growth rate obpalescens were all considerably greater
during La Nifa years (Jackson & Domeier 2003, Reisd. 2004), presumably due
to increased food availability brought about by amted upwelling activity

(Hayward & Venrick 1998, Zeidberg & Hamner 2008pwever the underlying
mechanisms linking the environment to recruitmeatliely to be far more
complicated in many other cases. In contrat wwpalescens, a negative relationship
has been described between levels of recruitmehgeowth ofL. forbesi in the
English Channel (Challier et al. 2005), suggesiimiga-generation density dependent
processes were important, such as competitionpicesand/or prey. Pierce et al.
(2005) examined a much longer time series of datéde condition and maturation
strategies oL. forbesi in Scottish waters, and found a complex interpletwveen
environmental conditions and abundance. There nedraight forward trends like
those seen in the studies described above (i.ksda& Domeier 2003, Reiss et al.
2004, Challier et al. 2005) however, strong linksheen consecutive generations of
L. forbesi were noted (e.g. high summer abundance leads tocpodition in squid
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the following year). Pecl et al. (2004b) also fowmdnplex inter-annual patterns in
the life history characteristics of the loligirsdpioteuthis australis. In particular,
population structure from years of similar abundaarecruitment) varied greatly, as
did individual life history characteristics.

The mechanisms linking environmental conditionsstmuitment are, therefore, not
always straight forward, at least for loliginid sdjuPecl et al. (2004b) stressed the
need for rigorous working hypotheses explainingtflations in squid abundance. In
particular multi-year studies examining changegapulation structure and
individual life history characteristics of wild polations are needed. Few studies
however, have examined inter-annual variabilitpapulation structure and life
history characteristics of squid populations, gattrly for ommastrephid species.
Coehlo et al. (1994) examined size structurBlex illecebrosus sampled over 20
years in relation to total annual catch in ordedetermine which seasonal cohorts
were the most important to annual fishery produrctirkhipkin and Laptikhovsky
(1994) examined growth of argentinus over 5 years, and Villanueva (1992)
examinedTlodarodes angolensis growth over 3 years. In both these studies size at
age was greater in years with cooler water tempegat

The arrow squidNototodarus gouldi is widespread in southern Australian waters,
from southern Queensland to mid Western AustrBlahotodarus gouldi is typically
most abundant near the shelf break (Chapter 2)enhes caught by trawl fisheries
and, although rarely targeted, is a valuable bgfcdt also occurs inshore shelf
waters where it is the exclusive target of Australiargest squid jig fishery which
occurs seasonally over a small number of fishirmyigds generally less than 100m
depth (Winstanley et al. 1983, Lynch 2004). Anaysfi commercial trawl fishery
data showed that the available biomashl.gjouldi in southeastern Australia varies
seasonally and inter-annually, and not always st@sily among locations (Chapters
2 & 3).

Temporal variability in abundance Nf gouldi is particularly pronounced off
southeastern Tasmania, which is towards the spscighern range limit.
Occasional jig fishery catches occur in shallowlfshaters from autumn to spring,
however the main recruitment period appears talbe®er, and fishing effort peaks
between December and February each season (Wétcalx 2001). This is in
contrast to elsewhere in southeastern Australig@revgreatest availability of.

gouldi to both jig and trawl vessels is during autumm smmmer abundances are in
fact very low in waters off New South Wales and t@as Victoria (Lynch 2004,
Chapters 2 & 3). The Tasmanian jig fishery is casgat primarily of interstate
based vessels, and operates somewhat irregulapgnding on the biomass
available from year to year. While gouldi appear to be available during summer
months in shelf waters right around the southeaastcpers obs.), and possibly the
west coast as well, fishing occurs mostly in St@ay, due to its close proximity to
the port of Hobart (Figure 4.1).

Nototodarus gouldi shows considerable phenotypic plasticity, withydapon
structure, growth rates, condition, and reprodectnvestment varying greatly
between seasons and locations, and with littleisterxy (Jackson et al. 2003,
McGrath Steer & Jackson 2004, Jackson et al. 2Q@%ye inter-annual variability
was also evident over two years of sampling, paldity in growth rates which
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varied consistently between years over all locatind seasons. This result was
unexpected, with interannual differences usuallysadered to be far smaller in
magnitude than seasonal within-year variabilitg(érkhipkin & Laptikhovsky
1994). The collection of samplesfgouldi from commercial fishers working in
Storm Bay over four summer seasons (1999/00, 2@0@@2/03, 2003/04) allows a
more in-depth investigation of inter-annual varigpin population structure and life
history parameters. Although only a short timeeserihese samples encompass
seasons of record high and extremely low availbldmass, and provide the
opportunity to examine the relationship betweemrass and population biology of
an ommastrephid squid; to obtain insight into wigruitment might be so variable.

Growth is tightly linked to reproductive processehjch are also highly variable in
N. gouldi (McGrath Steer & Jackson 2004, McGrath-Steer 20Bdgtors influencing
growth, such as temperature (e.g. Forsythe 1998y,atso affect timing of
maturation and strategies for allocation of endogyeproduction (Arkhipkin et al.
2000, Pecl & Moltschaniwskyj 2006). Therefore, himststudy patterns of size-at-
maturity and the relationship between somatic apdaductive investment are
examined in addition to comparisons of populatimacture (i.e. sex, size, and age
structure), rates of growth and condition.

While other studies dfl. gouldi have examined spatial and seasonal patterns in
biology using trawl fishery caught samples (Jack&dvicGrath Steer 2004), this
study provides an account of the population stmecand life history characteristics
of squid from the inshore jig grounds. The aimshid study are therefore to (1)
provide a detailed description of the population&ure and life history parameters
of N. gouldi in inshore southern Tasmanian waters, (2) to coentbee structure and
life history parameters between populations samiplédur of five consecutive

years, and (3) to determine if fluctuations in &algle biomass correlate with changes
in population structure and/or life history paraemnst
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MATERIALS AND METHODS
Sample collection & processing

Nototodarus gouldi samples were collected from Storm Bay (Figure khIpur
austral summer seasons (1999/00, 2000/01, 20022@03/04; Table 4.1) over 5
years (2001/02 was not sampled). Most samples @l@eened from commercial jig
vessels fishing in Storm Bay, although some squidecember 1999 and January
2000 were hand-jigged by researchers in the D’Easteaux Channel and its
associated bays (Figure 4.1). All squid were frozeor to processing. Some squid
from 1999/00 were initially collected as part ob#mer study (Mitchell 2000), but
were re-processed for this study after being stbwekn. Biological data (other than
ages) for all 2000/01 samples is from Willcox et(2001), although these squid
were also re-processed to obtain statoliths. N@edue to the seasonality of the
fishery (over the austral summer), all referenogear’ or ‘annual’ values hereafter
are with respect to the fishing year, e.g. 1999/00.

Defrosted squid were measured for dorsal mantigtte(ML; to the nearest mm) and
total body weight (BW; to the nearest 0.1g), sexied assigned one of five maturity
stages (after McGrath & Jackson 2002). Of the 1€fi8d collected, 1771 had these
basic measurements recorded,(Table 4.1). No BW was recorded for 122 squid in
the January 2000 sample, and small numbers of §4uwdless per sample) were
missing at least one basic measurement, usuallyodilne specimen being damaged.
Mantle and fin weights, and reproductive weightn@s and accessory organs),
measured to the nearest 0.1g, were taken for mqagt except those sampled in the
2000/01 seasomB, Table 4.1).

Statoliths were removed from squid during the @hitlissections, or at a later date
after being refrozen (2000/01 samples). They wiased with 70% ethanol and
stored dry. A representative sub-sample for ageiag chosen from those available
by random selection within size classes. Unfortelyad large number of statoliths,
primarily from January samples were unavailableafwailysis after being lost during
couriering to another laboratory.

Table 4.1. Sample information: days of month (samgpilays) and methods of collection, and sample
size. AJ is auto-jig, HJ is hand-jig.= number of individuals in sampleA is the number of

individuals for which basic biological measuremenése taken (ML, BW, sex, maturity stageR is
number of individuals for which extra biological asirements were taken (mantle & fin weights,
gonad & accessory reproductive weight#}ged is the number of individuals which were agethg
statoliths.

Year Month Sampling days Method n nA nB nAged

1999/00 December 2,9,23 HI&AJ 168 166 153 80
January 2,7,10,13,15,3HI & AJ 220 98 97 -
February 15 Al 75 74 60 -

2000/01 December 5, 18 AJ 425 424 - 74
January 4,18 AJ 390 390 - -

2002/03 December 25 Al 45 44 40 41
January 29 AJ 186 185 156 -
February 6 AJ 230 226 191 99

2003/04 January 10 AJ 164 164 133 80
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Ageing

The method used to prepare statoliths was modifaad that of Arkhipkin (1993).
Statoliths were embedded in thermoplastic cemeryist@ Bond) with the posterior
side parallel to the glass microscope slide. Tatbth was ground with lapping film
until the edge of the dorsal dome was reached ekxtent and intensity of grinding
was monitored continuously under a binocular ligitroscope (x40 magnification).
The ground surface was then fixed onto a glass slith Crystal Bonl and ground
down to obtain a section thin enough for examimati®ections were viewed under a
compound microscope at x400 magnification, andeimants counted from the natal
ring to the margin of the dorsal dome. A minimunthoke counts was made for each
statolith. When the three counts differed by lésst5%, their mean was used as an
estimate of the number of increments. If the ddfere was greater, further counts
were made until a satisfactory estimate was obtiaioethe statolith was rejected.

The total number of statolith increments was assutoée the age of the squid in
days. No direct validation of the rate of ring dsijtion has been conducted due to
difficulties in maintaining\N. gouldi in captivity for sufficient periods of time
(Jackson et al. 2005), and poor numbers of retartesy-recapture studies
(JAMARC 1978a, 1979). However there is some supjeordaily periodicity of
statolith increments iiN. gouldi (Jackson et al. 2005), and for the congéher
sloanii in New Zealand (Uozumi 1998).

Fishery Data

Commercial fishery catch and effort data were ai@difrom mandatory fishing
logbooks for vessels operating in the study arégu(E 4.1) between 1995 and 2006.
Catch-per-unit-effort (CPUE; kg/hr) was used toicate abundance. As CPUE data
were lognormally distributed, means were calculatedog transformed data and
then back transformed after adding/ 2 wheres; is the standard error for ye@r

Due to the seasonality of the fishery, annual measre calculated between
September and August of the following year.

Analysis

Sex ratios (female/male) were calculated for eaohtmand year, and 95%
confidence intervals estimated by the adjusteddtiqd percentile (BCa) method
(Davison & Hinkley 1997). Size (dorsal mantle lémg¥iL) and age frequency
histograms, and the proportiondfgouldi at each of 5 maturity stages were plotted
by sex, sample month and season.

A finite normal mixture model was fitted to the sizequencies using the mclust
library (Fraley & Raftery 2007) in R. Each size-odohis assumed to be normally
distributed, with the overall distribution beingraxture of each of the normal
components. Parameter estimation is via the EMrigitg and model selection
based on the Bayesian Information Criterion. Meg@\aas compared between
sexes, sample months and years using ANOVA. Asages not available for the
same months within all years (Table 4.1), each $anapunique combination of year
and month (YM), was used as a blocking factor. Typ8Sums of Squares
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(contrasts) were used for testing of main effesttha data were unbalanced between
groups.

Separate lines regression was used to investigiieannual differences in size-at-
age (i.e. growth), and total body weight-at-len@#. condition), somatic and
reproductive weight-at-length (i.e. reproductivel momatic investment). Growth in
both length (ML) and weight (BW) with age were exaed. ML was log
transformed, so the underlying growth model isroeaponential form. BW and age
were both log-transformed i.e. a power form. Ovarahdition (BW-at-ML) was
also modelled as a power function. Somatic ancbptive investment by mature
animals (stages 4 and 5) were modelled as linetifins of ML. Somatic weight
(SW) was the sum of mantle and fin weights, andadyctive weight (RW) the
weight of all reproductive material, i.e. gonadgphidamental glands, ovaries and
oviducts for females, and gonad plus spermatoploomnaplex for males.

Homogeneity of slopes was examined by testingitiréfecance of covariate-factor
interaction terms, which were dropped from moddigrvnot significant (i.e. where
p> 0.05). Where interaction terms were significaltpss were compared between
years using pairwise comparisons computed usintptheal constraints method of
Westfall et al. (1999) in the multcomp packageRo(Bretz et al. 2004). In the
presence of interactions, differences in the respamriable (ML, BW, SW or RW)
between years were examined by pairwise comparesosfined levels of the
covariate (age or ML).

In the absence of interaction effects, the nulldtlgpsis that there is no effect of year
on the response variable was tested with ANCOVA@iSiype Ill Sums of Squares
(contrasts) due to the unbalanced structure ofi#éte@. Pairwise comparisons of main
effect means were then performed using the multcpagage for R. In order to
investigate the relationship between somatic aptbrictive condition in mature
squid, correlation coefficients were calculateddomatic and reproductive condition
regression model residuals. Confidence interval®ewstimated using the adjusted
bootstrap percentile method (Davison & Hinkley 1997

The probability of squid being mature (i.e. stage %) at size (ML) was modelled

as a binomial (binary) response using logisticesgion. Chi-square tests were used
to test the significance of the year factor andriattion terms. Pairwise comparisons
of slopes and means were conducted as describgd.gbiae at 10, 50 and 90%
maturity was calculated for each year and sex usiaeglelta method (Faraway
2006), with the p.dose function in the MASS libr@vienables & Ripley 2002).

A repro-somatic index (RSI, %) was calculated fa@tune (stage 4 and 5) animals as
the total RW (i.e. gonad plus nidamental glandsyi@s and oviducts for females,
and gonad plus spermatophoric complex for malegjleld by the total BW and
multiplied by 100.

All linear models were analysed using Im or gimdtions in R 2.4.1 (R
Development Core Team 2007). Diagnostic plots ve@emined for outliers and to
assess the suitability of each model structuralllmodels the covariate (ML or age)
was centred around its mean, to reduce potentildhearity between main effect and
interaction terms.
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RESULTS
Fishery based estimates of biomass

The total catch oiN. gouldi each fishing year (i.e. between September and gtugu
1995/96 to 2005/06) by jig vessels in TasmaniateStaters ranged from less than
0.75 to almost 500 tonnes (Figure 4.2). Up to 9%%his catch was taken each year
from Storm Bay between November and March (i.einduthe austral summer and
in the study area; Figure 4.2). Catch rates fluemiavidely, with the highest mean
CPUE in Storm Bay more than 30 times that of thveekst year. The year of highest
catch, 401.9 tonnes in 1999/00 also had the higiagsh rates (Figure 4.2). Of the
other seasons sampled in this study, catch rat28d6/01 were moderate, while in
2002/03 and 2003/04 catch and CPUE were all vevy [iffort was also very low in
the latter two years, so CPUE may not be a reliablgarticularly quantitative
indicator for comparison between years. The infilarge auto-jig vessels with
experienced skippers and crew in 1999/2000 wheiu sggere available in large
guantities, and then again the following year (20Q)) may also have inflated
CPUE-based estimates of abundance in comparisite latter two years. CPUE
comparisons are therefore best viewed as semi-tpiarg; although there is little
doubt that available abundance in 1999/00 was rgue&ter than any of the other
years.
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Figure 4.2. Annual (September to August) catch fiGaamanian (TAS) State waters (grey line), and
from Storm Bay (SB) between November and Marchrtsttmshed line with white filled circles).
Annual mean CPUE (back transformed from log sdalebtorm Bay between November and March
is shown relative to 1999/00 (long dashed line withsses).

Sexratio

The ratio of females to males was significantlyagee than 1 in all January and
February samples, but not December (where signifieas indicated by non-
overlapping 95% bootstrap confidence intervalsuyfegd.3). The sex ratio increased
progressively between December and February seakons sampled, suggesting
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that sex-specific changes in availability were odog over the summer season.

There were no significant differences between yeanspared within months
(Figure 4.3).
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Figure 4.3. Sex ratio (female/male) by month araryError bars are BCa 95% confidence intervals.
Grey horizontal line identifies a ratio of 1:1.

Sze structure

Sampled\. gouldi ranged in size from 11.8 to 37.6 cm ML, however ldrger
animals were mostly females, with the largest noalg 31.5 cm ML (Figure 4.4).
One or two size cohorts were identified in each@arby normal mixture models
(Table 4.2, Figure 4.5). The number of size-cohdidsnot differ between males and
females from the same samples, except for Febsaanples where there were 2
female cohorts, but only one male cohort. In mast@es the mean size of each

male cohort was slightly less than that for theegponding female cohort (except in
December 2000; Table 4.2).

Size-frequency distributions from December 1999 Zardiary 2000 were different
from other years, as only a very small range @dszccurred in a single distinct
cohort (Figure 4.4). Apparent growth (in ML) of raand female size-cohorts was
easily tracked over the 1999/2000 season (Figie . February 2000 a new
cohort was also evident, but it consisted of fesmalaly and accounted for less than
10% of the females sampled (Table 4.2). In all oflears 2 cohorts were present for
both males and females in most samples. Wherelosize-cohort was identified
(January 2003, January 2004 for both sexes, andi&gh2003 for males), there was

much more within cohort variability than in thoserh the 1999/00 season (Figure
4.5).
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Apparent growth of individual size-cohorts in 200D/ 2002/03 and 2003/04 were
not as easily tracked within each season compargd1999/00. In 2000/01 the
larger male and female cohorts increased in meanfioim December to January
(Figure 4.5), however the smaller female cohoringdtbonly a very minor increase

in mean size and the smaller male cohort decreaseéan size. Patterns in 2002/03
were similar to 1999/00 with clear growth of theimfzmale size cohort over the
season and evidence of new recruitment in Febi(lragure 4.5). However, for

males the pattern broke down in February with @mg intermediate male size-
cohort identified, possibly a mix of those squiégent in the previous month, and
new recruits.

Comparisons of mean cohort size between yearsnplozated by the varying
numbers of cohorts present, however some varighigtween years within months
was evident. For example, in January, there weiglessize-cohorts evident in 2000,
2003 and 2004 for both sexes (Table 4.2, Figurg 4l mean cohort size (ML)
was greatest in 2000, and smallest in 2003. Inalgr2001 however, there were two
cohorts apparent, one greater than and one srttadlethe mean cohort size in the
other years.

Table 4.2. Mean ML (cm), and standard deviation)(8Csize cohorts identified by normal mixture
models by sex, month and year. Prob is the mixnodpgbility of each cohort for each sample and sex.

Female Male
Mean SD Prob. Mean SD Prob.

Month-Year Size cohort

Dec-99 1 223 1.9 1 216 15 1
Jan-00 1 260 20 1 247 1.2 1
Feb-00 1 18.3 2.0 0.09 - -
2 318 20 091 270 24 1
Dec-00 1 176 17 0.30 18.3 2.1 0.38
2 253 31 070 254 21 0.62
Jan-01 1 183 16 083 18.0 1.7 0.80
2 282 33 017 275 1.7 0.20
Dec-02 1 200 25 084 191 22 o071
2 296 25 0.16 27.1 0.8 0.29
Jan-03 1 237 41 1 225 35 1
Feb-03 1 205 21 069 211 29 1
2 280 21 031 - -
Jan-04 1 211 3.2 1 205 31 1
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Figure 4.5. Size-cohorts for a) females and b) mid@ach circle represents a size cohort, as ideghtif
by the mixture model. The size of the circle roygtgpresents the proportion of squid from each
sample in that size cohort (Table 4.2). Dashedlst®w where growth of size-cohorts is apparent.
Error bars are one standard deviation. Asterisk& nvaere samples were not collected.

Age structure

Sampled\. gouldi were between 147 and 303 days old (Figure 4.6, back-
calculated hatch-dates falling between March angustt ANOVA was used to
compare mean age between sexes and sample (wlsarsagaple is a unique
combination of year and month; YM). The YM *Sexdrdction term was not
significant (R, 3s4= 0.59, p = 0.67) and dropped from the model. dge ofN. gouldi
did not vary significantly between samples (YM)t bid vary significantly between
males and females (Table 4.3). MBlegouldi were on average 14.5 (standard error:
2.8) days older than femdhe gouldi. The mean hatch date (day-month) for sampled
femaleN. gouldi was 8th June, while that for males wa¥ &4ay. The only year

with ages available from more than one month (sajnpas 2002/03, and. gouldi
caught in December 2002 were on average 7.5 daysygo than those caught in
February 2003, but this difference was not sigaific(t 373= 1.52, p = 0.13).
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Figure 4.6. Relative age frequenciesbigouldi in a) December 1999, b) December 2000, c)
December 2002 and February 2003 combined, anchdpda2004. Dark bars are for females, light
bars are for males. Sample size shown (emale/male).

Table 4.3. ANOVA comparing age between years ard Hee YM factor is a unique year-month
combination. SSQ is sums of squares; MSQ is meaarsg; RSS is residual sums of squares;
<0.05; ** p <0.01; ** p <0.001.

Response: Age Df SSQ MSQ F value p value

YM 4 4110 1028 1.45 0.22
Sex 1 21951 21951 31.05 0.00 ***
Residuals 368 260148 707

Typelll comparisons Df  SSQ RSS  F valuep value

YM 4 6394 266543  2.26 0.06
Sex 1 21951 282100 31.05 0.00 ***
Sze at age (ML and BW)

Size-at-age did not vary between December 200ZFabduary 2003 (ML: Fi136=
0.00, p = 0.98; BW: F36= 0.36, p = 0.55), so the data for the two momtase

pooled to represent the 2002/03 season. Analysesdoae separately for the two
sexes so that effects of maturity on size at agéldee examined for males. Few
mature females were sampled and aged (9 only) d&wed waturity was included as a
factor in the female models, they were destabillzgtigh collinearity (indicated by
extremely large variance inflation factors). Fense-at-age results are therefore
for immature squid only.
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ANCOVA found a significant age by year interaction all four models (male and
female, ML and BW), however pairwise comparisorcated that this interaction
was in all cases driven by the 1999/00 season,hwiad a significantly lower slope
(i.e. slower rate of growth) compared to the otheee years which did not differ
from each other. As the age and size randé. gbuldi sampled in 1999/00 was very
limited (Figure 4.7), the analyses were repeatedout an age by year interaction
term, thereby forcing the growth rates (sloped)adhe same for all four years

(Table 4.4).

Male N. gouldi were smaller than females in length (ML; Figurgé)4and body

weight (BW) over the range of ages sampled. MLeg-af both sexes was

significantly smaller in 2003/04 than in the otBeyears, whereas for BW-at-age,
both sexes were significantly heavier in 2000/0gy{Fe 4.8). These findings suggest
that condition (i.e. BW-at-ML) was variable betwegzars. As growth rates (i.e.
regression slopes) were not different between yearsther sex over the range of
ages sampled, pre-recruit processes presumablyatecbfor the differences
between years in size-at-age (i.e. regressioncepes). There was no significant
interaction between maturity and age in the maldetsy although maturity was
significant as a main effect (Table 4.4). Thus magquid were larger than immature
squid at the same age, but growth rates did nfgrddetween mature and immature

individuals.
a) 1999/00
40 -
4 o Male-imm. ——
i o Male- mat. —_——
i O Female-imm.
i ® Female- mat.
30
= i
S i
3 i
E 4
20 1
10 T T T T
140 180 220 260 300
Age (days)
c) 2002/03
40
30 1
= 1
S 1
3 1
s 1
20

220
Age (days)

b) 2000/01

40

ML (cm)

10 ——

140

d) 2003/04

180

220

Age (days)

260

300

40

30 1

ML (cm)

220

Age (days)

Figure 4.7. Observed values and fitted exponeatiales forN. gouldi size (ML, cm)-at-age (days)
for females (grey circles and dashed line) and snddiack squares and thin solid line), by year.
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Table 4.4. Analysis of covariance for size-at-agelals. Male models (a & c) include a maturity

factor, female models (b & d) are based on immafemgales only. Df is degrees of freedom; Age
centred Age. SSQ is sums of squares; MSQ is masaresgRSS is residual sums of squares; * p
<0.05; ** p <0.01; *** p <0.001.

a) Mae Response:log(ML) Df SSQ MSQ Fvalue pvalue
Age. 1 157.0 157.0 29560.7 0.000 ***
Year 4 1486.8 371.7 69966.4 0.000 ***
Mature 1 0.4 0.4 69.3 0.000 **=*
Residuals 171 0.9 0.0
Typelll comparison Df  SSQ RSS  F value pvalue
Age. 1 1.1 20 200.6 0.000 ***
Year 4 7555 756.4 35551.9 0.000 ***
Mature 1 0.4 1.3 69.3 0.000 ***
b) Female Response: log(ML) Df SSQ MSQ Fvalue pvalue
Age. 1 231.8 231.8 17927.0 0.000 ***
Year 4 1527.7 381.9 29536.0 0.000 ***
Residuals 182 24 0.0
Typelll comparison Df  SSQ RSS  F value pvalue
Age; 1 2.3 4.7 180.4 0.000 ***
Year 4 1527.7 1530.1 29536.1 0.000 ***
c) Mae Response: logBW) Df SSQ MSQ Fvalue pvalue
log(Age). 1 627.0 627.0 9218.2 0.000 ***
Year 4 4527.7 1131.9 16640.8 0.000 ***
Mature 1 5.8 5.8 85.3 0.000 ***
Residuals 170 116 0.1
Typelll comparison Df  SSQ RSS  F value pvalue
log(Age) 1 95 21.1 140.1 0.000 ***
Year 4 1707.8 1719.4 6276.7 0.000 ***
Mature 1 5.8 17.4 85.3 0.000 ***
d) Female Response: log(BW) Df SSQ MSQ F value pvalue
log(Age): 1 502.0 502.0 3939.0 0.000 ***
Year 4 4935.8 1233.9 9682.8 0.000 ***
Residuals 181 23.1 0.1
Typelll comparison Df  SSQ RSS  F value pvalue
log(Age) 1 25.7 48.8 201.9 0.000 ***
Year 4 4935.8 4958.9 9682.8 0.000 ***
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a) Female: ML at 218 days

b) Male: ML at 218 days
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Figure 4.8. Fitted ML (a & b) and BW (c & d) at age18 days with 95% confidence intervals.
Letters denote grouping according to post-hoc pa@womparisons. Note that for b & d the
groupings are the same for both immature and matyig so letters only shown next to mature
points.

Overall condition- total body weight at length

The effect of year and maturity on condition (BWustied for ML) were examined
by separate ANCOVASs for males and females. Theestdjthe log(BW) by log(ML)
relationship varied between years, as indicatethbsignificant interaction terms in
both male and female ANCOVA tables (Table 4.5). fates the slope was
significantly steeper in 1999/00 and 2002/03 coragao 2000/01 and 2003/04,
while for females, slopes were steepest in 2002/ @Blowest in 2000/01 (Table 4.6).
There was also a significant log(ML) by maturityeraction in the male ANCOVA
(Table 4.5), with mature male squid increasing W ®ith size (ML) at a much
faster rate than immature individuals (Table 4.6).

The overall condition of male and fem&legouldi was significantly greater in
2000/01 compared to all other years, except foy lage mature females (34cm
ML) which were still heaviest at size in 2000/01if hot significantly different from
those in 2002/03 (Figure 4.9). Female condition p@x in 1999/00 for most sizes
examined, although not significantly different fr@&®03/04. Small immature
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females (16 cm ML) were in poorest condition in 2@3, although condition in
1999/00 was also low (Figure 4.9). Male conditicesvalso poorest in 1999/00 for
immature and mature males at 22cm ML. Large mahaies (28 cm ML) and small
immature males (14 cm ML) were in poorest condit@002/03 and 2003/04
respectively, although neither of these years wiggeificantly different from
1999/00 which was also low (Figure 4.9).

Table 4.5. ANCOVA results and for (a) female, abyrfaleN. gouldi condition. Non-significant
interactions were dropped from the model. Df isrdeg of freedom; SSQ is sums of squares; MSQ is

mean squares; RSS is residual sums of squareMldpg(s centred log-transformed ML (cm)p
<0.05; ** p <0.01; *** p <0.001.

a) Female Response:log(BW) Df SSQ MSQ F value pvalue

log(ML), 1 417.1 417.1 36622.5 0.000 ***
Year 3 6.7 2.2 194.6 0.000 ***
Maturity 1 01 0.1 5.0 0.025 *
log(ML).: Year 3 07 02 18.9 0.000 ***
Residuals 1032 11.8 0.0
Typelll comparison Df SSQ RSS Fvaluepvalue
Maturity 1 00 118 41 0.044 *
log(ML).: Year 3 06 124 18.9 0.000 ***
b) Male Response:logBW) Df SSQ MSQ F value pvalue
log(ML), 1 250.3 250.3 24566.9 0.000 ***
Year 3 52 1.7 168.9 0.000 ***
Maturity 1 04 04 35.1 0.000 ***
log(ML).: Year 3 10 0.3 32.4 0.000 ***
log(ML).:Maturity 1 0.1 0.1 12.3 0.000 ***
Residuals 695 7.1 0.0
Typelll comparison Df SSQ RSS Fvaluepvalue
log(ML).: Year 3 0.9 7.9 28.2 0.000 ***
log(ML).:Maturity 1 0.1 7.2 12.3 0.000 ***

Table 4.6. Comparison of condition (BW-at-ML) mog#ipes (i.e. coefficients of the log(ML)*Year
interactions), for a) females, b) immature male$ @mature males. Letters denote grouping
according to post hoc pairwise comparisons of Sdpgween years.

Sex Maturity Year  Slope Std. Error

a) Female Combined 1999/00 3.31 0.05 a
immature & mature 2000/01  3.15 0.03 b

2002/03  3.47 0.04 c

2003/04 3.20 0.07 ab

b) Male Immature 1999/00 3.49 0.11
2000/01 3.02 0.06

2002/03 3.48 0.07

2003/04 3.03 0.10

c) Male Mature 1999/00 3.72 0.09
2000/01  3.27 0.04

2002/03 3.73 0.06

2003/04 3.27 0.10

T 9 T Q0 T O
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Figure 4.9. Fitted BW at various ML with 95% corditte intervals for a) immature females, b)
mature females, c) immature males, and d) matufesmietters denote grouping according to post
hoc pairwise comparisons.

Maturity

In all months and years there was a greater prigpoof mature (stage 4 and 5)
males present than females (Figure 4.4, Figure) 4Blween 40 and 100% of males
were mature in all samples, and while 55% of fesyalere mature in February
2000, in all other months mature females contrithlgss than 9%.

In 1999/00 the proportion of mature males and fesaicreased over the three
sampled months, as the single size-cohort present gnd matured. The small
number of immature (stage 1 & 2) females in Felyr@&igure 4.10) indicates the
appearance of a new cohort (Figure 4.4). In akojlears, there was no clear
progression in the proportion of the populationumat(Figure 4.10) due to the
regular influx of cohorts of small immature indiv@s (as evidenced by the multi-

modal length frequencies, Figure 4.4).

Only 3 of the 4 years could be used to investif@teale maturity-size relationships;
2003/04 was excluded as only 3 mature females sarpled and logistic model fits
were poor. Due to missing cells in the full modelisture, separate analyses were
done for the two sexes. This also reduced the cexitplof models as size at
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maturity was very different between the two sexet) males mature from just 16.6
cm ML, while the smallest mature female sampled 286 cm ML (Figure 4.4).

a)Females
1.00 _- - m— ms
0.80 - m4

mE
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OOO T T T T T T T T T T T
Dec Jan Feb Dec Jan Dec Jan Feb Jan
1999 2000 2000 2000 2001 2002 2003 2003 2004

b) Males
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Figure 4.10. Proportion of a) females and b) melassified to each of 5 maturity categories by
month and year. Stages 1, 2 and 3 are immatuned & anature for both males and females.

Diagnostic plots confirmed the linear relationshgiween ML and maturity in a
logistic model (i.e. when probability of being mius logit transformed). The slope
of the linear relationship which represents them@ade of increase in the log-odds
of being mature with size, was steeper for malaa temales (Table 4.7). Males
therefore not only begin maturing at smaller stbhes females, but mature over a
smaller size range; with the mean difference (weidlby year) between ML at 10
and 90% maturity 3.9 cm for males, and 5.9 cm d¢ondles.

The slope of the linear relationship also varietieen years for both sexes;
indicated by significant ML by year interactionstive analysis of deviance tables
(Table 4.7). The slope was lowest in 2000/01 fdhboales and females (Figure
4.11), and pairwise comparisons show it was sigaiily lower than 1999/00 and
2002/03 for males, and significantly lower than 9@® only for females (Table 4.8).
Despite differences being large, the slope in 20DWas not significantly different
from 2003/04 for males, or 2002/03 for females, ttukarge variability around the
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slope estimates in these years (Table 4.8). Therdifce between mean size at 10
and 90% maturity is therefore considerably great@000/01 compared to the other
years sampled.

Both males and females started maturing at coraitiesmaller sizes in 2000/01
compared to the other sampled years, with 10% matut 7.0 cm ML for males and
26.6 cm ML for females (Figure 4.11 & 4.12). Sizd.@% maturity was greatest in
1999/00 (Figure 4.12). Size at 50% maturity ranigetiveen 30.6 and 31.4 cm for
females, and 20.5 to 21.5 for males, and was ge@td 999/00 for both sexes. Size
at 90% maturity was greatest for both males andcifesnn 2000/01 (Figure 4.12).

Table 4.7. Analysis of deviance table for a) fensaid b) male maturity logistic GLMs. Df is degrees
of freedom; ML is centred ML. * p <0.05; ** p <0.01; *** p <0.001

Response: : Residual Residual

a) Female IOZS?) dds maturity Df Deviance Df Deviance p value
NULL 1010 534.5
ML, 1 265.5 1009 268.9  0.000 ***
Year 2 7.0 1007 2619 0.030 *
ML, Year 2 9.1 1005 252.8 0.010 *
Response: . Residual Residual

b) Male Iozszddsmturity Df - Deviance Df Deviance pvalue
NULL 774 1042.4
ML 1 560.0 773 482.3  0.000 ***
Year 3 5.4 770 477.0 0.150 .
ML.: Year 3 34.3 767 442.7  0.000 ***

Table 4.8. Comparisons of slopes (i.e. MLYear coefficients) from logistic maturity-at-giznodel
for a) females and b) males. Slope is the changpgiodds of being mature with a unit increase in
size (ML, cm). 2003/04 was not analysed for femdigs to a paucity of mature specimens. Letters
indicate statistical differences.

Sex Year Estimate Std. Error
a) Female 99/00 0.92 0.16 a
00/01 0.51 0.08 b
02/03 1.03 0.26 ab
03/04 - -
b) Male 99/00 1.78 0.33 a
00/01 0.62 0.06 bc
02/03 1.21 0.19 a
03/04 1.81 0.62 ac
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Figure 4.11. Fitted logistic curves fidr gouldi maturity at size (ML) by year for a) females and b
males. No model was fitted for females in 2003Mdrizontal grey dashed lines indicate 10, 50 and
90% maturity. Note different scales on x-axes.
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Figure 4.12. Mean size (ML) at 0.10, 0.50 and @&fbability of being mature by year for a) females,
and b) males. Error bars are 95% confidence interiote different scales for y-axes.

Somatic vs. reproductive condition

Mean reproductive investment in mature squid watdow. Mature female RSI
ranged from 1 to 14% (Table 4.9), although whely stdge 5 squid are considered
the minimum was increased to 5.2%. Female RSI weetgst in 1999/00 and lowest
in 2002/03. Males showed greatest mean RSI in 230&Ad lowest in 2003/04, with
individual values ranging from less than 1% (1.@¥odtage 5 only) to more than 5%
(Table 4.9).

Somatic and reproductive weights adjusted for @ile) were compared between
years for mature squid of each sex. For femalesdate available for 1999/00 and
2002/03 only, while for males 2003/04 data were alzilable (only 3 mature
females were present in 2003/04). For the femaddyaes, interaction terms were
not significant and dropped from models (Table 3. 8ze adjusted SW for females
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was significantly greater in 2002/03 compared t8%00, while the reverse applied
to RW, with 2002/03 was significantlgss than 1999/00 (Table 4.10, Figure 4.13).

Table 4.9. Repro-somatic index (RSI; %) for matréemale and b) mals. gouldi (where stage 4
and 5 squid are considered mature). Note that aepaomatic and reproductive weights were not
collected for 2000/01 sampled squid.

Sex Year Mean SD n Min Max

a) Females 1999/00 8.42 246 28 4.08 13.95
2000/01 - - - - -

2002/03 4.183.26 14 1.01 11.32

2003/04 6.08 4.81 3 296 11.63

b) Males 1999/00 2.560.85 83 1.13 5.34
2000/01 - - - - -

2002/03 2.61 0.77 101 0.82 4.40

2003/04 2.370.82 24 1.23 4.20

Table 4.10. ANCOVA results for female a) somatidgghe (SW) and b) reproductive weight (RW)

adjusted by size (ML). Non-significant interactiomsre dropped from the model. Df is degrees of
freedom; SSQ is sums of squares; MSQ is mean sqR&8® is residual sums of squares; log(M&)

centred log-transformed ML (cm). * p <0.05; ** p €Q; *** p <0.001.

a) Female  Response: SW Df  SSQ MSQ  F value pvalue
ML 1 124551 124551 214.00 0.000 ***
Year 1 3383 3383 581 0.021 *
Residuals 38 22117 582
Typelll comparison Df  SSQ RSS  Fvalue pvalue
ML 1 118942 141059 204.36 0.000 ***
Year 1 3383 25499 5.81 0.021 *

b) Female  Response: RW Df  SSQ MSQ  F value pvalue
ML 1 29594 29594 76.00 0.000 ***
Year 1 3429 3429 8.81 0.005 **
Residuals 38 14797 389
Typelll comparison Df  SSQ RSS  Fvalue pvalue
ML 1 17359 32156 4458 0.000 ***
Year 1 3429 18225 8.81 0.005 **

c) Male Response: SW Df  SSQ MSQ  F value pvalue
ML 1 656302 656302 2654.72 0.000 ***
Year 2 342 171 0.69 0.502
ML Year 2 2813 1407 5.69 0.004 **
Residuals 201 49691 247

d) Male Response: RW Df  SSQ MSQ  F value pvalue
ML 1 6075 6075 755.06 0.000 ***
Year 2 63 32 3.91 0.022 *
Residuals 203 1633 8
Typelll comparison Df  SSQ RSS  Fvalue pvalue
ML 1 6050 7684 752.04 0.000 ***
Year 2 63 1696 3.91 0.022 *
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Figure 4.13. Fitted SW and RW (with standard erbyryear for a) mature males at 22 cm ML, b)
mature males at 28 cm ML and c) mature female8 &2 ML. Error bars are standard errors. Letters
denote grouping according to post hoc pairwise @mapns; solid circles and grey letters are for RW
comparisons, open circles and smaller black letisxfor SW comparisons. Male results only are
shown at two ML sizes as there was a significant\N8W interaction (Table 4.10).

For males a significant ML by year interaction vpassent (Table 4.10). The slope
of the SW-ML relationship for mals. gouldi was significantly smaller in 2003/04
compared to 1999/00 (t = -2.57, p = 0.011) and ZI®# = -3.34, p = 0.003), hence
the different trends between years at different (Rigure 4.13). There were no
significant differences between years in SW foruramales at 22cm ML, however
at 28 cm ML, SW was significantly lower in 2003/F4gure 4.13). Mature male
RW did however, vary significantly between yearalfle 4.10), with RW-at-size
significantly greater in 2002/03 compared to 19990t not 2003/04 (Figure 4.13).
This RW trend is the opposite of what was foundfémnales in 1999/00 and
2002/03.

Size adjusted SW and RW residuals were signifigartdtrelated for females in
1999/00, and for males in 2002/03 and 2003/04 @4t 1, Figure 4.14).
Correlation coefficients were negative for femateboth years, suggesting a trade
off between somatic and reproductive investmentlendil male correlation
coefficients were positive, suggesting a fixed prtpn of investment between the
different tissues.
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Figure 4.14. Size adjusted residuals from a) feraatéb) male SW and RW regression models.

Table 4.11. Correlation coefficienty @nd BCa 95% confidence intervals for a) fematel la) male
SW and RW regression residualds the sample size. * p <0.05; ** p <0.01.

Sex Year n r 95% ClI
a) Female 1999/00 27 -0.50 -0.70 - -0.24 **
2002/03 14 -0.11 -0.49 -+0.23 ns
b) Male 1999/00 83 0.03 -0.24 -+0.26 ns
2002/03 100 0.45 +0.27 -+0.60 *
2003/04 24 0.38 +0.11 -+0.65 *

DISCUSSION

Nototodarus gouldi, like so many other squid species, shows sigmfipéasticity in
population structure and life history charactecstiConsiderable spatial and
seasonal variability has already been describethisspecies (Jackson et al. 2003,
McGrath Steer & Jackson 2004, Jackson et al. 2@0®) this study shows that there
is also substantial interannual variability. Sinel anaturity structure, size-at-age,
size-at-maturity, condition and levels of reprodeetand somatic investment
differed between years at varying degrees. Resudts often different between the
two sexes, in particular inter-annual trends iredpctive investment varied
dramatically between mature males and femalespdbalation structure df.

gouldi on the inshore jig grounds was quite differerthimse sampled from trawl
grounds in other studies, and varied within eashiffig season, providing new
insights into the dynamics of. gouldi populations. The four years sampled in this
study encompassed extremes in available biomastharefore also provided the
opportunity to examine the relationship betweemalance, population structure and
life history characteristics. However, like prevaostudies on loliginid squid (Pecl et
al. 2004b, Pierce et al. 2005), relationships vmatestraight forward.
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Population Structure

Nototodarus gouldi sampled from the inshore southeast Tasmaniaisjigry ranged
from 147 to 303 days in age, and from 11.8 to 8MaMVL. For both males and
females the age and size range in this study wgglglwider than previously
published values from Tasmanian waters (171 — 28§3,d.3.2 — 36.6 cm ML,
Jackson et al. 2005), although frequency distrimsgtiwere generally similar.
Nototodarus gouldi recruit to the jig fishery as immature juvenilbat while males
reach reproductive maturity during the jig seasoost females sampled were
classified as immature (stage 2) or preparatoagésB). Very few mature females
were present in any samples, except in Februar§.Z0@tches and catch rates in the
Tasmanian jig fishery declined rapidly from Febgu@tillcox et al 2001), and
acoustic tracking work suggests that this may ketdisquid moving away from the
Storm Bay jig fishing grounds (Chapter 5).

In comparison tdN. gouldi sampled from the Tasmanian jig fishery, samples
collected from trawlers working the shelf edge apger-slope in waters off south-
western Tasmania (unpublished data) and westetonNddqJackson et al. 2003)
were considerably larger (up to 40.5 cm ML), angdeminantly mature (81 and
99% mature, females and males respectively in Tammaamples). The aged squid
from western Victorian trawl samples were also gealheolder (up to 360 days).
Many squid undertake ontogenetic migrations betweeding and spawning
locations and ommastrephid squid are typically @ssed with large scale along-
shelf migrations (e.d. argentinus, Haimovici et al. 1998, illecebrosus, O'Dor &
Dawe 1998 0Ommastrephes bartramii, Bower & Ichii 2005;T. pacificus, Takami &
Suzu-Uchi 1993, Mokrin et al. 2002), although crskelf movements between
inshore and offshore waters have also been docechéatgl. argentinus,

Arkhipkin 2000;l. coindetti, Sanchez et al. 199B;illecebrosus, Dawe & Beck

1997, Hendrickson 2004 0dar odes sagittatus, Quetglas et al. 1998, Arkhipkin et al.
2001, Lordan et al. 2001). The distributionNbfgouldi may also vary with ontogeny,
with larger and older squid found in deeper watansl juveniles and sub-adults
distributed over the shelf. Although these pattenay be biased by differential
selectivity of trawl and jig fishing methods, arafysis of stomach contents of
southern bluefin tunalunnus maccoyii, Young et al. 1997) found that tuna
foraging in shelf waters ate smalMrgouldi than those in offshore waters. A
bathymetric ontogenetic distribution has also meggested for the congeriér
dloanii in New Zealand waters (Uozumi 1998). Such a dhistion may be an
adaptation to reduce the impact of cannibalism ¢ivican be significant iN.

gouldi, O'Sullivan & Cullen 1983), or may be related tergy requirements and the
distribution of suitable prey for the different ogenetic stages.

The rapid growth and development of squid requvels of energy intake to be
high. Nototodarus gouldi may utilise the shelf waters during juvenile stage
maximise their energy intake for reproductive depetent. The east coast shelf of
Tasmania is generally dominated by productive stavetic waters (SAW, Harris et
al. 1987, Harris et al. 1991a) and has a greatanddnce of zooplankton and
micronekton compared to offshore waters (Yound.et396). This contrast is
particularly pronounced in the summer when theattmphic waters of the East
Australian Current (EAC) extend down the east co3tasmania (Harris et al.
1987, Harris et al. 1991a), and indeed tuna in Ev&ters have been found to have
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considerably leshl. gouldi in their diet than those caught in SAW (Younglet a
1997). Current research is comparing the populaiarcture of (shallow) jig and
(deeper) trawl caught squid off Portland, westeittdria (G.D. Jacksopers
comm.) and should provide further insight into possitteogenetic patterns in the
distribution ofN. gouldi.

The most notable change in population structurbiwigach fishing season was in
sex ratio, with the proportion of females in thehore population increasing from
close to 0.5 in December to more than 0.65 in FatyriMales may leave the inshore
feeding grounds earlier than females, having leEnsive energy requirements and
reaching reproductive maturity earlier. Sexual sggtion in timing and pathways of
migration has been documented for other ommasulegzjuid. For example, male
argentinus, were found to leave their shallow feeding grouselseral weeks before
females (Arkhipkin 1993), and mal bartramii begin their spawning migration up
to two months earlier than females (Bower & IctiD8), moving in different
schools and even following different routes (Mumakat al. 1981 cited in Arkhipkin
& Middleton 2002). A similar process may accounttfee change ilN. gouldi sex
ratio on the southeast Tasmanian jig grounds. Aaotracking ofN. gouldi

(Chapter 5) suggests that the population in StoayiB highly dynamic, with
movement out of the area evident throughout theseadJnfortunately results were
inconclusive with respect to sex specific patterssew squid were tracked and not
all were sexed.

The change in sex ratio may alternatively be rdl&webehavioural changes affecting
the vulnerability of the squid to the fishing géeurg. Hibberd & Pecl 2007). The RSI
of femaleN. gouldi was almost three times as great as that for noaleverage, with
females investing much more energy into reprodedtievelopment. Late
preparatory stage females in particular, may feetemoraciously than males (e.g.
Quetglas et al. 2001) to obtain sufficient enexytiie maturation process, and this
may increase their jig catchability, particularyvards the end of each fishing
season as females get closer to size at reproduuniturity. In contrast, the
catchability of males may decline later in the seaas their focus shifts from
feeding to mating. Femal. gouldi are often mated by males before they reach
reproductive maturity (McGrath & Jackson 2002, MathrSteer & Jackson 2004),
with sperm stored in buccal pouches until requifdthough in this study evidence
of mating was not noted consistently, Mitchell (2p@und that mated females first
appeared in Storm Bay samples in mid-January am@rbportion mated continued
to increase over the latter half of the summer@eads is possible that mature males
would be less inclined to feed as mating begirgesd concentrating on maximising
their reproductive success. Future work using algoation of dietary analysis and
acoustic tracking could determine which of thespdilyeses (emigration vs.
catchability) may be most likely.

The number of size-cohorts present (between oné¢hmed), the mean size of these
cohorts, and their variance changed from year-tr-yEhe ability to track the size-
cohorts within seasons (i.e. from December to Faty)uvas also variable; while in
some samples distinct cohorts were obvious (e @0/09), in others micro-cohort
structure was difficult to discern (e.g. Januar@20 Natural size modes in multi-
cohort squid populations are notoriously difficuttrack over time (Caddy 1991)
due to the high degree of individual level variapiin size-at-age, and/or relatively
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continuous recruitment to the population. Wavereofuitment were evident in size-
frequency distributions from southeast Tasmaniatergan the late 1970s

(JAMARC 1978b, Harrison 1979), and in this studgru&ment ofN. gouldi also
appears to be periodic with pulses of new sizeurecseparated by approximately 2
months in 1999/00 and 2002/03. However, in someptasr(e.g. 2000/01) micro-
cohort structure was less clear and suggested cootenuous recruitment of
individuals to the population. This could refleattzange in spawning strategy by the
parent generations (McGrath Steer & Jackson 2@d4he influence of post-
spawning environmental conditions on survival aralgh rates. Timing of

sampling can also strongly influence the appareriuited population structure, in
particular size frequencies that suggest periodichbspawning may be generated
when in actual fact the spawning and hatching iinaous through time (Boyle &
Boletzky 1996). However, in this study the tighteige cohorts (1999/00) were
derived from a much larger number of samples thamtore variable size cohorts in
other years. Unfortunately the availability of stiahs for ageing in this study was
limited, and age structure could not be examinezt dve same temporal scale as size
structure to infer spawning strategies and recreithmodes.

Life history characteristics

Nototodarus gouldi populations sampled from the Storm Bay jig fisheigplayed
considerable plasticity in all life history charagstics examined, consistent with
observations over a wider spatial scale and finasanal scale (Jackson et al. 2003,
McGrath Steer & Jackson 2004, McGrath-Steer 208eksbn et al. 2005). There
was significant variability between years, but ttemvere not always consistent for
the different characteristics examined, suggesiinte different life history
strategies from year to year and also between sexes

Rate of growth (i.e. the slope of the size-at-agjationship) did not vary between
2000/01, 2002/03 or 2003/04, therefore the siganficlifferences between these
years in size-at-age must have been shaped bypmgitment processes. Rates of
growth may have instead varied during the earyliistory stages, when squid are
much more vulnerable to abiotic and biotic varidilAlternatively the different
intercepts may be due to inter-annual differennesze at hatching (Pecl et al.
2004a) or size-specific mortality during the emlmigoor juvenile stages (Steer et al.
2003b). Growth rates from the power curve fit to Bi¥age data were comparable
with those reported previously ok gouldi sampled in Tasmanian waters (Jackson
et al. 2003). For immature females in this stutg,glope of the log(BW)-log(Age)
relationship (3.47 £ 0.24 s.e.) was well within taage (2.81 — 4.77) of slopes
reported by Jackson et al. (2003), although foreméimmature & mature) the slope
fitted here (2.37 £ 0.20 s.e.) was at the lower @fnithe range of values reported
previously (2.08 — 4.10; Jackson et al. 2003).

Rates of growth in 1999/00 were difficult to comgparith other seasons due to the
limited size and age range of animals with stdtsldavailable for ageing. As there
were no significant differences between the othexd years, the same mean rate
was assumed to apply to 1999/00. However, if slapdise size-at-age models were
allowed to vary freely between years, the fitteovgh rate for 1999/00 was much
smaller than the other three years (1.95 + 0.49a&.demales, and 1.21 + 0.49 s.e.
for males) and well below previous reported val{deskson et al. 2003).
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Unfortunately, the limited availability of statdig prevented a more accurate
determination of growth rate in this year.

Size-at-maturity, condition and relative levelg@bro-somatic investment in mature
squid also varied between years. In particularirdwesition from immature to mature
occurred over a much greater size range in 200@B0td overall condition may
account for the maturation of individuals at smaiagths (ML) in 2000/01
compared to other years, but it is not clear whywesammature animals persisted at
large sizes (thereby increasing the size at 90%initygt There may have been more
than one underlying size-at-maturity trajectory tluether variables not considered.
External factors such as temperature, photopendd@od availability can all affect
maturation rates (Mangold 1987), and may have geeemgreater variability in size-
at-maturity during 2000/01.

Levels of reproductive and somatic investment byuneeN. gouldi vary seasonally
and spatially (McGrath Steer & Jackson 2004, Mciefteer 2004), and this study
found significant inter-annual variability too. Wmfunately data on reproductive and
somatic investment were not available for 2000fbé ,year thal. gouldi were in

the best overall condition, and few mature femal€z003/04 meant it was also
excluded from analyses. However, it is clear thajouldi may vary greatly in their
strategies of energy investment from year to yaad, that male and female squid can
respond differently under the same conditions; &teproductive investment by
females was significantly greater in 1999/00 coragdo 2002/03, for males the
reverse trend was seen. Sex specific differencespioductive investment were also
found by McGrath Steer and Jackson (2004), althdegtales appeared to lag
behind males in their response to seasonal chaaties than showing an opposing
trend as found here.

Relative levels of energy investment between reyetide and somatic tissues were
also sex-specific and varied between years. Thasens evidence at the population
level of any trade-off between somatic and reprtidedissues for mal#l. gouldi, as
found for many other ommastrephid species (eaygentinus, Clarke et al. 1994,
coindetti, Rosa et al. 200%/loroteuthis ingens, Jackson et al. 200&henoteuthis
oualaniensis, Harman et al. 198J;odaropsis eblanae, Rosa et al. 2005). However,
there was considerable individual level variabilityenergy investment strategies by
males in 1999/00, perhaps suggesting more varrabtairce availability. In contrast,
the substantial reproductive investment by femisdd©99/00 was clearly at the cost
of somatic growth. Such a trade-off must be dribgreither a preferential diversion
of energy away from somatic growth (e.g. Hatfidléle 1992, Ho et al. 2004), or
utilisation of somatic tissue as an energy souecg Laptikhovsky & Nigmatullin
1993, Jackson et al. 2004). In 2002/03, there wadear relationship between levels
of reproductive and somatic investment acrosseheafe population, suggesting
greater individual level variability, and this isresistent with previous reports for
mature females in Tasmanian waters (McGrath & JatR902, McGrath-Steer
2004).

McGrath-Steer (2004) suggests that changes in g@rgstment strategies may be
related to environmental conditions, with femaleserlikely to trade-off during less
favourable conditions (and indeed overall condidi. gouldi was poor in
1999/00). However it is unclear why female reprdihecinvestment should have
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therefore been so much higher in 1999/00 compare@d2002/03 when no trade-off
was evident. The relationship between repro-sonmatestment and abiotic and/or
biotic conditions are further complicated by thatrasting trends for mals. gouldi.
Again, it is not clear why male and fem&legouldi would respond differently in the
same season, presumably under the same enviroriroenditions, although it may
relate to the very different levels of energy irtmasnt required by the two sexes for
reproductive processes, and their relative resoiasdifferent environmental
parameters. Unfortunately 2-3 years of data isffitsent and a longer time series is
necessary for understanding the different trendspno-somatic investment under
varying environmental conditions.

Relationship with population biomass

Jig catches and catch rated\bfgouldi in Tasmanian waters reached record highs in
1999/00, and it was hypothesized that populatioucsire and life history
characteristics would also be different from thiofwing years.Nototodarus gouldi

in 1999/00 however, were not generally differensie or age to squid sampled in
the other three years. Growth rates, as discusstidrewere difficult to determine

for 1999/00, however assuming a rate common tgealis, neither length- nor
weight-at-age in 1999/00 stood out from the otheary. If growth rates (regression
slopes) were allowed to vary between years thewthravas in fact significantly
slower in 1999/00 compared to other years. Theslaigmass in 1999/00 must
therefore be attributed to increased numbers, ahdire ofN. gouldi.

The number of availabld. gouldi may be related to the persistence and
accumulation of individuals on the Storm Bay ji@gnds. IndividuaN. gouldi
appeared to remain inshore longer in 1999/00 coedpiar the other years, with a
substantial proportion of both male and female dgampled in February 2000 large
in size and fully mature. Acoustic trackinghdfgouldi movements in 2002/03
(Chapter 5) and 2003/04 (unpublished data) howeuggest that the population
was constantly shifting in Storm Bay during thes& hbundance years, with squid
leaving the area over an extended period. It iknotvn what factors control
residency times on the Storm Bay jig grounds, taulikely that both environmental
conditions and biological characteristics play le réurther work is needed to
examine inter-annual variability over a longer tipeiod in relation to
oceanographic and environmental conditions.

Just as individual life histories can collectivetfluence population size and
structure, so too can population level procesdestahdividual life histories (De
Roos et al. 2003), and in a resource limited emvitent density dependent effects
should be evident. Challier et al. (2006) descritbedsity dependence in forbesi

from the English Channel with growth rates lowey&ars with larger recruitment.
While comparisons df. gouldi growth were inconclusive, condition (BW-at-ML) of
N. gouldi was poor in years of both small (2002/03 and 20934nd large (1999/00)
squid biomass, but not in 2000/01, a season witlo@erate abundance. This
suggests that the carrying capacity of the ecosystay change between years, and
indeed the relative influence of the oligotrophis@&and the cooler, more
productive subantarctic waters on the southea3t@smanian jig grounds varies
greatly depending on the strength and southergrxdf the EAC (Harris et al.

1987, Harris et al. 1991b). In highly productivestgyns, such as the California
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upwelling, the carrying capacity may rarely be rest; and this may explain the
clear relationship between mean size and growds rait individual squid, and
abundance of the population (Jackson & Domeier 2B@8s et al. 2004). This may
also be the case fd\l. gouldi in the Bonney upwelling off western Victoria whith

a persistent seasonal feature. Future work congp#nmlife history characteristics
of squid from western Victoria and southeast Tasanawer years with varying
biomass levels could provide useful insight iNt@ouldi population ecology.
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Chapter 5:

Tracking arrow squid movements with an automated acoustic
telemetry system: Nototodarus gouldi in inshore Tasmanian
waters !

INTRODUCTION

The arrow squidNototodarus gouldi is widespread across southern Australia and in
northern New Zealand. Recent biological studieslshown that in Australian
watersN. gouldi are genetically well mixed (Triantafillos et aD@), live for less
than one year and are multiple spawners with hag¢cbccurring year-round
(McGrath & Jackson 2002, Jackson et al. 2003).Sfeeies is a valuable by-catch
of shelf and slope trawl fisheries and is the esiglel target of Australia’s largest
squid jig fishery, which occurs seasonally in wateif Victoria (Winstanley et al.
1983, Lynch 2004). There is also a sporadic jigdry in inshore Tasmanian waters
during the summer months, concentrated primarifyhef southeast coast. Samples
from this fishery have shown that femélegouldi are mostly immature when they
first move into coastal waters, but mature progvedgthroughout the Tasmanian
summer (Willcox et al. 2001, Chapter 4). The inghmovement in southeastern
Tasmania is most likely related to feeding as femalf this species must meet the
cost of maturation with increased food consumptather than through energy re-
allocation (McGrath & Jackson 2002). Similar feggdmigrations are well
documented for other ommastrephid squid (Haimaati@l. 1998, Perez & O'Dor
1998, Mokrin et al. 2002, Nigmatullin et al. 200¥atanabe et al. 2004).

Nototodarus gouldi is the most important cephalopod resource in Aliatr waters,
yet little is known of its ecology and nothing t§ movement patterns. The biomass
(based on fishery production) Nf gouldi in southeastern Tasmania varies greatly,
both within and between years (Willcox et al. 2Q@t)d movement, possibly in
response to environmental conditions, is thouglpiay a key role in shaping these
patterns. Despite this, we have no understandirnigeofiming and nature of
movement between inshore and offshore areasMaouldi utilise the inshore
environment, and how they behave with regard toaslohg and activity patterns.
Such issues can now be addressed with fewer loglistbnstraints with the
development of electronic tagging systems.

Use of acoustic tracking systems and archival lbgggers has provided valuable
insights into migration patterns (e.g. Block et2fl01, Comeau et al. 2002b), gene
flow and dispersion (e.g. Moran et al. 2003), retlpreferences and home ranges
(e.g. Parsons et al. 2003), and responses to pihgsid biological variability (e.qg.
Brill et al. 2002, Heupel & Hueter 2002). Howevieny studies using this technology
have been conducted on cephalopods. Most havesedus behaviour and
energetics over small spatial and temporal scalap)oying radio-acoustic

! As Published:
Stark, K.E., G.D. Jackson, J.M. Lyle (2005). Trackiarrow squid movements with an automated
acoustic telemetry systemdlar. Ecol. Prog. Ser. 299: 167-177.
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positioning and telemetry systems (RAPT, O'Dorle1894, Sauer et al. 1997,
Aitken et al. 2005). Larger scale movement and atign patterns are known to be
important processes in cephalopod populationsatmutisually implied from
analyses of distribution, abundance and biologedterns (e.g. Hatfield &
Rodhouse 1994b, Arkhipkin 2000). There has beey liarted tag-recapture work
(Nagasawa et al. 1993, Sauer et al. 2000, Marletidh 2005), active tracking
(Nakamura 1993) or use of archival and pop-up ldatéhgs (TOPP;
www.toppcensus.org).

The aims of this study were to investigate and riles¢he movement patternsgf
gouldi in southeastern Tasmania using an automated uatiracoustic tracking
system (Vemco Ltd, Shad Bay, Nova Scotia Canad®.slystem comprises
compact acoustic receivers, each containing a Ipydnoe and data recorder, and
small tags that transmit a unique acoustic sighinley et al. 1998, Voegeli et al.
1998). Receivers moored at specific locations ealtinuously record the presence
of any tag that moves into its detection radiusl #aus movement pathways and
spatial usage patterns can be derived.

MATERIALS AND METHODS
Sudy Ste

The study was carried out in Storm Bay and its@ased bays, inlets and estuaries
(Figure 5.1). Storm Bay is a large shallow basisantheast Tasmania, between
43°04- 43°15'S and 147°23- 147°42 'E. It has aa af more than 500 Knand a
maximum depth of 85 m (Clementson et al. 1989). Whters are mostly less than
50m in depth and the bottom primarily sand, witbastonal small patches of rocky
reef.

Acoustic Receivers

Sixty-four VR2 acoustic receivers (Vemco Ltd, Stgad/, Nova Scotia Canada)
were deployed within the study area. Each recenass fastened to a vertical steel
pole on a concrete mooring, approximately 1 mdiva the sea floor. Acoustic
release mechanisms (Sub Sea Sonics, San Diegow&A)attached to receivers
deployed in deep water (>20m); otherwise diversewesed for retrieval. Receivers
were aligned equidistantly into ‘curtains’ across entrances to several water bodies
in the study area (curtains B, C, D, E, F, G, H hrkdgure 5.1). Receivers at L were
not aligned in a single curtain but as 3 shortdiperpendicular to the coastline
(Figure 5.1) and are referred to as ‘array’ L. Ehe=ceivers were originally
deployed as part of another study, but are incldod as arrow squid detections
were recorded on them.

The depths of receivers ranged from 2 to 55 m,veer@ placed on sand, silt or
seagrass, although one receiver (E1) was on lofilgreef. Receivers were spaced
between 725 and 930m apart within each curtairhodigh not range-tested, a
detection radius of between 365 and 465 m was med|@or full curtain coverage.

-94 -



The receiver network was deployed in October 2002due to a lack of availability
squid were not tagged until January 2003. Mostivecg were retrieved in early
April 2003 although one receiver in curtain H wasoved earlier (21st March) after
becoming entangled in a fishing net. The receiireesray L were not retrieved until
May 2003 and a receiver in curtain G was not re¢deuntil July 2003 due to

difficulties in relocating it.
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Figure 5.1. Study area in southeast Tasmania, &lisstFB Frederick Henry Bay; NB Norfolk Bay;
DC D’Entrecasteaux Channel; SB Storm Bay; DE Detviigstuary. Each unfilled circle represents
one VR2 receiver. Receivers were aligned into aing’, which are labelled B to I, and ‘array’ L.dh
boxed area is shown at greater resolution, dispipthie arrangement of Curtains E (filled circles) a

L (unfilled circles).
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Acoustic Transmitters

The transmitters used to tag arrow squid were V88@oded pingers (Vemco Ltd,
Shad Bay, Nova Scotia Canada). The cylindricalsimatiers are 30mm in length,
9mm in diameter, and weigh 3.1g in water. They deaismit a unique pinging
sequence at 69 kHz frequency which is repeated afi@ndom delay of between 20
and 60 seconds. Battery life was rated at 87 degmismitters were activated by
soldering together the two activation wires angopred for tagging by gluing a fine
1.10 x 38 mm needle across the top of the transmiquid were tagged with the
transmitters 2 to 25 days after activation; the@gdébr some transmitters being due to
unexpected difficulty in obtaining squid for taggimNototodarus gouldi were scarce
and patchy during the 2002/3 summer; individualsawarely captured at the same
location and time as each other (Table 5.1). Tharsstnitter batteries were due to
expire between 62 and 85 days after actual deploygme

Table 5.1. Details of tagged squid. Asterisk intBsaags that were detected during the study. ML is
mantle length (cm); Sex is male (M), female (F)not determined (U). Brackets indicate squid
tagged and released together (similar time andimta

L?)g Date & Time ML (cm) Sex

78 * 11/01/2003 8:45 21
75 * 11/01/2003 8:56 22
88 11/01/200310:28 22
69 * 16/01/2003 5:59 25
63 * 16/01/2003 6:50 20
65  28/01/2003 22:31 20
84 * 28/01/2003 23:25 22
86 29/01/2003 1:23 18
68 29/01/2003 1:32 23
62 * 29/01/2003 2:55 24
81 * 29/01/2003 4:15 19
67 03/02/2003 8:16 19
87 * 03/02/2003 8:34 25
71 * 03/02/2003 9:02 23
76 03/02/2003 9:03 19
72 03/02/2003 9:40 20
77 03/02/2003 9:41 20
70 03/02/2003 9:42 21
66 03/02/2003 9:45 20
79 * 03/02/2003 9:47 20
64 * 03/02/2003 9:54 21
73 * 03/02/2003 9:59 20
90  03/02/2003 10:29 20

T ZIZIccnmncEEnEnnmnmmTmmTmnmTmconZcCcCcCCcCc

Nototodarus gouldi were caught using jigs on hand lines and immelgiglaced in a
tagging cradle. Dorsal mantle length (ML) was meaduo the nearest centimetre
and individuals were sexed where possible by nqinegence of hectocotylisation
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on arm IV. A minimum tagging size of 18 cm ML waet,®ensuring the transmitter
was less than 2.5% of the total body weight inmallviduals (Willcox et al. 2001).

The transmitter was placed just inside the vemrahtle of the squid, the needle
piercing through the mantle to the outside wheweai$ crimped in place and cut off.
Silicon washers were used to prevent the transnaitté crimp from abrading the
squids mantle (after O'Dor et al. 1994). After taggsquid were injected at the base
of the arms with one to two millilitres of the dmbtic tetracycline, dissolved to
saturation in seawater (approx. 6 mg/ml). Squidewesld gently in the water and
released when deemed to have recovered sufficiemkign jetting water strongly).
Squid were out of the water during the tagging pssdor less than one minute.

Analyses

Data were downloaded as text files from the VR24d then transferred to an MS-
Access database. Individual movement tracks wertdepl in ArcView 3.2 using the
Animal Movement extension point-to-polyline tooldblye et al. 2001). Spatial
usage was examined by comparing detection dateeketveceivers and curtains. No
statistical tests were conducted due to the spatiaicorrelation of the data. The
coverage of each curtain was calculated as theopiop of a straight line running
along a curtain (through each receiver) that wdkiwdetection range, assuming
receiver detection radii of 400m. This is probablgonservative estimate given that
detection ranges have been found to be at least 40@r a range of depths and
habitats (Arendt et al. 2001, Heupel & Hueter 20Ddmeau et al. 2002b, Welch et
al. 2002).

Activity patterns were inferred by the number dfivevents. A visit event for a
particular transmitter was defined as a continwgitsg of observations at a curtain,
where there was no more than 30 minutes betweesecative observations. Thus a
single visit event could comprise only one obseoveat one receiver, or a large
number of observations at several receivers wihgartain. Visit event duration was
the time between the first and last detection ke event, plus one minute. This
ensured that visit events of just one observatemhdduration of one minute, the
maximum possible time between pulse transmissibms.distribution of visit event
durations was highly skewed and could not be nasaalby transformation, so the
median and median absolute deviation (MAD, QuinK&bugh 2002), were used as
location and spread descriptors.

Time, distance and speed (rate of movement) wécelaged for movements
recorded between non-adjacent receivers. Time headetween the last detection at
one receiver and the first detection at the nertadjacent receiver. Distance was
measured between the positions of the two relensaivers, in both kilometres

(km) and mantle lengths (ML) specific to the squidjuestion.

Associations between tagged squid were investigageadranging all observations
into time intervals of (i) 20, and (ii) 60 minutedquid were considered to be
associated with one-another if detected at the $aca¢ion within the same time
interval (i.e. a paired or group detection).
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RESULTS
Acoustic Receivers and Transmitters

Twenty-threeN. gouldi were tagged with transmitters and released o¥eunraweek
period between mid January and early February 208Ble 5.1). All squid were
released within the northern part of Storm BayJleein curtains F, G & H), except
for two that were released near the mouth of thevBet River, north of curtain F.

Of the tagged squid, eight were female, eight weaée, and sex was not determined
for seven. They ranged in size between 18 and 2bltrand all appeared to recover
rapidly from the tagging procedure.

Two of the receivers in curtain E, and one in atrayere not recovered, due to
detachment from their moorings. Another receiveurtain G, was recovered but
had been irretrievably damaged, so effectively aimam of 60 receivers were
present at any stage during the study and this eundxlined as the study
progressed (Figure 5.2). One receiver had a mefaduye while deployed (curtain
F), and for two others the data did not downloachgletely after retrieval (curtain
G). Thus the end date for these three receivarstithe retrieval date, but rather the
date of the last recorded detection (F: Jan 23rda@ 22nd and Feb 25th).

Transmitters
- Receivers
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Figure 5.2. Number of active receivers and tranensit and number of observations recorded by date.

Overlap of receiver ranges was evident for curt&ing and H, as some transmitter
signals were detected at the same time at adjaeesivers within these curtains.
Despite this, the loss and failure of receiversurtains E, F and G means they could
not have full coverage for at least some of thdystluration.
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Detections

Twelve of the tagged squid (52%) were detectedatlonce during the study (Table
5.2). This group comprised five females, four maled three of unknown sex. They
ranged in size from 19 to 25 cm, thus reflectinglze structure and sex ratio of the
tagged sample (see Table 5.1). Neither the reldatsenor the location of release
appeared to have any bearing on whether a squidie@tasted or not.

Each of the twelve detected squid accounted favdren 23 and 1832 observations
(Table 5.2), representing between 1 and 24 vights Squid were first detected
either on the day they were released or up to ¥3 @dder (Table 5.2). The number of
separate days on which individual squid were deteinged between 1 and 11
days, over periods of 2 to 37 days (i.e. from dételease to date of last detection).
There were no detections recorded after the 5tteM2003 (Figure 5.2), despite the
fact more than 50 receivers were present in thidysdvea until the end of March and
transmitter batteries should not have expired w@atily April.

Table 5.2. Details of detected transmitters: thelmer of days between release and 1st detection; the
number of actual days on which each squid was titpthe number of days from release to last
detection; the number of observations recordedntimber of curtains visited; and the number of
receivers visited.

Days to Days Period (days) No. of No. of No. of

Transmltterlst detectionDetected Detected ObservationsCurtains Receivers

78 0 6 13 1832 3 12
75 0 7 9 132 1 1
69 16 2 24 242 2 4
63 2 1 3 71 1 1
84 2 11 37 1219 3 15
62 7 7 32 138 3 4
81 0 2 2 593 2 6
87 17 1 18 23 1 1
71 12 1 13 284 1 2
79 1 1 2 54 1 4
64 1 1 2 36 1 2
73 3 1 4 265 1 2
Mean 51 34 133 407.4 1.7 4.5
Total 30 4889 6 35

General movement patterns

Eight of the twelve tracked squid were detecteldadt once at curtain G, at the
entrance to Storm Bay, and for each of these sguidin G was also the site of their
final detection (Table 5.3, Figure 5.3). There wasconsistent pattern of movement
by squid prior to their final detection at G. Fwvkthe squid detected at curtain G did
not visit any other curtain (transmitters 63, 64, 79 and 87; Figure 5.3). After
being tagged these five squid took between 1 andhy3 to travel to curtain G,
where they were detected on one day only, andetected again. The other three
squid detected at G (transmitters 62, 69 and &) dpent time around curtains D, E,
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and F, arriving at curtain G between 23 and 36 @#igs being tagged and released
(Table 5.3). The date of final detection at cur@inaried widely, ranging from the
18th January to the 5th March (Table 5.3).

Four transmitters were not detected at curtain &gtstage; instead these squid
moved further inshore/upstream from their tag aatease point. Only one of these
squid (transmitter 81) did not at any stage move 8torm Bay, instead all
detections were recorded within the Derwent EstuBirgnsmitter 73 was detected
for the first and last time at curtain H, and traitters 75 and 78 at curtain F (Table
5.3, Figure 5.3).

Only one squid (transmitter 62) was detected aettieance to the D’Entrecasteaux
Channel (curtain D). It was detected later thatesday at curtain F, suggesting that
if it indeed had moved into the Channel, it did travel far or spend long there. A
squid detected at curtain H (transmitter 73) waselior approximately 3.5 hours,
but as it was not detected again it is impossibl@etermine if it continued into
Frederick Henry Bay or moved back into Storm Bay.

Spatial usage

Tagged squid were detected at six of the nine ingr{dable 5.4). There were no
observations recorded at curtains B, C or |, inghcgthat the tagged squid did not
move down the D’Entrecasteaux Channel, or into dlkiBay. The three most
visited curtains, in terms of number of tagged dgnd number of observations,
were G, F and E, which were also the curtains thighpoorest coverage due to
missing or failed receivers (Table 5.4). Most squigited few receivers within a
curtain (Table 5.2), however, the particular reeeswisited varied among squid and
thus transmitters were detected at at-least twolghof the active receivers within
each curtain (excluding curtains D and H which aidgyected one transmitter each;
Table 5.4). Observations were recorded at recenmrsring a wide range of depths
(2 to > 50 m) and distances from the shoreline {®6 10 km).

Receivers that recorded observations were genexaibad across the curtains,
however, the number of observations recorded amdnnitters detected varied
greatly among receivers within curtains. Two adpaceceivers in both curtain E and
F recorded the most observations of all receinard,several squid returned to these
same receivers after spending time elsewhere (EH®). The other active receivers
in these curtains had comparatively few or no olzg@ns. There were no particular
receivers that dominated curtain G in terms ofrthmnber of observations recorded,
although squid were not detected at the receivesest to the shore of the Tasman
Peninsula and Bruny Island.
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Table 5.3 Curtains at which each squid was detebtedate. Shading indicates day of tag and
release, * denotes last detection, - marks daysdeat detections.

Transmitter
Month Day 78 75 69 63 84 62 81 87 71 79 64 73
Jan 10
11 F
12 F
13 L
14 E, L
15 -
16 E -
17 -
18 - F - G*
19 - F* -
20 - . -
21 - . -
22 - . -
23 F* . -
24 . . -
25 . . -
26 . . -
27 . . -
28 . . -
29 . . - . -
30 . . - . F - E,L*
31 . . - . - -
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Figure 5.3. Movement tracks for the 12 detecteddsdglack filled circle denotes point of tag and
release, and number refers to the transmitter nur@lyEen circles denote receivers where the animal
was detected, and black lines the straight-linekttsetween receivers. Shaded circles are all active
receivers.
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Table 5.4. For each curtain, the number of taggeitii.e. transmitters) detected, observations
recorded, the number of receivers with observatidhe maximum number of active receivers, the
proportion of coverage by the curtain (assumingd@@tection radius), the number of visit events
and median visit duration in hours, with mediancdbie deviation (MAD) in brackets. The coverage
for curtains F and G is a range as some receivénsad function for the full duration of the study.

Curtain # O.f # of . # Qf % Coverage, . .# of Median vis'it

squid observations receivers visit events event duration

B 0 0 0/4 1.00 0 -

C 0 0 0/3 1.00 0 -

D 1 18 1/2 1.00 2 0.28 (0.26)

E 3 880 2/3 0.62 11 0.18 (0.16)

F 5 1491 5/5 0.75-0.91 46 0.30 (0.28)

G 8 1534 18/24 0.76-0.83 30 0.53 (0.52)

H 1 265 2/8 0.87 1 3.54

I 0 0 0/4 0.91 0 -

L 2 701 717 n/a 7 0.58 (0.49)

Activity patterns

The duration of visit events was highly skewedhv@0% of visit events only one
minute in length (the minimum possible visit evdatation by definition), and 70%
less than 1 hour. This suggests that squid wehereitften near the detection limit of
receivers, or that they were passing through aoneaarea of overlap. The longest
visit event was transmitter 78 at curtain F for Boars. Curtains G and array L both
had a similar median visit event duration of jug30 minutes, while the median
for curtains D and F was only around 17 minutest&uw E had a median of just
10.5 minutes, and for curtain H there was only ws# event (transmitter 73), 3.5
hours long (Table 5.4).

Over all receivers in all curtains except G, eigbtyen percent of visit events
occurred in the first 10 days after an individualswtagged and released (Table 5.4).
At curtain G however, the majority of transmittersre detected after at least 10
days at liberty, and these detections tended towards the end of the study
regardless of the date of tag and release (TaB)eBighty percent of visit events at
curtain G occurred more than 30 days after the stdahe study.

The number of visit events detected varied througkite day without any clear
pattern associated with photoperiod. The mediaatdur per visit event however,
was highly variable after sunset and before surf#$60 till 0600) and relatively low
during daylight hours (Figure 5.4).

There were 19 trips between non-adjacent recebsessx of the detected squid. The
longest distance travelled between consecutivewercdetections was 28.6 km,
although half of the distances travelled were teas 3.5 km (Table 5.5). Sixty-eight
percent of the trips were less than 2 days in tadtbpugh they ranged up to 12.3
days. There was large variability in the calculadpded of straight-line travel, from
0.003 to 1.489 m’% or 0.01 to 7.84 ML Shorter distances had more variable
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speeds, while trips of 10 km or more were neverentisan 0.12 mor 0.5 ML.§"
(Table 5.5).

Only two transmitters were detected at the sam@vecwithin the same 20-minute
time interval. Transmitters 75 and 78 were botledeid over a 2-hour period at
curtain F, less than an hour after being taggedyoth remained in the general
area of curtains E, F and array L for a furthea@s] however the only time during
this period that they were both detected withingame 20-minute time interval,
they were detected at different curtains, at I&@dtm apart (Table 5.3). No other
pairs or groups of transmitters were detectedeasffime receiver in the same time
interval, even when the time interval was increase) minutes. However,
transmitters 64 and 79 were detected at differecgivers in curtain G on February
4th, the day after they were both tagged (Tablg F13ese two pairs of squid
(transmitters 75 & 78, and 64 & 79) were the omjyid detected together throughout
the study. In both cases they were squid taggedeledsed together. Other groups
of squid were tagged and released together butvwieey not detected during the
study (e.g. transmitters 68 & 86, Table 5.1).
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Figure 5.4. The median visit event duration (pliediian absolute deviation), by hour of day.

-104 -



Table 5.5. The distance (km & mantle length, Mifhe (min) and speed (m/min & ML/min) of travel
recorded between non-adjacent receivers.

Curtain
. Date Distance Time Speed Distance Speed
Transmitter - g Start  End gy (miny (rr?.s‘l) (ML x 10°) (ME.S‘l)
62 05-Feb F D 2.8 294.4 0.003 1.16 0.01
62 24-Feb D F 3.4 9.2 0.104 1.43 0.43
62 27-Feb F G 19.2 440 0.121 8.00 0.50
69 01-Feb F G 18.7 164.60.032 7.50 0.13
78 12-Jan F L 12.0 35.7 0.094 5.73 0.45
78 14-Jan L E 1.8 0.5 1.001 0.86 4.77
78 16-Jan E F 10.1  155.30.018 4.80 0.09
79 04-Feb G G 9.3 3.5 0.732 4.66 3.66
81 29-Jan L E 2.6 2.6 0.277 1.34 1.46
81 30-Jan E L 1.7 2.4 0.196 0.90 1.03
81 30-Jan E L 1.7 0.8 0.604 0.90 3.18
81 30-Jan L E 1.6 0.3 1.489 0.87 7.84
84 30-Jan F E 11.5 36.6 0.087 5.21 0.40
84 01-Feb E F 10.9 26,5 0.114 4,96 0.52
84 02-Feb F G 28.6 284.50.028 13.00 0.13
84 14-Feb G G 2.8 137.7 0.006 1.27 0.03
84 22-Feb G G 1.9 27.3 0.019 0.85 0.09
84 23-Feb G G 1.9 1.9 0.269 0.85 1.22
84 25-Feb G G 8.4 185.0 0.013 3.81 0.06
DISCUSSION

A significant finding of this research relates e implied movement of individuals
away from the study area. Two-thirds of the trackegudid were last detected at
curtain G, across the entrance to Storm Bay. Aghahe design of the receiver
network precludes determination of the movemermatiion (see below), the fact that
receivers and transmitters were active for an exterperiod after the final
detections at G supports the notion that the sopaided out of the study area to
other coastal or deeper shelf waters. It is posghdt other tagged squid may have
moved out of the study area without being detecfdee receivers failed while
deployed within curtain G and it is possible gas/rhave existed elsewhere.
Without extensive range testing we cannot be aedfthe precise level of curtain
coverage during the study. However, with an assuthegelction range of 500m,
extrapolation of the numbers of squid observed mptirough curtain G to that
expected with complete coverage would accountustrgne or two of the undetected
squid. Those squid that were never detected masylremained within the confines
of Storm Bay, never moving into the detection raafjeurtains F, H or G, or were
subject to post-tagging mortality or tag loss.

It is difficult to interpret the relationship betes individual movements out of the
study area and the dynamics of the whole populasothe year of the study was a
poor one foN. gouldi in southern Tasmania. The available biomass waslow,

and as such there was little commercial fishinghwatches of just 2 tonne taken in
2002/03, the lowest catch in ten years (Lyle 20@0Bjhout commercial fishery or
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survey data we cannot relate the observed movepagietrns to the distribution and
persistence of the population in Storm Bay overstely period. However, the
timing of movement out of Storm Bay seen in thigdgtis consistent with that
evidenced by the fishery in previous years (19981999/00, 2000/01), for which
considerable data is available (Willcox et al. 200d general, commercial catches
declined through February, and were very small laydii. The movement of tagged
squid in our study suggests that this decline totcenay be consistent with squid
leaving the Storm Bay area, with most tagged imlligls moving to the outer curtain
(G) during February.

Movement out of the study area was not in any waglsronous, with individuals
apparently leaving over an extended time periodgesting a dynamic population
whose composition changes throughout the insharersr season. Although the
movement dynamics may differ during periods of hagpandance (as the variables
influencing the abundance may also affect the pimn level patterns of
residency), the patterns seen during this studg imaportant implications from a
fishery and ecosystem management perspectivesaggests that the decline in
commercial catches in late summer is not entireky @ localised fishing effects, but
is influenced by emigration too. The complexityseparating the effects of
migration from the effects of commercial catchedsatb the difficulty of assessing
the resource (Basson et al. 1996).

There was no evidence of tagged squid moving freemn$Bay or the Derwent
Estuary into the D’Entrecasteaux Chanigtotodarus gouldi are known to utilise
the Channel, having been caught in large numbersdrgational fishers in previous
years (e.g. 1999/00; pers obs.), and the connctifthese areas is of particular
interest as the Channel is closed to commerciainfgsand perceived as a ‘refuge’
area, particularly in years of high fishing intégpsOur data suggest that either there
was limited mixing oiN. gouldi between the Channel and its adjacent waters (the
Derwent Estuary and Storm Bay), or that the mixirag primarily uni-directional,
with the Channel acting as a passageway for sqtidtihe adjacent inshore waters,
but not vice versa. AlternativeliN. gouldi may not have utilised the Channel at all
during the study. Unfortunately we have no inforioraibn the availability oN.

gouldi in the D’Entrecasteaux Channel during the studiogenor the connectivity
of these water bodies in years when the biomassigas Again, it is feasible that
factors influencing the low inshore biomass mayehalgo affected the patterns of
residency in the study area. The environmentalanéy conditions may have been
only suitable in some areas, and not in the Chasluméthg the study. Alternatively, it
may be simply that sample sizes were insufficierddtect movement into all areas.

Nototodarus gouldi made use of a large part of the remaining studg,axith several
individuals moving extensively between curtainshe Derwent Estuary and Storm
Bay. Some individual receivers in the lower Derwéstuary region had notably
more detections from more tagged squid, implyirag they may have been within a
passageway or frequently used route between thedd¢River and Storm Bay, or
may have been desirable areas for other reasaisaswconcentration of prey. These
observations may have been influenced by the tdgedaase position, though it was
noted that several individuals returned to theseesaeceivers on multiple occasions.
Further research coupligy gouldi movement and spatial usage to small-scale
environmental conditions, particularly prey dengéyg. Reid & Hindell 2000,
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Heupel & Hueter 2002) would be of value, particlyldrconducted over seasons of
contrasting abundances.

Rates of movement varied greatly, particularly csteort distances. Half the trips
measured were at less than 0.5 MLasd approximately 80% were less than 1.5
ML.s™%. In general, speeds greater than this (includiegmaximum calculated, 7.8
ML.s™) were between receivers placed less than 2 knt apdrtherefore greatly
influenced by the fact the calculations do not tiaite account the detection radius of
each receiver. If the detection radius is for exi@mpO0m, the difference in the
distance between the transmitters when detectethabh@stimated by receiver
placements could be up to 1km, and this has sggmfiinfluence on straight-line
speeds calculated over short distances.

Rates of movement calculated over 10 km or morgedifirom 0.09 to 0.52 MLs
however, there was one instance of an average si&e@ ML.s* over 9.3 km by
transmitter 79 moving between receivers G10 and. GR3 movement was clearly
not straight-line as the squid was not detectdabeateceivers in-between, and is
therefore a minimum. While maximum speeds of armrathemastrephid squid,
Ommastrephes bartramii, determined by active tracking, were only 0.5 Mivehile
on spawning grounds (Nakamura 1993) and 0.8 Mixsen migrating to the
spawning grounds (Yoshida et al. 1990), tag recemtudies off odarodes pacificus
recorded travelling at speeds of up to 2.14'nigaya, 1967 cited in Nagasawa et
al. 1993). Assuming a maximum ML of 50 cm (Ropealetl984), this is equivalent
to 4.3 ML.s%. High-speed travel is clearly feasible for squghough actual
swimming speed may be quite different to observedement rates due to the
influence of water movements (e.g. currents). Vée ahnnot rule out that tagged
squid may have been predated on, and the obsegreedswere those of a larger
predator not the squid.

Sonar and echo sounding survey®Nofjouldi have shown that they form dense
aggregations close to the sea floor during theastalydisperse throughout the water
column at night (Evans 1986). However, on only ooeasion in this study were
more than two individuals caught at the same tinte@ace. Either our catchability
was extremely poor, or the squid were not formargé daytime aggregations in the
study area; it may be that the numberslofouldi during the study was below some
‘threshold’ for schooling behaviour. There waddittvidence of positive association
among individuals tagged and released togethey ®small number of individuals
released in ‘groups’ were subsequently detectedljtamas rarely together, except
shortly after release. There was no evidence kegt temained together further into
the study. A lack of group fidelity throughout teieidy may be due to new
aggregations being formed each day after night disgersion. So while it seems
likely that squid might be found in the same regibthe same time in response to
external variables such as prey concentration, agdwnot necessarily expect them
to move together over the course of the study. $&asipes were simply too small
and this study not designed to maximise informateyarding such behavioural
patterns, however the potential of the automate@ ¥y&tem for elucidating school
structure and behaviour is recognized.

There was no clear relationship between photopétioe of day) and activity
inferred by the number of visit events, thoughdbeation of visits was generally
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greater and far more variable during the eveniag turing the day. Research
suggests thall. gouldi are more active and feed more during the nightpaoed to
day (O'Sullivan & Cullen 1983, Nowara & Walker 199Bowever, these results are
confounded by the use of commercial jig boats Vgght attractants to obtain
samples. Diurnal feeding behaviour is variable agnather ommastrephid species,
but it appears they are active hunters in botld#yeand night with several feeding
peaks, depending on the diurnal behaviour of tkeg fidaimovici et al. 1998,
Laptikhovsky 2002, Quetglas & Morales-Nin 2004) ridaility in the duration of
evening visits in this study might be explainedabgombination of periods of low
activity as individuals remain in an area to feedest, set against short visit
durations indicative of active movement into ant afithe range of receivers,
perhaps as the squid search for prey.

The use of the automated acoustic tracking sysesplovided new insight into the
movement and activity dynamics of the inshrgouldi population in southeastern
Tasmania. Future research could benefit from lasgerples sizes (feasible given the
relatively low cost of transmitters compared toestblectronic tag types), and being
able to couple the individual movement data to petpan distribution and
abundance data. The design of the receiver netindhis study made it difficult to
determine direction of movement, or indeed whethertagged animal actually
crossed through a curtain, unless it was subselguistected at another curtain. In
future studies where understanding directionafityriportant, it could be more
suitable to have double curtains, or at least slatige placement of receivers in a
zigzag design along the line of the curtain. Thaaild have the added benefit of
reducing the size of gaps created by lost or fadeivers.
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Chapter 6:

General Discussion

Conclusions, implications & directions for future research

The objective of this research was to investigate the abundance of. gouldi

varies in space and time, and what factors mighirlving these patterns. This was
approached through a hierarchical examination @ettology, biology and
behaviour ofN. gouldi using a variety of data sources and methods, §tatnstical
modelling of commercial fishery data to field baseethods using novel technology.

The most significant specific findings of this syudere:

* Nototodarus gouldi were shown to be distributed right around soutieeas
Australia, and were in highest abundance (by wgiggar the continental
shelf break. Clear ‘hotspots’ of abundance weratifled in regions of
significant mesoscale oceanographic activity (gugpng shelf-break fronts
and upwelling).

* Abundance oN. gouldi was seasonal, but this seasonality varied
considerably between locations, as did the timimg tpe of mesoscale
oceanographic activity.

» Sea surface temperature and chlorophyll-a condentréderived from sea
colour) were unable to account for the spatio-teralggatterns irN. gouldi
encounter rates and catch rates, possibly duenigraatch between the
timing of local oceanographic activity and evidewntés effect orN. gouldi.

* Annual abundance derived from Bonney coast trastidiry data could be
predicted with reasonably good ability from timggdad local (wind speed)
and global (ENSO) environmental parameters, mkshfidue to their
influence on mixing and upwelling activity, and ghproductivity and prey
availability.

« A negative correlation between jig and trawl dedivedices of abundance
indicates that the depth distributionNfgouldi may shift from year to year,
possibly in relation to the location and dispersadthe upwelling front. In
2000 however, abundance was unusually low on hshimg grounds,
suggesting poor recruitment overall to the Bonnagst region.

» Nototodarus gouldi recruit to the inshore jig fishery in southeassmania as
small juveniles, growing and maturing over the stanmpparent timing of
recruitment varied between years from relativelgtcaious to periodic- with
pulses of recruits separated by up to 2 months.

» Large, mature squid which typically dominate traatches were rarely
caught on the jig grounds of southeast Tasmanggesiing thalN. gouldi
move into deeper waters after reaching sexual rityatér clear change in sex
ratio over the summer was evident and may be dugates maturing earlier
and leaving the jig grounds before females, org@ecific changes in
catchability related to reproductive developmert arating behaviour.
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* Population structure and life history charactersstifN. gouldi on the
inshore jig ground varied significantly between ngedatterns were not
always consistent between sexes, in particulaotemtive investment
strategies varied dramatically between mature naidsfemales.

» There was no clear relationship between populaiarcture and annual
abundance, with squid in a year of extremely higgulable abundance of
similar size and age to those sampled in yearsvoilbundance.

* The large biomass in southeast Tasmania in 1998430attributed to
increased numbers (not size)Mfgouldi. The persistence of larger matine
gouldi on the jig grounds in this year, a phenomenorobeerved in the
other years, suggests that inshore conditions pengaps more favourable
than elsewhere leading to aggregation and accuimnilat squid biomass on
the inshore jig grounds.

» Acoustic tracking of\. gouldi in southeastern Tasmania found that squid
moved away from the Storm Bay jig ground to othmastal or deeper shelf
waters, between 1 and 36 days after tagging. HomtBiemovement was not
synchronous, with individuals apparently leavingoan extended time
period.

* Nototodarus gouldi were active throughout the study area, howevesgouid
were detected moving into the D’Entrecasteaux Célanvhich is closed to
commercial fishing and perceived as a ‘refuge’ aBzgpiid were regularly
detected close to north Bruny Island suggestinmgguently used route
between Storm Bay and the lower Derwent Estuarth@area may be
desirable for other reasons such as concentratiprey.

» Rates of movement calculated over 10 km or morgedifirom 0.09 to 0.52
ML.s™, although actual swimming speed is uncertain dubé unknown
influence of water movements (e.g. currents).

Ecology and the oceanographic environment: how does N. gouldi compare to other
ommastrephid squid?

Phenotypic plasticity together with a short lifes@and rapid growth mean that squid
populations are very responsive to changing enwmental conditions (Boyle &
Boletzky 1996). These features, coupled with thktglbo move over considerable
distances, result in an ecology that is closely teethe behaviour of the
oceanographic systems in which the squid live (0392, Anderson & Rodhouse
2001). However, while most commercially exploitegisl are associated witime of
several large marine ecosystems (i.e. high velamganic current systems, coastal
upwelling systems or continental shelves; O’Dor2,98nderson & Rodhouse 2001,
Boyle & Rodhouse 2005), the oceanographic envirariragN. gouldi is quite
complex. In Australian wateis. gouldi is influenced by separate eastern, western
and northern boundary currents, and its range epasses a variety of distinct
mesoscale features including the Bonney upwelting Bass Strait cascade, and the
subtropical convergence between the East Austr@lianent (EAC) and subantarctic
waters. The complex oceanographic environmemgouldi inhabits appears to have
generated ecological patterns quite different éogéneral ommastrephid models
described for less diverse systems (e.g. O'Dor 188&erson & Rodhouse 2001).
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A notable feature of many ommastrephid speciesicpéarly those found in western
boundary currents, is that they undertake largke smmsonal migrations, utilising the
high velocity currents for transport between fegdand spawning grounds (e.g.
Takami & Suzu-Uchi 1993, Haimovici et al. 1998, Ot& Dawe 1998, Mokrin et

al. 2002, Bower & Ichii 2005). This migratory segy allows squid to exploit
regions of high productivity, but also maximiseithreproductive success by
spawning in warmer waters which may be separatad the feeding grounds over
large latitudinal ranges (O’Dor 1992). Althouljhgouldi is also associated with a
western boundary current, it is only over parttefrange, and the EAC is relatively
weak and highly seasonal in nature (Ridgeway & @Gxnd1997). Spatial and
seasonal trends M. gouldi biomass (Chapter 2), population structure (Jacksah
2003), and the results of tag-recapture studieskida 1983, Sato 1985) ot
suggest any large scale migrations. Australian igatee generally low in nutrients
and it is also possible thiit gouldi have not evolved a migratory lifestyle as they are
unable to fuel such energy demanding large scalelt{Clarke et al. 1994, Wells &
Clarke 1996)Nototodarus gouldi instead maximises the range of environmental
conditions available over its short life-span blyabiting waters with highly seasonal
oceanographic features and by undertaking seatamalpossibly ontogenetic) shifts
in depth distribution (Chapters 4 & 5). Howeverthie absence of large-scale current
assisted migrations, the range of environmentadlitioms that can be exploited by
individual N. gouldi are limited, and this may account for its reldiMew fishery
production compared to other western boundary numéabiting squid (O'Dor &
Coelho 1993).

Consistent with its non-migratory life histofy, gouldi also does not appear to
utilise spatially distinct spawning grounds. Mattemales (Jackson et al. 2003) and
paralarvae (Dunning 1985, Dunning & Férch 1998)waidespread in southern
Australian waters, suggesting that it is able tmglete its entire life cycle over
much, if not all, of its range. However, the seadityrof N. gouldi biomass
production varies at regional scales (Chapter Ris @&ppears to be a response to the
nature and seasonal activity of local oceanografgaittires, withiN. gouldi life

cycles probably timed to synchronise with the laalironmental conditions that
will optimise growth, development and reproduct{erg. Arvanitidis et al. 2002,
Moreno et al. 2005). In this respect, the ecoloigi.ayouldi is more similar to that
typical for loliginid species (Boyle & Rodhouse F)@han the traditional
ommastrephid models (e.g. O’Dor 1992, Anderson &mse 2001). However the
ecological niche oN. gouldi is by no means unique among ommastrephids, with
other species showing similar ecology and lifedrigstrategies (e.gllex coindetti,
Sanchez et al. 1998; afiddarodes sagittatus, Quetglas et al. 1998, Arkhipkin et al.
2001, Lordan et al. 2001).

Variability in abundance of N. gouldi over multiple scales.

Large scale variability itN. gouldi abundance appears to be tied to the distribution
and seasonal activity of regional oceanographitufea (Chapter 2). Although
abundance could not be correlated to environmeatrables (SST and CHL), this is
possibly a function of scale, as the nature ofratationships between squid and
environmental parameters are likely to vary betwdiéfierent types of
oceanographic systems (Anderson & Rodhouse 20@&ki&s such as. gouldi

which inhabit complex oceanographic environmentsy nespond differently to the
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same environmental parameters in different partbeif range. Relationships
between environmental parameters Bindouldi ecology are also likely to be lagged
over time, and these lags may vary in length batwegions depending on the
specific local oceanographic features (e.g. Chatefurther work into stock
structure olN. gouldi in Australian waters is also needed to deternfinegional

scale variability (Chapter 2) is accompanied byegerdifferentiation (e.g. Shaw et
al. 1999) or simply reflects the inherent flexityilin life history characteristics and
thus a population level response to environmergabbility (e.g. Shaw et al. 2004).

Seasonal (possibly ontogenetic) shifts in depthriligion (Chapters 4 & 5) generate
smaller scale variability in abundanceMofgouldi. In southeast Tasmania, the cross-
shelf distribution oN. gouldi appears to be related to ontogeny with squid reogu

to the inshore jig fishery as small immature ansraid moving offshore into deeper
waters once sexually mature (Chapters 4 & 5). Gdh@anastrephid species normally
associated with deeper shelf-break or slope wateralso seasonally found inshore
(e.g.l. argentinus, Arkhipkin 2000;l. illecebrosus, Dawe & Beck 1997, Hendrickson
2004;1. coindetti, Sanchez et al. 1998; aiidsagittatus, Borges & Wallace 1993,
Quetglas et al. 1998, Arkhipkin et al. 2001, Loredaml. 2001).

The presence of ommastrephid squid in shallow sh&tiérs is thought to be related
to prey availability (Boyle & Rodhouse 2005). Deetmposition varies with the size
of many squid species, includihg gouldi (O'Sullivan & Cullen 1983, Uozumi
1998), and the distribution of the preferred pnegcies may account for the apparent
change in depth distribution with ontogeny. In Tasm, the main prey of juvenile
N. gouldi are small planktonic crustaceans (O'Sullivan &€ull983) which tend to
be in highest concentrations in shelf waters (Yoeingl. 1996). Krill Nyctiphanes
australis) in particular, form dense aggregations in Storay Buring the summer
(Ritz & Hosie 1982), when jig fisheries tardétgouldi. Ontogenetic changes in
depth distribution may also be an adaptive strateggduce cannibalism, with large
N. gouldi consuming significant quantities of smaller congjpec(O'Sullivan &
Cullen 1983). For some species sampled over a eagéeh range however, the
change in size structure appears to be driven pityrigy the distribution of large,
mature individuals (e.g. Quetglas et al. 1998)hwitveniles distributed more widely
over the slope and shelf (although their deptihéewater column may be of a more
limited range). Mature squid may be restricteddekr offshore waters for
successful spawning (Bakun & Csirke 1998), whileepile squid may disperse
more widely, with their distribution dependent te tavailability of prey.

This depth structuring complicates regional scaésligtions of abundance based on
fishery catch and effort data (e.g. Chapter 3pafshery that harvests. gouldi
operates over its entire depth range. It is imfxs<0 separate the variability in
fishery derived abundance estimates that is daanoal recruitment levels, from
that driven by shifts in distribution (i.e. availbty). If, for example, inshore feeding
conditions are particularly good one year, themgaiicant proportion of the
juvenileN. gouldi in the population may be available on the jigifighgrounds,

while in other years it may be in offshore slopdexs This type of behaviour may
account for the negative correlation between jid tiawl derived indices of
abundance on the Bonney coast (Chapter 3). Alththeginelative depth distribution
of N. gouldi in any year and region is likely to be driven bgliocal environmental
conditions, the different oceanographic systems bealynked by large scale climatic
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processes. Indeed, in years of extremely high sumatmendance on the southeast
Tasmanian jig grounds (as in 1999/00 and agaimtbce 2006/07; Chapter 4, J.
Lyle pers comm.), the jig fishery off western Victoria in auturhas been relatively
poor (Chapter 3, AFMA unpublished data), and thaesrants further investigation.
Without a better understanding of the dynamics betwthe inshore and offshore
fishing grounds, abundance indices derived frontifferent fisheries may only
have limited utility in trying to understand theodagy of N. gouldi when considered
in isolation.

Implications for fisheries assessment and management

There is currently no formal assessment ofNhgouldi stock in Australian waters,
although there has been recent interest in appbyibgslie-DelLury depletion method
of assessment (e.g. Basson et al. 1996, Agnew 928, Morales-Bojorquez et al.
2001, Royer et al. 2002, Ichii et al. 2006) to 8®&JF. This study however, has
highlighted some aspects Mf gouldi ecology which need careful consideration in
any such assessment.

The genetic structure &f. gouldi in Australian waters is uncertain, and thus the
appropriate spatial boundaries for any such asssgsimknown. The seasonality of
N. gouldi biomass production varies at regional scales ({&n&), however it is not
known if this reflects any genetic differentiatit;ng. Shaw et al. 1999) or if the
year-round hatching df.. gouldi (Jackson et al. 2005) and seasonal nature of any
potential oceanographic barriers (e.g. upwellingwasufficient gene flow (e.qg.
Shaw et al. 2004). Although there is no evidencergbtic speciation ifN. gouldi,

the Australian meta-population does not appeaetpdnmictic, with some
population structuring suggested, at least on ds¢ @ast of Australia (Triantafillos
et al. 2004). Further studies of the stock strectfiN. gouldi using more powerful
genetic markers and larger sample sizes are neededolve this issue.

Leslie-DeLury methods assume that the fishery catcheffort data are from a
closed population, with negligible emigration ommgration. However, this study
has shown that the available population on théglgng grounds is quite dynamic,
with recruitment and emigration occurring throughihe jig season (Chapters 4 &
5). The negative correlation between jig and tralmindance on the Bonney coast
(Chapter 3) also suggests that there is considegedalr to year variability in the
proportion of the stock that is inshore, while sitedy of population structure and
movement in southeastern Tasmania (Chapters 4s&dgest that residency times
on the inshore jig grounds may also differ betwgears, and between the sexes. The
dynamic nature of the distribution and movementajouldi between the jig and
trawl fishing grounds underscores the need foirtbkeision of trawl catches in any
assessment ®f. gouldi. The challenge is how to incorporate informatimnf both
these fisheries into a single assessment moddloédth different model structures
(under different ecological assumptions) could tmapared to determine the most
precautionary approach (e.g. Basson et al. 199@9itar knowledge of the ecology
of N. gouldi, specifically the inshore-offshore dynamics wogtdatly assist model
development. It is also worth noting that incorpimigtrawl! fishery data into the
assessment process, although necessary from adsteaknics viewpoint, may also
have significant management repercussions, asvihéisheries are managed
separately under different management plans.
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Pre-season estimates of recruitment strength neatlgrenhance the assessment of
squid stocks (Agnew et al. 2002), and allow managerstrategies that provide a
better balance between maintaining a sustainabbd& sihd maximising the economic
efficiency of the fishery. However, as discussesvusly, predictive models using
time lagged environmental variables (e.g. Chaptea8 only be useful while the
relationship remains valid (Agnew et al. 2002), &mete is considerable risk in
assuming this when there is no understanding ofmtaehanisms driving these
relationships (Dawe et al. 2007). Determining thhea mechanisms underlying such
relationships is difficult, as environmental par&eng are often strongly linked
through larger-scale atmospheric and oceanogragpbeesses, and different
variables may be important at different stageseflife cycle or indeed in different
oceanographic environments. However, without aretstending of the causal link,
there is no way of predicting if or when the redaghip might change or break down
completely (Rodhouse 2001, Agnew et al. 2002, Daingd. 2007). This is of
particular concern under scenarios of climate beoenvironmental change, as the
environmental variables being used for predictiaymove beyond the range of
values previously observed, and the response @ sgay not be a simple linear
extrapolation of the models previously developduusionce relationships are
identified through correlative studies (e.g. Chafie further investigations are
needed to test hypotheses regarding the mechathatsay be driving these
relationships. Testing for consistency in reswtssiquid of similar habits and in
similar ecosystems (e.g. Waluda et al. 2004), doskc examination of years where
patterns of squid distribution and abundance avsuwa (e.g. Dawe et al. 2007), may
help fine-tune hypotheses regarding causative nmesing (Myers 1998).

Future research directions

Although this study has made considerable progeese knowledge dfl. gouldi
ecology in southern Australia, further researchesded. In particular, investigation
into the linkages between populations on jig aad/kfishery grounds and the
relationship between ontogeny and depth distrilougippear to be critical for
understanding patterns of distribution and abunéaaied for the development of
appropriate fishery assessment models.

The abundance ™. gouldi on inshore jig grounds is highly variable, and tmay

be driven to some extent by variability in indivaduesidency times (Chapter 4).
While movement off the jig grounds appears to beted to growth and maturation
(Chapter 4), it is not clear if the triggers foceumovement are indeed internal (i.e.
reaching some age, size or reproductive developthezghold), or also related to
some environmental (e.g. photoperiod, temperafusy; availability) threshold.
Further investigation of inter-annual variabilitythe timing of movement away

from the inshore jig grounds in relation to popuatbiology and environmental
variables over a longer time series could proviskeful insight into the proximate
cues to movement (e.g. Comeau et al. 2002a), arscthiose variables controlling
the accumulation of biomass on the jig groundsefating acoustic tracking work
(Chapter 5) over several seasons, with greater atsrds tagged animals and
additional receivers along the shelf edge (e.g. €uamet al. 2002b) could also
provide insight into the timing of movements, esakgin those areas where there is
insufficient fishery data to infer timing of migran (e.g. on the southeast Tasmanian
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jig grounds where effort is extremely low in mostys). An added benefit of
acoustic tracking is that it can provide indiviclglel information on residency
times, and these can be examined in relation todiwal characteristics (e.g. sex,
length, weight) measured at the time of tagging.

A negative correlation betweéh gouldi annual abundance on jig and trawl grounds
of the Bonney coast (Chapter 3) prompts the questiatproportion of the
population is available on the jig versus trawlgrds, and how does this vary
between years? Ideally these questions shouldvestigated by conducting fishery
independent, depth-stratified surveys in a vardtegions and seasons, using a
consistent sampling technique. A simpler comparigahe population structure of
jig versus trawl caught samples from a similar @eagtould provide at least some
insight into depth distribution and ontogeny (altgb differences in the size
selectivity and the water column depth sampledheydifferent fishing gears will
need to be accounted for). However, such a studlidewt provide information on
the relative proportion of the population in ditfet depths unless catchability for the
different fishing gears in the different areas bardetermined.

Statolith microchemistry analysis may also prowadgseful tool for studying the
timing and dynamics dfl. gouldi movements between jig and trawl grounds. Squid
statoliths contain a unique record of both the ghoghronology and the
environmental history the animal has been expaseaid are therefore potentially
useful tools for reconstructing migratory pathwawpsl investigating connectivity
between different habitats (see Campana 1999 detailed review in relation to fish
otoliths, Semmens et al. 2007 for cephalopod apiptins). Repeated sampling along
the axis of statolith growth with a laser coupledthigh resolution inductively
coupled plasma mass spectrometer allows an inatistigof the changes in an
individuals’ chemical environment between discigteods of time, over the entire
life history of the individual. This chemical infaation can then be coupled to
growth increments to determine the ecological Inystd an individual.

Relationships between water temperature and lefdlarium and/or strontium
concentrations have been used to infer movemetdrpatforT. pacificus (lkeda et

al. 1998),Loligo gahi (Arkhipkin et al. 2004b) an@onatus fabricii (Zumholz et al.
2007). However in other studies such relationshgpge been found to be highly
variable (Ikeda et al. 2002a, 2002b, Ikeda et@0.32 Rodhouse et al. 2004) and the
technique may have only limited application. Coasable experimental work would
need to be conducted before such relationshipsldmitonsidered robust predictors
of location. Multi-element analyses may insteadvprmore useful for approaching
guestions of movement between different water nsa@sg. shelf versus offshore
water masses; Elsdon & Gillanders 2003). The maultate signatures should reflect
the combined effects of temperature, salinity aatewchemistry, and if consistent
differences between inshore and offshore areabea®monstrated over time and
for different ontogenetic stages, the timing of mments oN. gouldi may be
reconstructed using the chemical signatures angtgrmcrements in the statolith.
The proportion of the population that spends sdme inshore, and estimates of the
length of that time could also be examined. Howgther differences between
inshore and offshore waters would need to oveareregional differences in
chemical signatures, otherwise the indicators o$sishelf movement may be
confused with along-shelf movement between regidrsetter understanding of the
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stock structure di. gouldi would be needed so that the appropriate spatdt st
such a study could be determined.

Nototodarus gouldi stock structure has been examined using allozyme
electrophoresis, and although constrained by lombuers of genetic markers and
alleles per marker, there was some suggestionmflatton sub-structuring on the
east coast of Australia (Triantafillos et al. 2Q(39ssible size ‘morphs’ ®f. gouldi

on the east coast have also been suggested bydaaikal. (2003), and anecdotal
information from commercial fishers suggests tratyomorphometrics d. gouldi
caught on the Tasmanian jig grounds may be quiterdnt to those caught off
western Victoria. This study also found that biomagcles varied on a regional
scale, apparently in response to local oceanogrdpatures. Some of these
oceanographic features may also act as barrigmrte dispersal (e.g. Shaw et al.
1999). Thus further investigation of the stock stuwe ofN. gouldi is needed,
particularly for determining the appropriate spattaucturing in assessment models
and management procedures. There are a wide vafiatgthods that could be used,
and a study that compares several methods woutdoseinformative, e.g. genetic
analyses using microsatellite analysis and/or rhibodrial DNA sequence data
(Kassahn et al. 2003, Shaw et al. 2004, Buresah 2006), studies on body and/or
statolith morphometrics (e.g. Pierce et al. 199ds3ahn et al. 2003, Lombarte et al.
2006), examination of parasites (e.g. Bower & M#sgt991, Shukhgalter &
Nigmatullin 2001), tag-recapture studies (Saued.€2000), and whole statolith
microchemistry analyses (e.g. Arkhipkin et al. 2004

Conclusions

This study has made considerable advancements tontiwledge oN. gouldi

ecology in southern Australia by addressing howndlance varies in space and time,
and what factors may be driving these patterns.etodogy ofNototodarus gouldi,

like many other commercially exploited ommastrepdudid, appears to be closely
linked to patterns of hydrography and ocean pradiizt They are in greatest
abundance where the shelf break is strongly defimedhere other mesoscale
oceanographic activity is present (e.g. upwellimagd variability in biomass cycles
also appears to be related to the seasonality @ilenof local mesoscale
oceanography. Ontogenetic structuring in relatohathymetry and movements
between inshore and offshore waters however coatpliegional scale predictions
of abundance, with environmental conditions inficiag both annual recruitment
level and the bathymetric distribution of squidrtRer investigations are needed to
elucidate the finer-scale variability and detaitloé mechanisms driving these
patterns. In particular, investigation into thekliges 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.
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Appendix A.1

This appendix provides additional results for Ckagt the CE-GAM and CE-GLM
results using identifiedll. gouldi catch data only (i.e. excluding unspecified squid
records). PA models were not fitted as unbiaseerdehation of the presence or
absence of. gouldi was not possible.

In 50% of the 0.5° spatial blocks in which squidcb&s occurred, the inclusion of
unspecified squid catch changed the mean catctoydess than 1.5 kg.hr(Figure
A.1.1). In 90% of spatial blocks the difference vif&skg.hi* or less.

a) N. gouldi bt-CPUE

. <2

e 2-10
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@ 20-50
@® >=50

b) bt-CPUE difference R
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No difference
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Figure A.1.1 Map of a) averadé gouldi CPUE where present (back-transformed; k§,hpy 0.5°
spatial block; = denotes data that cannot be shown due to coni@dignagreement, and b)
difference in bt-cpue by 0.5° spatial block betwaenlyses using general squid caod N. gouldi

catch (Chapter 2, Figure 2.2), and those using Nngouldi catch. Positive differences (i.e. greater
bt-CPUE for combined catch) are dark grey circiesl negative differences (i.e. greater bt-CPUE for
N. gouldi catch) are white circles.
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The CE-GAM plots usingj. gouldi data only (Figures A.1.2 & A.1.3) were very
similar for all spatio-temporal covariates to thoseng the combined squid data
(Chapter 2), suggesting that the inclusion of uniidied squid catch had little
influence on the overall catch rates.
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Figure A.1.2 East (a, ¢ & €) and west (b, d & §iom spatio-temporal CE-GAM plots based on
identifiedN. gouldi data only. Dashed lines are 95% pointwise confidentervals. Y-axis label
includes the approximate degrees of freedom fan eavariate. Small markers along the x-axis
indicate where observations occurred. Note thewfit y-axis scales.
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Figure A.1.3 East (a & ¢) and west (b & d) regimwvieonmental CE-GAM plots based on identified
N. gouldi data only. Dashed lines are 95% pointwise confidantervals. Y-axis label includes the

approximate degrees of freedom for each covartatall markers along the x-axis indicate where

observations occurred. Note the different y-axalex

The exclusion of unspecified squid catches fromdidu@ increased the percentage of
deviance explained in the spatio-temporal CE-GLM8% in the east region, but
only 0.25% in the west region (Table A.1.1a & ba@ter 2). In the environmental
GLMs, the deviance explained was increased by n/te east region, but reduced
the deviance explained by 2.4% in the west regi@ble A.1.1c & d, Chapter 2).
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Table A.1.1 CE-GLM results for a) & c) east regibh & c) west region, based on identifiddgouldi data only. For spatio-temporal models (a & b) Heptd
latitude/longitude were entered d4 @rder polynomials; Month and year were categonieaiables. For environmental models (c & df @der polynomials are indicated
by p subscript; year was a categorical variable. Ptediare shown in the order that they were addédetanodel. See text for explanation of variablec®n process.

% Deviance

% Deviance

Region Model Predictor Df  Deviance . Region Model Predictor Df Deviance .
Explained Explained
a) East CEN. gouldi  Null Model 1363 3525.5 b) West CHBE gouldi  Null Model 657 1485.5

Depth 2 440.0 12.5 Depth 2 483.3 325

Latitude 2 88.7 2.5 Longitude 2 48.5 3.3

Month 11 211.9 6.0 Month 11 172.7 11.6

Year 6 37.1 1.1 Year 6 100.6 6.8

Month: Year 62 400.5 11.4 Depth: Month 22 381 7.7

Depth: Year 12 131.4 3.7 Longitude: Month 22  65.6 4.4

Depth: Latitude 4 82.5 2.3 Month: Year 49 .33 6.3

Depth: Month 22 139.6 4.0 Longitude: Year 12 24.2 1.6

Latitude: Month 22 97.0 2.8 Depth: Year 12 9.8 1.3

Latitude: Year 12 37.4 1.1 Full Model 519 363.8 75.5

Full Model 1208 1859.5 47.3

c) East CEN.gouldi  Null Model 1363 3525.5 d) West CBtgouldi  Null Model 657 1485.5

SST, 2 13.8 0.4 SS§T 2 28.4 1.9

logCHL 1 38.4 1.1 logCHL 2 10.2 0.7

Year 6 85.4 2.4 Year 6 48.2 3.2

Full Model 1354 3387.9 3.9 SST:logCHL, 4 53.0 3.6
Full Model 643 1345.7 9.4




Appendix A.2

This appendix provides additional results for Ckagt the GAM and GLM results
for (combined) squid data between 600 and 1000rthdsgy.

Depth response functions were much more complskape when deepwater trawl
were included, although confidence intervals aroilnedencounter and catch rates in
waters greater than 600m depth were large (Figh/24 - A.2.4).
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Figure A.2.1 East region PA (a, c & e€) and CE (B, §J spatio-temporal GAM plots. Dashed lines are
95% pointwise confidence intervals. Y-axis labelimes the approximate degrees of freedom for
each covariate. Small markers along the x-axisatdi where observations occurred. Note the
different y-axis scales.
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Figure A.2.2 West region PA (a, ¢ & e) and CE (1 fJ spatio-temporal GAM plots. Dashed lines
are 95% pointwise confidence intervals. Y-axis labeludes the approximate degrees of freedom for
each covariate. Small markers along the x-axisatdiwhere observations occurred. Note the
different y-axis scales.
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Figure A.2.3 East region PA (a & c) and CE (b &dyironmental GAM plots. Dashed lines are 95%
pointwise confidence intervals. Y-axis label inasdhe approximate degrees of freedom for each
covariate. Small markers along the x-axis (rug)dladicate where observations occurred. Note the
different y-axis scales.
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Figure A.1.4. West region PA (a & c) and CE (b &hvironmental GAM plots. Dashed lines are
95% pointwise confidence intervals. Y-axis labelines the approximate degrees of freedom for
each covariate. Small markers along the x-axis jjta) indicate where observations occurred. Note
the different y-axis scales.
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