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Short Abstract to be provided

Pop-up Satellite Archival Tags (PSATs) were deployed on 51 large (156-200cm
length to caudal fork) southern bluefin tuna (Thunnus maccoyii) in the western
Tasman Sea during the austral winters of 2001-2005. Southern bluefin tuna (SBT)
were resident in the Tasman Sea for up to six months, with movements away from the
tagging area occurring at highly variable rates. In general, SBT moved south into the
Southern Ocean, west along the southern continental margin of Australia and then into
the Indian Ocean. Three individuals moved east into the central Tasman Sea, with one
individual reaching New Zealand waters before returning to the western Tasman Sea.
We describe the first observed migration of a SBT from the Tasman Sea to the Indian
Ocean spawning grounds south of Indonesia. Individuals spent most of their time on
the continental shelf/slope region with an estimated 84 % of time spent in the
Australian Fishing Zone. While inconclusive, movement data presented here raise the
possibility that SBT estimated to be recruited to the spawning stock are not obligate
annual spawners. In general, SBT demonstrated a distinct preference for temperatures
between 18-20°C, adjusting depth preferences to reflect changes in the vertical
distribution of their thermal preferences. Individuals demonstrated periods of distinct
diurnal diving patterns and periods where swimming depths were adjusted to remain
at a constant light level over the course of a day. These new data are a significant
advance toward greater understanding the spatial dynamics of large SBT and
understanding the connectivity between distant regions of their distribution.

KEYWORDS: Southern bluefin tuna, Pop-up Satellite Archival Tag, spawning
migration, spatial dynamics, habitat preferences.
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1. NON-TECHNICAL SUMMARY

Pop-up Satellite Archival Tags (PSATS) were deptbge 51 large (156—-200cm
length to caudal fork) southern bluefin tuff&annus maccoyii) in the western
Tasman Sea during the austral winters of 2001-28@&chment durations of PSATs
on southern bluefin tuna (SBT) ranged 2—206 dagsdata were received from 46 of
the 51 PSATs deployed. Tag attachment durationgased throughout the period of
the study largely through improved anchor and tedlesigns and the implementation
of a secondary anchor. However, despite these weprents the single largest
hindrance to accumulating long-term data on theenmnts and habitat preferences

of SBT using PSATSs in this tagging study was adhiglong term attachments.

Individual SBT made large scale migrations betwssarate foraging areas and to
the area of the spawning grounds, demonstratingesziivity within the SBT stock
over very large spatial scales within periods e§lthan one year. Individuals tagged
were resident in the Tasman Sea for up to six nsmulispersing from this area as late
as December. Considerable variability in disperatds and movement paths of
individuals resulted in individuals tagged in tlzere area being widely dispersed
throughout southern oceans during the austral sunooetrary to the simple
movement and spawning models assumed in the clB@BBT stock assessments.
These models assume that all individuals older #tpn10 spawn on an annual basis,

implying all mature individuals migrate annuallytte spawning grounds.

In general, SBT moved south into the Southern Qoseast along the southern
continental margin of Australia and then into thstern Indian Ocean. Five
individuals moved east into the central Tasman ®éh,one individual reaching

New Zealand waters before returning to the westasman Sea. Of four SBT
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tracked into the eastern Indian Ocean, one indalidias recorded to move north and
into the area of Indian Ocean spawning groundshsoiuindonesia. This individual
traveled in the order of 9,500 km spanning 113 aaysng it's migration from the
western Tasman Sea foraging grounds to the spawgngds, averaging a
movement rate of 84.1 km dayindividuals spent most of their time on the
continental shelf/slope region with an estimate®@®df time spent in the Australian
Fishing Zone. While inconclusive at this pointime, the movement data presented
here raise the possibility that SBT estimated todoeuited to the spawning stock are

not obligate annual spawners.

Individuals demonstrated a distinct preferencedarperatures between 18-21°C,
adjusting depth preferences to reflect changdseavertical distribution of their
thermal preferences. However, SBT demonstratedan ability to cope with
temperatures outside this preferred range, spemdiegl0 hours at a time at
temperatures lower than 10°C routinely for periofisver two weeks and a minimum
of two weeks in temperatures greater than 24°Csivinlthe area of the spawning
grounds. It is probable that thermal preferencesatestrated by individuals are a
reflection of water masses encountered, the exsehehich are determined by the
physiological limitations of each individual. Indials demonstrated periods of
distinct diurnal diving patterns and periods whesemming depths were adjusted to
remain at a constant light level over the coursa ddy. Such behaviour may be
associated with the vertical migration of prey eitHirectly or via SBT tracking
particular light levels most suitable for ambushangietecting prey. Changes in the

behaviour of individuals on both spatial and tenapscales may be associated with
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changes in prey species targeted and associatagehan the distribution of prey

species and/or changes in the thermal propertidseaivater masses experienced.

Despite the limitations of the technology useddlect these data, determining such
aspects of the life history of this species indeleen of the fishery would be difficult
without the use of PSATs. The data presented sdfuidy represent a major step
towards reducing uncertainty about the spatial dyos of SBT — a key uncertainty in
management and currently, a poorly understood coemgoof their population
dynamics. Deployment of tags in other areas througthe range of SBT and across
wider temporal periods (not only the austral wihteould serve to address problems
associated with attachment durations and alsotbedpfine the connectivity of SBT
in different fishery areas such as the Australiath 8outh African regions.
Furthermore, comprehensive data collected acrassltayear period would serve to
establish inter-annual variability in SBT habita¢ferences and provide important
inputs into management regimes such as the spatiahgement models used in the

western Tasman Sea.

KEYWORDS: Southern bluefin tuna, Pop-up SatelliteAval Tag, spawning

migration, spatial dynamics, habitat preferences.
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3. BACKGROUND

Southern bluefin tunaliunnus maccoyii) are a large long-lived pelagic predator
widely distributed throughout the oceans of thetBern Hemisphere (Caton 1991,
Clear et al. 2000). Genetic evidence, the distigoudf reproductively active
individuals and the distribution of larvae suggssithern bluefin tuna (SBT)
comprise a single population with spawning limitecn area south of Indonesia in
the north-western Indian Ocean (Caton 1991, Grevak €997, Farley & Davis
1998). Fishery and conventional tagging data gweence for a stable, age
dependent spatial distribution of SBT and the agksaze composition of global SBT
catch suggest ontogenetic changes in migratioenpat{ Caton 1991). Similarly to
Northern Hemisphere bluefin tunagh@nnus thynnus andT. orientalis), SBT
undertake some of the largest and most rapid nigiabf all pelagic fish (Gunn &
Block 2001), however a comprehensive understanadliige movements of SBT

throughout their complete life history is lacking.

In the Australian region, large schools of juvefiigd (ages 1+ to 4+) aggregate in the
Great Australian Bight (GAB) during the austral sner months where they are
harvested by a domestic surface fishery. At theestamme, similarly aged fish are
caught in waters between 0-80°E in the southwekaimOcean (Gunn et al. 2003)
suggesting the possibility of two migration routesjuvenile SBT from the spawning
ground and some spatial structuring within thelstdaveniles in the Australian

region undertake cyclical migrations from the GABpersing into the Indian Ocean
and the Tasman Sea during the austral autumn mbafbee returning to the GAB in

the austral spring (Davis & Stanley 2001, Gunn &d& 2001). Fish older than age
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five are largely absent from surface aggregatimtseasingly becoming dispersed

throughout oceanic waters and largely vulnerablergline catches only.

Adult SBT are assumed to forage throughout the ézaip waters of the Southern
Hemisphere oceans during the austral winter, miggab the spawning grounds of
the north-west Indian Ocean across the spring amorer months (Shingu 1978,
Caton 1991) before returning to foraging groundthenfollowing autumn/winter.
Individuals do not remain on the spawning groungsr ¢the whole season; instead
there is a constant turn over of fish with the ¢émtghumbers of mature fish occurring

in October and February (Farley & Davis 1998).

Catches of SBT in the Australian region of the Tasr8ea are largely the result of
bycatch in a longline fishery targeting yellowfuma ({T. albacares) along the
southern regions of an eastern Australian tunabdtigh fishery. Longline vessels in
the region target particular water masses anddta@ones largely associated with the
meeting of sub-tropical waters of the East AusaralCurrent with cooler sub-
Antarctic waters (Reddy et al. 1995; Lyne et aB&)9and these oceanographic
features appear to be highly influential on theritiation of tuna species (Young et
al. 2001). Oceanographically, this area is sintdathe western boundary current
systems such as the Gulf Stream and the Kuroshie@witilized by Northern
Hemisphere bluefin species (Polovina 1996, Olsdil2&itagawa et al.2004, Block
et al. 2005, Wilson et al. 2005; Matsukawa 200@llotvfin tuna are thought to
inhabit the warmer sides of fronts and eddies wBBg in this region are often

caught in the cooler waters of such frontal andyesygtems (Gunn & Young 2000).
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4. NEED

Concerns have been raised over declines in thes&&k for over two decades
(Caton 1991) with recent stock assessments suggehkft the current population of
SBT is at 5-12 % pre-exploitation biomass (CCSBU40Recent catches from the
spawning area support these concerns, indicatimgheer proportion of younger fish
in catches relative to catches in the 1990s (F&l®avis 2005). Stock assessment
models used for SBT currently make two criticalumsgtions: first, they assume a
knife-edge recruitment into the spawning stock frage 10+ and that spawning
occurs on an annual basis. Recent studies haveatst that SBT on the spawning
ground begin to actively participate in spawning@es of 10 to 12 years (Gunn et al.
2003) with the fecundity of spawning females pwosiif related to body size and
presumably condition (Farley and Davis 1998). Bahaal differences related to the
size of individuals on the spawning ground have aksen raised as important factors
which need to be accounted for when determiningatfeeand size structure of the
spawning stock for assessment models (Davis & F&0€1). There is currently no
information available to confirm the assumptiontt8BT are annual obligate
spawners. Second, current stock assessments aggtr&8T belong to one
homogenous stock, and thus management actiongj(@ta restrictions) seek to
optimize the health of this stock without regardpatial heterogeneity observed in
catch rates and size composition. The primary reasbind the lack of spatial
consideration in the stock assessment models ahamagement procedures is that
almost nothing is known about the fidelity of fighdiscrete fishing grounds used by
high seas fleets from Japan, Korea, Taiwan andnlesia, or the mixing rates of SBT
between these grounds. What we do understand #imapatial dynamics of adult

SBT is derived almost exclusively from interpretatof Japanese longline catch data.
7
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Such interpretations are inherently biased by apatid temporal variability in effort

and targeting practices.

Catch data and mark-recapture data can provide swight into the movements of
SBT; however they are limited for two main reasd?etterns of relative abundance
derived from catch data are entirely fishery depeménd changes in the spatial
extent of fishing effort can have direct effectsamy interpretations made on these
data (Toscas et al. 2001). Additionally, mark-réaegpdata are heavily fishery
dependent and rely on accurate reporting of recamtformation and minimal non-
reporting of recaptures (Hearn et al. 1999; Gur020The development of pop-up
satellite archival tags (PSATS), which transmitad@dm the fish without the need for
the tag to be recovered, provide fishery indepenaathods for assessing movement

in pelagic fish (Gunn & Block 2001).

While the use of this technology on other bluefieces has been broadly utilized
(Block et al. 2001, Marcinek et al. 2001, Stokegtriral. 2004, Block et al. 2005,
Wilson et al. 2005) the deployment of PSATs on $B% been limited. Data reported
from four tags deployed on adult-sized SBT in thgion of the spawning grounds
north of 20°S (Itoh et al. 2002) described movemantay from the spawning ground
across a period of a few days to three months.eTimaividuals undertook south-
westerly movements from the spawning ground inéltidian Ocean while the fourth
moved into an area south of the Australian continéfithout data of broader spatial
and temporal scales, it is difficult to infer aniyidn conclusive of the movement

patterns of adult sized SBT from such limited talgases.
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Within Australian waters catches of SBT are mandfealgh the setting of quotas
and the demarcation of spatial management zonesl lomsa habitat modelThis
model currently integrates the thermal prefereéesBT derived from PSAT data
with both satellite derived and modeled oceanogcaghiita to determine the spatial
distribution of SBT upon which management zonesateHowever, at present any
variability in residence time, habitat preferenoes the responses of individuals to
changes in their environment are not integrates sotch calculations. As a result,
such models are limited in their ability to accematpredict the spatial and temporal

distribution of SBT.

Therefore, critical gaps currently exist in our Wwi@dge and understanding of the
movements, residency, regional fidelity and spagmiynamics of adult SBT. These
gaps clearly inhibit our ability to accurately asséhe state of the stock or
comprehensively manage the stock within regiorshidries. Here we report on the
results of satellite tagging of large bluefin tundhe Tasman Sea and their dispersal
from these waters into the Southern Ocean, thgvetyiding an important first step
toward greater understanding of SBT spatial dynarmaia stock connectivity. Data
from a previous investigation into the effectivenes PSAT technology in
determining the movement and habitat preferenceslot SBT (AFMA report
R00/0786) have been incorporated with those ddlacted as part of this study and

are also presented here.

! A. Hobday & K. Hartmann, CSIRO Marine and Atmosph&esearch unpublished data
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5. OBJECTIVES

1. Determine the temporal period of residency of seuttbluefin tuna in the

Tasman Sea each winter.

2. Determine the dynamics of the movement of soutbarefin tuna away from

the Tasman Sea and their fidelity to the Tasmanf@aging grounds.

3. Determine if migrations of adult SBT to the spavgnhgrounds are cyclical in

nature and if so the periodicity of this cyclicalgnation.

4. Determine the spatial scale of areas in the NEaim@cean where SBT spawn
(and the applicability of then using these datasfmatial management of

catches in the Indonesian fishery)

5. Determine the temporal scale of residency of soathkiefin tuna on the

spawning grounds

10
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6. METHODS

6.1. Tagging operations

Pop-up satellite archival tags (PAT2: n = 11, PAiR3: 8 and PAT4: n = 33, Wildlife
Computers, Redmond USA) were deployed on large i&Bfie waters of the western
Tasman Sea in the austral winters of 2001-200%. Wexe caught during commercial
longline operations with those considered in gomaddion lead into a tagging cradle
and then lifted on board the vessel. Females sahfigen the spawning ground
demonstrate 50 % maturity at a length of 154cmlélya8 Davis 1998); we therefore

chose only fish greater than 155cm length to cafatkl(LCF) for tagging.

In 2001 and 2002 tags were rigged with a singétitm anchor connected via a
400lb monofilament tether to the corrodible relegiseof the PSAT. In 2003—2005
nylon umbrella-style anchors (Domeier et al. 20086)e used as primary anchors and
an additional double barbed nylon dart tip crimpe80Ib monofilament loop was
attached to each tag as a secondary anchor tefisgicure the PSAT and to
minimize any lateral movement of the tag as thie $isam. The monofilament loop of
the secondary anchor was placed around the shtie &?#SAT so that the tag could
release from the animal should the tag prematuleigich from the primary anchor or
the primary anchor release from the fish. The prynmaonofilament leader on all tags
was fitted with a depth release device (RD-1500;1D0, Wildlife Computers,
Redmond USA), designed to cut the tag off the distepths of 1500m (RD-1500) or
1800m (RD-1800), thereby preventing implosion & tag at depth. The primary
anchor was inserted into the dorsal musculatutieealbase of the second dorsal fin as
per Stokesbury et al. (2004). The secondary aneherinserted into the dorsal

musculature in line with the dorsal finlets. Eaab was printed with an identification

11
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number, information about a reward offered and whemreturn the tag. After
attachment of the PSAT, the fish and cradle weneted back into the water
allowing the fish to swim away from the vessel. Deployment position was

recorded using the vessels’ onboard GPS system.

6.2. Data and analyses

We programmed PSATS to record pressure (depthpdgature and light at 60 (n =
50) or 120 (n = 2) second intervals. Tags were amogned to release from the fish
after predetermined time periods (30 days: n =03l#®ys: n = 4; 90 days n = 1; 180
days: n = 7; 300 days: n = 1; 365 days: n = 3%¢rafhich they floated to the ocean
surface and transmitted their archived data viaAR&OS satellite service (Service
Argos, Toulouse, France). Due to limited transmissandwidth, data collected by
the PSATs were summarized into one (n = 1), four g2), eight (n = 20) and 12 (n =
7) hour time periods prior to transmission. The swary data for each time period
consisted of distributions of the proportion of éispent within preset depth and
temperature bins and temperature-depth profilestifese PSATSs recovered the full
archived data set was downloaded from the tag. @wlye data collected from tags at
liberty greater than 14 days were included in moseinand habitat preference

analyses (to avoid possible behavioural changesseghfrom the process of

tagging).

6.2.1. Age classification of SBT

To determine if SBT tagged would be classifiedexsuited into the spawning stock
as per current stock assessments, we derived agates for each individual using
the cohort slicing method utilised in the Commissior the Conservation of Southern

Bluefin Tuna (CCSBT) stock assessments (Preede 20@4) which assigns an

12
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individual to an age cohort determined with the oskength at age growth curves

(Laslett et al. 2002).

6.2.2. PSAT attachment duration

The rate of premature tag shedding was examinawbyalizing all tags deployment
to a nominal start day and plotting the proportbrtags remaining attached to SBT
as a function of days attached. Only those tagptteenaturely transmitted data
before the intended release date were includeditt¥d intercept-free regressions of
In(proportion tags shed) gx(days attached) to examine the shedding rate. Aisalys
was carried out using the statistical software pgekR (R Development Core Team

2005).

6.2.3. Potential mortalities

Wildlife Computers PSATSs transmit diagnostic infation from which mortalities
can be inferred. Versions PAT3 and PAT4 identifyettiter the corrodible tether pin
has broken and all versions report the last recbdegth greater than 600 m. We
assumed that PSATSs that reported very deep firghddgreater than 1000 m) within
2 days of the transmission of data representedatitas and those that transmitted
final depths less than 1000 m or no final deptlesgar than 600 m represented SBT

that had survived, but that the tag had released.

6.2.4. Location estimates

Daily positions derived from each tag were caladaising a combination of light

and temperature data based on methods presented iet al. (2004) and Shaffer et
al. (2005). Longitude was estimated using propryesaftware (WC-GPE.1.02.0000,
Wildlife Computers, Redmond USA). Daily estimatésea surface temperature were

derived from SSTs reported by the tag manufactoregrietary software where the

13
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depth of the SST was reported to be less than besé'were checked for outliers and
erroneous measurements identified were replacddaxstmoothed estimate of SST
based on the three closest SST data points. A smagsther (Venables & Ripley,
2002) was then applied to the SST data. RemotelyeskSST values
(MCSST/AVHRR data) for a defined area either side of each tadgiestimate (as
per Teo et al. 2004) were then compared to remseiged SST values. Sea surface
temperature values between 50°S and 10°S for eaditlide estimate were gridded
into cells of 0.25° latitude and the number of rhagto the observed PSAT SST
were counted in each latitudinal cell. The cellhatie highest number of matches
between the PSAT derived SST and the remotely de®S& was considered to be

the most probable position for the day.

To reduce the number of unrealistic matches betw&hvalues, we constrained the
distance an individual could move each day by wigigtthe latitudinal cell
frequencies by a function assumed to represenikidhood of a movement between
consecutive positions. A lognormal distribution waed to model the probability of
distance moved. This produces a distribution of @meent which allows longer
distance movements but at a lower probability tiaorter distance movements (i.e.
long distance movements are down-weighted). Thiedsigweightings were given to
movements of approximately 150 km dayr approximately 0.97 body lengths Sec
based on published estimates of tuna swimming speeé 170 cm tuna (Bushnell &
Jones 1994, Lutcavage et al. 2000). This processnitgalized at the known tag

release position. We evaluated the results of athad by comparing the geolocation

2 See http://podaac.jpl.nasa.gov/products/producht®® for details.
14
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estimates with transmitted pop-up locations whieedlast estimated position was no

more than two days prior to the first transmissiate of each PSAT.

To calculate approximate movement distances anc&emeut rates, we also
calculated the distance of a simplified and idelirack from the tagging release
area, around Tasmania, to Cape Leeuwin and notttetpop-up point. This was
calculated using the ‘tracker’ tool in the GIS saite Manifold 6.50 (Manifold Net

Ltd. Carson City, USA).

6.2.5. Habitat preferences and behaviour

Time-At-Depth (TAD) and Time-at-Temperature (TAT3td transmitted consisted of
normalized histograms giving the proportion of timi¢hin the pre-programmed
summary period that the fish spent within a giveptt or temperature range.
Aggregate time-integrated indices of the tempeeatund depth preference were
calculated by calculating the median TAD and TATuean each histogram bin.
Empirical cumulative distribution functions werdadated from the median
proportion in each bin and used to estimate theew®gl proportion of time in a given
depth or temperature range. To examine broad $pati@rns in depth and
temperature preference, the proportion of time givan depth or temperature range
were integrated with location estimates and breatesdifferences in the time spent

at temperature and at depth were examined.

In order to explore the possibility of correlatidmstween dispersal and oceanic
conditions in the Western Tasman Sea a basic casopaof the dispersal
characteristics of SBT with SST for the taggingoagvas undertaken. The median
and inter-quartile range of the distributions ditiele and longitude were calculated

and then compared with the median SST derived 8atay MCSST data.
15
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7. RESULTS

A total of 52 pop-up satellite archival tags weepkbyed on SBT 156—200 cm LCF
(meant SD: 173.7+ 9.5 cm) and estimated to be aged 9-20 yr (m€@D: 15.3+

3.1 yr; Table 1). The cohort slicing method utilze CCSBT stock assessments
assigned 50 of the 52 individuals tagged as reatuiito the spawning stock. The
lengths of SBT caught throughout the period of stigly were relatively stable, with
most SBT caught ranging 130-170 cm LCF (Figure&Ch)ches in 2003 and 2004
contained slightly higher numbers of smaller SBOU«510 cm LCF) than other years
and 2002 contained higher catches of larger SBO@2n LCF). Of the 52 PSATs
deployed, data were retrieved from 44 (84.6 %; &dblvia Service Argos with a
further one PSAT (1.9 %), which failed to transmazovered and the data retrieved.
Three PSATSs are still at liberty and are not dugansmit data until late July and late

September 2006.

7.1. PSAT attachment duration

All PSATs detached prematurely, with the numbedayfs tags transmitted prior to
the set deployment day ranging 1-362 days. The suofidays that tags remained
attached varied considerably both within and betwasployment years (Table 2,
Figure 2) ranging 2—206 days and the proportiotheforiginal deployment period
achieved ranged 0.01-0.98. Although variable, tlezage attachment time of tags
per year increased across the study period frormanmum in 2001 of 16.2 (SB
46.1) days to a maximum in 2004 of 99.1 (82.0) days (Table 2). However, the
proportion of time tags remained attached incref®ed 0.2 (SD£ 0.1) in 2001 to a
high of 0.7 (SDt 0.1) in 2002 before decreasing again across lidWiong years. We

note that although the average and maximum nunflaays attached decreased in
16
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2005 relative to 2004 deployments, at the time wting, three tags from the 2005
deployments are still at liberty and yet to trartsshaita. Trends in the overall rate of
tag loss (Figure 2) demonstrated a significant treg@xponential relationship
(Adjusted R: 0.97, F 30= 1,535 < 0.001) and were described by In(proportion tags
attached) 7/ x(days post-deployment). This model estimated theestmefficient to

be -0.02 (SE: £ 0.001) and an attachment “half-lifee number of days at which 50

% of the tags are likely to remain attached) o#i3fays.

7.2. Potential mortalities

Of all tags that transmitted data, 11 (24.5 %)rbtthave a pin breakage reporting
mechanism. Of the remaining 34 PSATS, pin breakages recorded in ten (22.2
%). Tags that reported a pin breakage were on geaattached for 118.1 (SD51.8)
days post-deployment (median 120.5; range: 53-PaBle 3). A final depth
reporting mechanism was not available for threthef45 tags that transmitted data.
Depths greater than 1,200 m were reported froni, %(n = 5) of fish within two to
three days before data transmission suggestingbp@ssortality in these fish. A
further 2.2 % (n = 1) reported a final depth ofajez than 1,100 m five days prior to
the tag transmitting data (Table 3) suggestingsasipte but not definite mortality. Of
those SBT considered to be mortalities, tag releasarred 2—25 days post-
deployment. Depths greater than 600 m were rep@med 62.2 % (n = 28) tags at
varying periods prior to tag transmission, howealedepths recorded suggested no
evidence of mortality. A further 17.8 % (n = 8) diidt dive to depths greater than 600

m whilst at liberty.

17



Table 1. Release and pop-up details for PSATs deplo

yed on SBT in the western Tasman Sea 2001-2005.

Tag Releases Pop-up transmissions

Date Latitude (S) Longitude (E) LCF (cm)  Age (yr Date Latitude (S) Longitude (E) Time at Liberty Displacement (km)
2001
28703 13 Jul 2001 33.42 151.55 170 14 16 Jul 2001 33.38 151.85 3 28.23
28701 13 Jul 2001 35.88 151.57 175 16 19Jul 2001 35.90 153.02 6 130.78
28707 13 Jul 2001 35.22 151.53 190 20 07 Aug 2001 37.32 154.12 25 329.64
28708 13 Jul 2001 35.23 151.53 158 10 27 Jul 2001 37.43 156.62 14 517.90
13274 15 Jul 2001 35.58 151.60 178 19 20 Jul 2001 35.17 152.43 5 88.08
13275 13 Jul 2001 35.60 151.60 200 20 13 Aug 2001 33.72 153.12 31 251.32
2002
28709 27 Jul 2002 35.02 151.65 157 10 20 Aug 2002 35.07 152.68 24 94.03
13272 27 Jul 2002 35.08 151.65 165 12 06 Sep 2002 36.82 152.10 41 197.89
20926 27 Jul 2002 35.12 151.67 173 15 Failed to transmit
2003
13279 10 Jul 2003 35.98 150.96 171 14 06 Aug 2003 34.71 152.27 27 184.75
13273 10 Jul 2003 35.98 150.94 187 20 07 Sep 2003 33.72 153.32 59 332.48
20890 10 Jul 2003 35.97 150.85 200 20 03 Aug 2003 30.81 153.80 24 636.38
30466 10 Jul 2003 35.97 150.85 186 20 14 Oct 2003 35.55 154.75 96 355.35
20914 20 Jul 2003 36.82 150.77 175 16 Failed to transmit
20924 28 Jul 2003 35.05 151.80 160 10 Failed to transmit
30465 28 Jul 2003 35.05 151.80 168 13 24 Jan 2004 42.59 123.18 180 2605.49
18564 28 Jul 2003 35.10 150.82 178 19 1 Jan 2004 38.16 122.67 157 2527.83
20891 07 Aug 2003 34.23 151.77 165 12 16 Sep 2003 30.60 154.96 40 503.06
2004
20925 27 Jun 2004 34.18 151.87 176 17 21 Oct 2004 40.73 149.12 116 768.44
43935 05 Jul 2004 34.13 152.80 174 16 13 Dec 2004 42.80 153.37 161 966.39
43936 05 Jul 2004 34.16 152.88 173 15 15 Jul 2004 30.41 155.79 10 499.19
43937 05 Jul 2004 34.18 152.90 182 20 04 Sept 2004  33.45 157.86 61 465.82
43925 12 Jul 2004 34.67 153.15 175 16 26 Jul 2004 32.55 154.61 14 272.04
43926 12 Jul 2004 34.67 153.15 169 13 03 Feb 2005 17.72 111.07 206 4565.05
43927 12 Jul 2004 34.67 153.15 183 20 14 Jul 2004 33.97 155.24 2 207.34



Tag Releases Pop-up transmissions

Date Latitude (S) Longitude (E) LCF (cm)  Age (yr Date Latitude (S) Longitude (E) Time at Liberty Displacement (km)
43928 13 Jul 2004 34.65 153.27 170 14 14 Jan 2005 34.87 111.90 185 3755.83
43929 13 Jul 2004 34.65 153.27 174 16 08 Nov 2004 43.25 150.31 118 990.84
43931 13 Jul 2004 34.65 153.27 169 13 19 Nov 2004  42.55 163.88 129 1272.97
43932 13 Jul 2004 34.63 153.27 169 13 15 Jul 2004 33.59 155.05 2 200.78
43933 14 Jul 2004 34.68 153.23 176 17 Failed to transmit — 172 days data recovered
43934 15 Jul 2004 34.62 153.15 173 15 29 Jul 2004 3451 152.11 14 96.12
43945 30 Jul 2004 34.97 151.98 171 14 13 Dec 2004 44.60 146.60 136 1165.91
43946 30 Jul 2004 34.92 151.98 189 20 Failed to transmit
43943 31 Jul 2004 35.00 151.95 169 13 15 Nov 2004 44.61 158.69 107 1214.10
43941 08 Aug 2004 34.70 152.72 172 15 29 Dec 2004 41.46 144.12 143 1063.88
43942 08 Aug 2004 34.82 152.95 173 15 15 Jan 2005 44.24 146.26 160 1194.61
43939 29 Aug 2004  36.42 152.90 175 16 27 Nov 2004 40.80 133.59 90 1744.86
43940 28 Aug 2004  36.37 152.87 170 14 30 Dec 2004 42.95 149.35 124 791.94
2005
53269 07 Jul 2005 34.48 151.55 170 14 27 Jul 2005 34.51 153.39 20 168.84
53270 21 Jul 2005 32.24 153.82 177 18 Still at liberty
43944 21Jul 2005 32.89 153.68 173 15 10 Dec 2005 43.58 147.78 142 1296.10
46336 22 Jul 2005 32.40 153.59 163 11 29 Oct 2005 40.54 137.08 99 1729.24
46337 22 Jul 2005 32.59 153.55 171 14 13 Sep 2005 33.32 155.11 53 166.84
46339 22 Jul 2005 32.63 153.53 172 15 21 Sep 2005 37.21 154.02 61 511.79
46340 01 Aug 2005  35.13 152.15 187 20 02 Sep 2005 34.67 153.43 32 127.59
46342 19 Aug 2005  35.68 153.60 168 13 20 Oct 2005 43.91 147.64 62 1047.71
46343 19 Aug 2005 35.68 153.60 185 20 21 Nov 2005 41.17 150.53 94 667.08
46350 19 Aug 2005 35.68 153.58 178 19 27 Dec 2005 41.60 140.92 100 1280.97
46351 21 Sep 2005 36.22 152.52 157 9 23 Sep 2005 34.82 153.11 2 164.76
46353 21 Sep 2005 36.13 152.40 156 9 Still at liberty
53263 21 Sep 2005 36.11 152.34 164 11 06 Feb 2006 38.33 140.67 138 1062.77
53264 22 Sep 2005  35.97 153.05 172 14 Still at liberty
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7.3. Geolocation accuracy

Adequate light and SST data were available focctieulation of position estimates
for 40 tags. Of these PSATSs, 36 were at libertypieniods greater than 14 days and
position estimates calculated comprised 5.2—-92d fe total time tags were at
liberty (meant SD: 50.7+ 21.3). Comparison of position estimates calculatad
geolocation with a final pop-up position derivedrr Argos was restricted to 25
PSATS, due to a lack of SST data for latitude datcan, compromised light data
resulting in highly erroneous longitude calculatardata transmission failure. The
median distance or position errar $D) between the two final positions was

calculated to be 1610©€230.6 km (n = 25, range 23.1-866.3 km).

Table 2. Deployment periods and attachment durations achieved by P SATs deployed
on SBT in the western Tasman Sea 2001-2005.

Year (n) Deployment period Attachment period Proporti on of period attached
Mean + SD Range Mean + SD Range  Mean + SD Range
2001 (6) 135.0 £103.5 30-300 16.2 +46.1 2-31 0.22 £0.13 0.01-0.42
2002 (3) 60.0 + 30.0 30-90 32.5+£66.1 24-41 0.74 £ 0.08 0.68-0.80
2003 (9) 211.3+127.3 30-364 83.3+£63.3 24-180 0.57 +0.36 0.10-0.98
2004 (20) 354.8 £54.1 180-364 99.1+12.0 3-206 0.30 £ 0.20 0.01-0.64
2005 (14)  364.0 + 0.0 364 69.7+11.5 2-142  0.21+0.13  0.01-0.39
Total 30-364 70.8 +61.0 2-206 0.33 +0.25 0.01-0.98

7.4. Migration and residency patterns

Individuals were resident in the western Tasmanf®ea June (the earliest in the
season fish were tagged) through to December, prieddely in an area bounded by
30-40°S and 150-160°E (Figure 3, 4 and 5, AppebdiXhe period spent within this

region ranged 34 to 155 days, with individuals mgwut of the region as early as
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September and as late as December, although nudgdimals had moved out of the
region by October. Five individuals undertook moeas east and into the central
Tasman Sea, with one moving into waters off theélsauestern coast of New Zealand
before returning to the western Tasman Sea andnlo®img south into an area east
of Tasmania. Another two SBT similarly returnedhe western Tasman Sea and then
moved south to an area east of Tasmania after sjgesdme time in the central
Tasman Sea (Figure 3, 4 and 5, Appendix 1) withrooeing further into an area
north west of Tasmania. The PSATs on the remaitvilngdetached before movement
out of the Tasman Sea could be discerned. Indilsduare widely dispersed
throughout the southern margins during the sumn@etihs ranging from waters to
the south-east of Australia across to waters seat-of Australia. Of those SBT
tracked into the waters south-west of Australise travelled into what is regarded as
the region of the spawning grounds at 17.72°S,AI’FE (Figure 3 and 5, Appendix
1). Another two SBT appeared to undertake easteoyements possible initiating a

return into more eastern waters (Figure 3 and pefdix 1).

Table 3.Estimated mortality and pin breakage status reported by PSATs deployed on
SBT in the western Tasman Sea 2001-2005.

Mortality status N Percent number Pin Breakage N Perce  nt number
Yes 5 11.1 Yes 10 22.2
No 36 80.0 No 18 40.0
Possible 1 2.2 Unknown 6 13.3
Not recorded 3 6.7 Not recorded 11 24.5
Total 45 100 45 100
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A. Yearly Attachment Comparison
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Figure 2. Tag survival curves for (a) each year of deployment a nd (b) the overall

normalized rate of tag loss through time. Tag data from 2002 we re not included due to
small sample sizes.
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Fish that tracked to the western Australian are@waged 13—-19 yr (meanSD: 14.8+
2.9) and ranged 168-178 cm LCF (me&a8D: 173.7+ 9.6). Individuals reached the
waters of the western Australian region at varyinges throughout November and
December, taking 36—84 days to reach the areaddfmrting the western Tasman Sea.
Estimating the total distance from the western Taas®ea to the area of the spawning
grounds using an idealized track, the SBT thattnaaked to this area migrated a
distance of 9,000 km over 113 days, moving at amage of 79.6 km ddy Movement

of this fish along the western coast of Australant an area south of Cape Leeuwin,
Western Australia at approximately 36°S to the fagd pop-up position totaled 1,550
km traveled over a period of 26 days. This is egjeint to an average distance traveled
of 59.6 km day. Although limited by small sample sizes, no relaship between the

size of individual SBT and the extent of their wesmtd movements was apparent.

Individuals also appeared to spend considerable itinan area north west of
Tasmania (Figure 3 and 5, Appendix 1). Movemerttstims region from the
deployment area in the western Tasman Sea occasredrly as September and as

late as January and on averag&D) took 26.8 19.5 days (range 3—66 days).

Approximately 84 % of all position estimates ca#tat were located within the
Australian Fishing Zone and were also within on¢ghefthree managed Australian
tuna and billfish fisheries. The majority of posits of tagged fish (75.1 %) occurred
within the Eastern Tuna and Billfish Fishery (ETB®)th 10.4 % occurring within
the Southern Tuna and Billfish Fishery (STBF) ar®21% within the Western Tuna

and Billfish Fishery (WTBF).
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Figure 4. Displacement of those SBT in relation to (a) latitude and (b) longitude. The 1 *
and 3" inter-quartiles of latitude or longitude are given in black and gre en respectively
and the range in grey bars. The vertical dashed line depicts Januar y 1. The average
SST (MCSST, CSIRO from Jun 2001-Jan 2006) in the region of de  ployment (bounded by
150-160FE, 40-30F) is given in red.
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Figure 5. Individual tracks of SBT for which PSATs remained at tached for > 14 days
separated into regions of movement and residency outside of the wes tern Tasman Sea
region: (a) central and eastern Tasman Sea; (b) Southern Ocean and (c)
Southern/Indian Oceans.
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7.5. Habitat preferences and behaviour

Tagged SBT experienced ambient water temperathaesanged 2.6—30.4°C (Figure
6) with a median maximum temperature of 18°C (hopeartile range: 15.4-19.4°C)
and a median minimum temperature of 15°C (interijeaange: 12.2-17.4°C). The
extremes of temperatures experienced by individuaiged from 0.2°C to 19.0°C in
difference. A cumulative distribution function calated using time at temperature of
all individuals pooled, estimated that SBT occumtevs at or below 18.5°C 30 % of

the time, at or below 20°C 50 % of the time andratelow 21°C 90 % (Figure 6).

Time spent at depth by tagged SBT largely refleptederences for waters 18-20°C
(Figure 6) with most time spent in waters less tB@@m and the highest proportion
of time spent in waters less than 50m. Individsglsnt time in waters deeper than
200m and cooler than 18°C primarily in three laoadi areas: the western Tasman
Sea centered around the deployment area, the mdsteman Sea and the region
between 135-145°E north west of Tasmania (Figur@sdr8). Time spent in waters
warmer than 20°C was largely associated with thesters close to the eastern
Australian coast in the Tasman Sea and within #h€ Bnd warm-core eddy

structures and in the region of the spawning greundhe Indian Ocean.
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7.6. Fine scale habitat preferences and behaviour

The two recovered PSATs (30466 and 43933) provithedscale depth and
temperature data (depth and temperature readikgs & 60 second intervals),
collected over 96 and 172 days at liberty respelstigFigure 9). Both SBT spent
greater than 90 % of their time in waters shallothan 250 m although time at
temperature was highly variable with 30466 spen@@g§b of its time in temperature
warmer than 18°C while 43933 spent only 37 % ofiite in waters warmer than
18°C. Both individuals spent time in waters dedpan 400m and less than 15°C
with 43933 spending considerably more time at degdéeper than 400m and colder

than 10°C during the summer when it was residdrthefwest coast of Tasmania.

Lengthy periods of diurnal diving behaviour werenbastrated by both SBT (Figure
10), although episodes of this behaviour were natarrent on temporal or spatial
scales between the two fish. While depths frequkdteing the day were quite
variable (ranging 150 to 600 m), both SBT limitedit distribution to waters less
than 50 m at night during these periods. Diurnaingdj behaviour associated with
time spent in waters greater than 400m was obsdovezkriods of up to two weeks
at a time and resulted in SBT spending periodsvef @0 hours per day in water
temperatures less than 10°C and as low as 7°Ccrdsd with this diurnal behaviour
was an ability to remain at more or less constanttiant light levels which resulted in

a daily light curve that was almost completely {ligure 10).
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7.7. Habitat preferences and behaviour on the spawn  ing
ground

The proportion of time spent at depth and tempezalemonstrated by the SBT that
migrated to the area of the spawning ground (43928) largely a reflection of the
waters experienced during its migration. Whilstha western Tasman Sea
temperatures experienced were largely restrictd®t®0°C and in waters less than
200 m (Figure 11). On leaving the western Tasmanf@@aging area and initiating
movement south, variable surface temperatures-e2QW associated with colder
water masses were experienced. As individuals mtwedighout the southern
regions of Australia, time spent in waters gretttan 250 m increased and in
association temperatures experienced decreasea \grtater amount of time spent
in waters 10-15°C (Figure 11). The depth and teatpez preferences of this
individual shifted just prior to reaching tropicahter masses in mid-January, with an
increase in time in the surface waters interruptettequent dives to depths greater
than 500m. Habitat preferences in the region okffavning grounds were typified

by time spent predominantly in waters less thami&@d as warm as 28°C.
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8. DISCUSSION

This study provides the first direct, fishery indagent observations of the movement
of large southern bluefin tuna across their forggjrounds and beyond in the
Australian region. The duration of residency botthim and beyond the western
Tasman Sea demonstrated by individual SBT was \gdriable as was the extent of
movement throughout time at liberty. Habitat preferes on spatial scales appeared
to indicate thermal preferences associated wittalslé foraging and spawning

habitats.

8.1. PSAT attachment duration

The single largest hindrance to accumulating lergitdata on the movements and
habitat preferences of SBT using PSATSs in thisitaggtudy was achieving long
term attachments. Given the large distances SBTapable of travelling (as
presented in this study) and the duration of atteestt required to capture these,
improving attachment durations will be importanbistaining a more comprehensive
understanding of the movements of this species.ufkeof a secondary anchor
appears to have resulted in a considerable increagtachment duration, a finding
that is supported by a number of other studiezinty similar secondary anchdrs

All three stags still at liberty were deployed wscondary anchors.

Determining whether or not the performance of &taents achieved in this study are
comparable to those achieved elsewhere on blupéaiss is difficult due to a lack of
published data; commonly the achieved attachmenattidn is published but the

intended deployment time is not (e.g. Stokesbugt.2004, Wilson et al. 2005).

% H. Dewar, National Marine Fisheries Service, pea@ommunication
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However, failure of tags to remain attached untigpammed release dates has been
widely reported elsewhere (Gunn & Block 2001, Dosneit al. 2003, Gunn et al.
2003, Stokesbury et al. 2004, Block et al. 20050dgsky & Graves 2005, Wilson et
al. 2005, Wilson et al. 2006) and is a common mobin studies utilising this

technology.

Maximum attachment durations achieved in this studge considerably shorter than
those reported elsewhere (206 days in comparis8iXalays in Stokesbury et al.
(2004), 304 days in Wilson et al. (2005) and 26ysda Block et al. (2005)) and may
be related to many factors including anchor artetetiesign used, tag attachment
methods used and/or physiological and behaviotuiferences between species
resulting in differences in tissue rejection of laors or greater wear on attachment
points and tethers. However, it must be notedttivake tags are still at liberty and are
yet to reach their programmed pop-up date. If tfatsmission is successful from
these tags, maximum attachment durations in thyswill be comparable to those

reported elsewhere.

Pin-breakages were reported in almost one qudrtdr @ags released in this study.
The causes of pin breakages are unknown, althdweghhtave been hypothesised to
be caused by torque induced stress on the piredapon (Domeier et al. 2003).
Incidences of predation on fish with PSATs havenbeported (Kerstetter et al.
2004), possibly either as a result of the PSATngcéis an attractant or the fish being
compromised by the tagging procedure and beconmrgnaier prey target. However,
it is impossible to clearly identify the causegof breakage definitively without

direct observations of the tagged individual.
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Wear on monofilament tethers by depth cut off devibas also been hypothesised to
be a cause of premature tag release. Abrasioreghtinofilament underneath these
devices has been documented and thought to bedchydke spinning or rocking of
the device on the tetHeit is thought that this action gradually wears th
monofilament until either the tether is weakened fails or it is cut in two. The
potential for this type of wear on PSAT tetherseaia number of options: finding a
means through which movement of the depth cutefiak is prevented,
development of a more robust tether material whigtains movement of the cut-off
device or avoiding of the use of the cut-off devitlke use of more robust tether
material is at present largely restricted to witgal depth cut-off devices currently
used are incapable of cutting. As a result, fortmesearchers using this technology
the most feasible options are to either find a which minimizes movement of the
depth cut off device or to simply cease to usedtace. Either of these options must
be considered in terms of their cost-benefit tordsmarch being undertaken. Any
restraint developed for cut-off devices must thdwesebe able to withstand
considerable periods in marine environments undgying forces and pressure.
Removing the cut-off device, particularly in deeyirng species increases the chances
of structural failure of the tag at depths belowakitthey are able to withstand and a
subsequent loss of any data collected. Attempssatailise depth cut-off devices on
the monofilament tethers of PSATs were attempted0f)b releases, with further

testing planned in 2006/07.

“ Bruno Leroy Secretariat of the Pacific Communitysp@al communication
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8.2. Geolocation Accuracy

The errors calculated around the final positiomeaties of the PSATSs presented in
this study compare well to the estimates of gediooarror calculated elsewhere
(Teo et al. 2004) and indicate that errors are lsemalugh to allow for robust
inference of large scale movements in SBT. Degbédimitations of determining
position from light in pelagic animals (see Te@e2004, Neilsen et al. 2006 for a
review of these), further improvement to geoloagatieethodology is likely to
improve the accuracy of position estimates. Imprg\the statistical rigour of
calculating location estimates would provide riggg@stimates of uncertainty
surrounding location estimates and better stagistiethods would also allow for
guantification of variability in movement rates ween individuals. However, with
the exception of the use of Kalman filter modelbé® et al. 2003, Neilsen et al.
2006) which make strong assumptions about the @atugeolocation errors,
statistical applications have yet to be utilisedl&wger data sets and the most
promising published methods have only used simdldéta sets (e.g. Royer et al.

2005, Jonsen et al. 2003).

8.3. Migration and residency patterns

Large scale migrations between separate foragemsaand from foraging areas to the
area of the spawning grounds were made by SBT, dstmating connectivity at large
spatial scales within the larger size classes@B&T stock. Such migrations are
consistent with those observed in otfibunnus species in the Northern Hemisphere
(Block et al. 2001; Block et al. 2005) and the cectivity observed in this study is
consistent with the results of genetic analyseestgating the stock structure of SBT

(Grewe et al. 1997). Daily movement rates obsemélis study were similar to
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those reported in bluefin species elsewhere (Latga\et al. 2000, Wilson et al.
2005), however maximum distances observed wereeddily greater, reflecting
differences in the stock structure of the specmebdistances between foraging and

spawning grounds.

Considerable variability in dispersal rates and eme&nt paths of individuals resulted
in individuals tagged in the same area being wid&persed throughout southern
oceans during the austral summer. All individuatgged were of similar size to those
observed on the spawning ground (Farley & DavisB1@&d only one individual was
considered not to be fully recruited to the spagrstock according to methods used
in current CCSBT stock assessments. Such a wigerdisn of individuals, a lack of
coherency in movements and the temporal periochdwhich SBT were still in the
Southern Ocean suggests the possibility that IS8RJE considered to be
reproductively mature may not participate in spagron an annual basis. However,
before definite conclusions can be made on the temhpature of spawning
participation in SBT, more information through t@lection of data from longer
term deployments is needed to clearly establisispiagial dynamics of spawning
sized fish. Further, assumptions associated wétckhssification of fish into the
spawning stock have been suggested to oversinthifynaturity schedules of SBT
(Farley & Davis 2001) and are confounded by difies in making accurate
predictions of age from length data (Caton 199Impkan 1991, Eveson et al. 2004).
As a result, it is not clear that the proportiorS&T assumed to be recruited to the

spawning stock in this study constitute an accwateple of actively spawning SBT.

The trigger for movement of SBT away from the taggarea in the Tasman Sea may

be closely linked to seasonal changes in oceanbgr&ring the austral spring,
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warm waters associated with the East Australiameai(EAC) extend down the
eastern Australian coastline in a series of edalesfrontal zones, producing
concentrated areas of productivity which may séov@ove suitable foraging areas
for SBT southward. Simultaneously, seasonal upagkiivents begin to occur in the
waters along the Australian coastline to the nastist of Tasmania increasing
productivity in this region and further west inteeteastern margins of the GAB
throughout a period encompassing spring, summeearig autumn months
(Schahinger 1987, Herzfeld 1997, Kampf et al. 2004 area off the south west of
Australia is also a region of seasonal productj\aygely driven by mixing between
the southward moving Leeuwin Current and wind fdronerthward currents on it's
northern boundary and cooler waters of the Sout@eean on it's southern boundary
in the summer months (Pearce et al. 1997). Thismegf productivity historically has
and presently supports a number of fisheries basmeéhd small pelagic species and
may serve as an important foraging area for laBjg. Sub-adult SBT have been
observed to switch preferred prey species betwesasaf residency (Young et al.
1997) and their movements between areas have lypethlesised to be triggered by
a drive to capitalize on concentrations of smalhgie fishes (Young et al. 1996). It is
likely that the movements of large SBT are drivgrsimilar requirements to

capitalize on patchy prey resources.

8.4. Habitat preferences and behaviour

Individuals tagged in this study clearly demonsitad preference for waters 18—20°C
in temperature, similar to that observed in juve®BT (Gunn & Block 2001) and
other bluefin species (Block et al. 2001, Marcieg¢kl. 2001, Stokesbury et al. 2004,

Kitagawa et al. 2006). However, large SBT can ¢tyeawpe with much cooler
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temperatures than 18°C for sustained periods, spgperiods of over 10 hours at
temperatures less than 10°C. It is therefore ulylitteat thermal preferences are
strictly a reflection of the physiological capatids of SBT, but are more likely to be
reflective of the water masses utilised by forggecges the extremes of which are
determined by physiological limitations. Tuna andely documented to associate
with fronts and transition zones (Laurs & Lynn 19@Ison 2001, Sharp 2001,
Polovina 2001, Royer 2004), however the factorginlgi this association are still
largely unknown (Kirby et al. 2000). Frontal areas often associated with biomass
maxima, concentrating chlorophyll production anslogsated secondary productivity
and it has been hypothesised that SBT use warmetilies and the warm side of
fronts as thermal refuge after periods of foragingolder waters (Gunn & Young
2000). Use of such oceanographic features to wHderage availability against
thermoregulatory requirements has been postulatedtiier species of tuna
elsewhere (Neill 1976, Sund et al. 1981), whileeatthave hypothesised that this
association is strictly related to the aggregatibforage species only (Brill &
Lutcavage 2001, Brill et al. 2002, Royer et al. £208nd is not used for
thermoregulatory requirements. Whether or notassociation has links to
thermoregulatory requirements, the long forays aaol water demonstrated by SBT
in this study represent a physiological capabiitych may allow this species to
capitalise on prey concentrations (when they aegsgort) by maximising the amount

of time spent in these frontal and eddy regions.

Diurnal patterns in diving behaviour have been olestin a number of tuna species
including bigeye tunalf obesus; Musyl et al. 2003); Atlantic bluefin tuna (Gunn &

Block 2001) and Pacific bluefin tuna (Kitagawa ke2800) and have been
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hypothesised to be associated with the verticatatimn of the scattering layer
(Dagorn et al. 2000; Marcinek et al. 2001; Scha&f€uller 2002; Musyl et al. 2003)
either through direct tracking of prey or trackwfgparticular light levels which may
be easiest for ambushing or detecting prey (Wa&@80). Changes in diving
behaviour on a diurnal scale associated with redbticonstant light levels, as
observed in this study, suggest that light may playmportant role in determining

the foraging depth of SBT.

8.5. Habitat preferences and behaviour on the spawn  ing
ground

Although limited, the data obtained from the onéividual that was tracked to the
spawning grounds provides an interesting insigiat ine behaviour of SBT both
during migration to the spawning grounds and wimlthe area of the spawning

grounds.

The diving behaviour of this individual differed rkadly between regions, with the
fish demonstrating relatively consistent diving &elour ranging down to 500m

whilst in the Southern Ocean, much deeper divifgabwur in the Indian Ocean and
then surface related diving behaviour in the regbtihhe spawning grounds. This
cessation of deeper diving and a transition toeserfelated behaviour appeared to be
closely associated with the occurrence of surfaogeratures greater than 24°C.
Such surface related behaviour is similar to tleudnented by other SBT in the
spawning ground region (Itoh et al. 2002) and isststent with suggestions that
spawning occurs in surface waters (Davis & Farl@913. Reasons for the change
from fairly consistent diving behaviour to depti60m to much deeper diving

when moving from the Southern to the Indian Ocearuaclear, but may be
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associated with changes in prey species targettdssociated changes in the
distribution of prey species and/or changes irthleemal properties of the water
masses experienced. Given the ability of bluefecsgs to effectively conserve heat,
thereby allowing these species to inhabit a muaenihermal range than other tuna
species (Carey & Teal 1969), the deeper diving detnated by SBT (and in
association the increased time spent in coolerrgjgite this region may have been
associated with physiological requirements to awsierheating in warmer waters as

the individual moved further north.
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9. CONCLUSIONS/OUTCOMES ACHIEVED

The data collected as part of this study repregsenajor step towards reducing
uncertainty about the spatial dynamics of a lagjagic predator, the stock of which
has been significantly reduced in sized and iktegl focus of a major pelagic fishery.
At the same time, it raises further questions dkeaeproductive schedule of
participants in the spawning stock and the locatibother important foraging areas
for this species in the Australian region. Desthieelimitations of the technology used
to collect these data (limited attachment duratenms therefore data collection
periods, variable reporting rates, limited datasraission/reception capacities and
inaccuracies in estimating position associated ga&blocation methodology),
determining such aspects of the life history of $pecies independent of the fishery
would be difficult without the use of PSATs. Currésheries data or conventional
mark-recapture datasets have not been able toderag detailed a picture of
movement. Moreover, in the case of adult SBT, theebeen very little conventional

tagging from which to infer movements.

Large SBT in the Tasman Sea clearly demonstratetauitial individual variability in
the migration pathways they utilise, their residepatterns within the Tasman Sea
and beyond and the habitats they utilise (Objestivand 2), reflecting a
physiological plasticity which allows for a maxinmg of resource exploitation in a
patchy environment. The results from this studwardiehighlight the need for a more
comprehensive understanding of the spatial dynaafitiss species and the critical
gaps in our current integration of movement intektassessments and management
models. As we build our understanding of the halpiteferences of this species and

any spatial and temporal variability in these prefiees, habitat models used for the
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spatial management of this resource can be dewtkopther to incorporate this
variability. Further information will allow the idawification of key habitats utilised by

large SBT, providing critical information for thpatial management of this species.

The success of this project in meeting its origofgkctives was hindered by two key
factors: (1) availability of SBT of an adequateesand of a suitable condition for
tagging and (2) achieving long term attachmentsa Assult, we were only able to
deploy 34 of the original 60 PSATSs anticipated asrthe 2004-2005 period and we
achieved a maximum period of attachment of 206 dagsthe majority (72 %) less
than 150 days. With only one case of a succegsicking of a SBT to the spawning
grounds we are unable to determine any clear csioris regarding Objectives 3, 4
and 5. Deployment of the remaining 36 PSATS in doation with improved

attachment rates will serve to resolve these abgst

Attempts were made to deploy PSATSs in the Indiaradowithout success. This was
primarily due to a significantly reduced domestet in the region and a lack of
encounters with SBT of an adequate size and saitadbidition. During tagging
operations in 2005, only one SBT was caught argiwhais deceased. Further attempts
at deploying PSATSs in the Indian Ocean via the oppustic deployment of tags on

domestic vessels are currently in preparation.
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10. FURTHER DEVELOPMENT

Further progress in attachment methods throughisbeof improved anchor and
tether designs has the potential to allow for @bt of long-term data. Development
of more robust tether material capable of withsitagavear of depth cut off devices
or better means to immobilise depth cut off devilesuld be considered. Current
directions of development are centred on immolmigztut off devices through
strategic placement of the devices on the tethefiaing the device to the tether with
marine resistant fixatives. Inclusion of swiveldather designs has also been
incorporated in an effort to reduce the torquedsran both the anchor and the tags

pin through which the tether is attached.

Additional improvements to the spatial and tempowmalerage of movements may
also be achievable through careful design of PSé&dlayments. Staggered
deployments both on spatial and temporal scalespr@ayde a more comprehensive
picture of movements, provided fish are accessilesearchers at key periods and
areas throughout their migration. Deployment obtagother areas throughout the
range of SBT and across wider temporal periods¢niyt the austral winter) would
serve to address problems associated with attadhdoestions and also help to
define the connectivity of SBT in different fishemyeas such as the Australian and
South African regions. Utilisation of key areasritifed as residency sites across the
spring and summer months, such as the area noghefi@asmania and southwest of
the Australian continent may serve this purposethen attempts to deploy PSATs in
the Indian Ocean on individuals moving to or frdre spawning grounds would also

serve to extend the spatial and temporal coverhgmweement.
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Position estimates calculated via light based getion methods contain a substantial
amount of uncertainty, often placing animals aeafistic locations from their actual
location and thereby limiting the spatial scales/aich positions can be interpreted.
This uncertainty is exacerbated around the timth®equinoxes due to equal day
length at all latitudes and is further compromibgdhe diving behaviour of the
animal causing reduction of light levels at dejtinther development of analyses
capable of refining geolocation estimates is rexguat two levels: (i) in the
generation of light attenuation curves to addressas with light collected at depth
during dawn and dusk and (ii) in the post-procagsaiculation and statistical
filtering of position estimates. Calculation of i@ estimates derived via
geolocation routinely incorporate the use of phgisiariables such as sea surface
temperature as used in this study, bathymetry idatldata often improving estimates
substantially. However, with the exception of tise wf Kalman filter models little
has been done to improve the statistical rigowaiculating location estimates.
Recently, further development in the calculatiopos$ition estimates using Kalman
filter models have involved the incorporation offS8atching resulting in
substantially improved movement tracks of individu&lowever, such models make
strong assumptions about the nature of geolocatians (see Sibert et al. 2003 and
Neilsen et al. 2006 for a description of the mogdahd further work investigating the
sensitivity and validity of the results of diffetestate-space models (e.g. Kalman

filters and particle filters) should be encouraged.

Development of tag technology focused on improvagreporting rates and
transmission of data would also substantially enbdahose data able to be collected

from tagged individuals. Of the 52 PSATs deploysgart of this study, six failed to
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report any data (although one was retrieved andake downloaded) and all failed to
transmit complete records of data summaries. Negiomes of PSATS recently
released onto the market have incorporated advam@eggenna technology and data
compression and have reportedly improved datartrensson rates, thereby enhancing
the retrieval of data from surfaced tags. Whethesé¢ improvements will resolve data

reception problems remains to be seen.
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12. APPENDICES

APPENDIX A: Position estimates of SBT tagged inthe  western
Tasman Sea with pop-up satellite archival tags 2001  -2005.
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Figure Al. Individual track of 28708, at liberty 13 July 200 1 to 27 July 2001.
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Figure A3. Individual track of 13275, at liberty 13 July 200 1 to 13 August 2001.
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Figure A4. Individual track of 28709, at liberty 27 July 200 2 to 20 August 2002.
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Figure A5. Individual track of 13272, at liberty 27 July 200 2 to 06 September 2002.
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Figure A6. Individual track of 20890, at liberty 10 July 200 3 to 03 August 2003.

10° 5

0°5

s

40° 5

Month

50° 5
o] ]
=
»
50°5

August

110°E 120°E 130°E 180°E 150° E 160°E 170°E 175°E

Figure A7. Individual track of 13279, at liberty 10 July 200 3 to 06 August 2003.
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Figure A8. Individual track of 13273, at liberty 10 July 200 3 to 07 September 2003.
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Figure A9. Individual track of 30466, at liberty 10 July 200 3 to 14 October 2003.
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Figure A10. Individual track of 18564, at liberty 28 July 200 3 to 01 January 2004.
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Figure A11l. Individual track of 30465, at liberty 28 July 200 3 to 24 January 2004.
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Figure A13. Individual track of 43937, at liberty 05 July 200

4 to 04 September 2004.
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Figure A14. Individual track of 43935, at liberty 05 July 200 4 to 13 December 2004.
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Figure A15. Individual track of 43925, at liberty 12 July 200

4 to 26 July 2004.
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Figure A16. Individual track of 43926, at liberty 12 July 200 4 to 03 February 2005.
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Figure A17. Individual track of 43929, at liberty 13 July 200 4 to 08 November 2004.
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Figure A18. Individual track of 43931, at liberty 13 July 200 4 to 19 November 2004.
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Figure A19. Individual track of 43928, at liberty 13 July 200 4 to 14 January 2005.
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Figure A20. Individual track of 43933, at liberty 14 July 200 4 to 02 January 2005.
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Figure A21. Individual track of 43934, at liberty 15 July 200 4 to 29 July 2004.
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Figure A22. Individual track of 43945, at liberty 30 July 200 4 to 13 December 2004.
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Figure A23. Individual track of 43943, at liberty 31 July 200 4 to 15 November 2004.
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Figure A24. Individual track of 43941, at liberty 08 August 20 04 to 29 December 2004.
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Figure A25. Individual track of 43942, at liberty 08 August 20 04 to 15 January 2005.
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Figure A27. Individual track of 43939, at liberty 29 August 20 04 to 27 November 2004.

75



Final report — DAFF Movement and residency of SBT in the Tasman Sea

E 175°E
5
w
&
n
)
]
w
£
.
w e s / : w
Month f
[ ] Algust =]
@  seplemver t
o Oetrter T a
& @  Novemnser o &
110° E 120° E 130° E 140° E 150° E 160° E 170° E 175° €

Figure A28. Individual track of 43944, at liberty 21 July 200

5 to 10 December 2005.
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Figure A29. Individual track of 46337, at liberty 22 July 200

5 to 13 September 2005.
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Figure A30. Individual track of 46339, at liberty 22 July 200 5 to 21 September 2005.
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Figure A31. Individual track of 46336, at liberty 22 July 200 5 to 29 October 2005.
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Figure A32. Individual track of 46340, at liberty 01 August 20 05 to 02 September 2005.
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Figure A33. Individual track of 46342, at liberty 19 August 20

05 to 20 October 2005.
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Figure A34. Individual track of 46343, at liberty 19 August 20 05 to 21 November 2005.
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Figure A35. Individual track of 46350, at liberty 19 August 20 05 to 27 December 2005.
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Figure A36. Individual track of 53263, at liberty 21 September 2005 to 06 February 2006.
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