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use determined by satellite tagging in eastern Australian waters

Bonnie J. Holmes - Julian G. Pepperell -
Shane P. Griffiths - Fabrice R. A. Jaine -
Ian R. Tibbetts - Mike B. Bennett

Received: 24 April 2014 / Accepted: 2 September 2014 / Published online: 19 September 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Partial migration is considered ubiquitous among
vertebrates, but little is known about the movements of ocean-
odromous apex predators such as sharks, particularly at their
range extents. PAT-Mk10 and SPOT5 electronic tags were
used to investigate tiger shark (Galeocerdo cuvier) spatial
dynamics, site fidelity and habitat use off eastern Australia
between April 2007 and May 2013. Of the 18 tags deployed,
15 recorded information on depth and/or temperature, and
horizontal movements. Tracking times ranged between four
and 408 days, with two recovered pop-up archival tags allow-
ing 63 days of high-resolution archived data to be analysed.
Overall mean proportions of time-at-depth revealed that G.
cuvier spent the majority of time-at-depths of <20 m, but
undertook dives as deep as 920 m. Tagged sharks occupied
ambient water temperatures from 29.5 °C at the surface
to 5.9 °C at depth. Deep dives (>500 m) occurred mostly
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around dawn and dusk, but no definitive daily dive patterns
were observed. Horizontal movements were characterised by
combinations of resident and transient behaviour that coin-
cided with seasonal changes in water temperature. While the
majority of movement activity was focused around continen-
tal slope waters, large-scale migration was evident with one
individual moving from offshore Sydney, Australia, to New
Caledonia (c. 1,800 km) in 48 days. Periods of tiger shark
residency outside of Australia’s fisheries management zones
highlight the potential vulnerability of the species to unreg-
ulated fisheries and the importance of cross-jurisdictional
arrangements for species’ management and conservation.

Introduction

An understanding of spatio-temporal movements of ani-
mals is of central importance when assessing the dynamics
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and interactions within and between populations (Skov
et al. 2010). Migration is a specific type of movement
that may be persistent or seasonal, often featuring highly
directional, long-distance travel (Dingle and Drake 2007,
Papastamatiou et al. 2013). Acting at multiple scales, ani-
mal migration may influence population structure, govern
ecosystem dynamics and influence evolutionary processes
and patterns of local and global biodiversity (Nathan et al.
2008). However, in most animal populations, only a propor-
tion of the population migrates—where individuals display
either a resident or migrant behaviour—a process known as
partial migration (Skov et al. 2010; Broderson et al. 2011;
Chapman et al. 2011). In addition to the well-studied vari-
ation among species and between populations within a spe-
cies, often there is within-population migratory behavioural
variation that is seldom considered (Chapman et al. 2011).
In a growing number of examples, individuals within popu-
lations show differences in migratory behaviour, with some
individuals migrating between habitats while others remain
resident in a single habitat (Dingle 1996).

With recent advances in tagging technology, our capacity
to follow the individual movements of animals has led to the
growing observation of partial migration and the factors driv-
ing it, particularly in aquatic species (Skov et al. 2010; Papas-
tamatiou et al. 2013). These factors include environmental
conditions, resource partitioning, ontogenetic diet shift,
body condition, reproductive state and predation vulnerabil-
ity (Chapman et al. 2011; Papastamatiou et al. 2013). As a
result, both the timing of migration and the resident/migra-
tory fraction in partially migrating populations are likely to
vary between years and between populations (Cagnacci et al.
2011; Mysterud et al. 2011; Broderson et al. 2011). Within
aquatic communities, recent studies suggest that all groups
of fishes demonstrate partial migration, including oceano-
dromous top predators such as sharks (Chapman et al. 2012;
Papastamatiou et al. 2013). Indeed, the partial migration of
predatory elasmobranchs, whose movement patterns may
be shaped by the dynamics of the surrounding environment,
will have consequences for ecological processes and may
influence fisheries management and conservation strategies
(Forchhammer et al. 2002; Papastamatiou et al. 2013).

The global decline in shark populations due to over-
fishing has been documented extensively (Baum et al.
2003; Myers et al. 2007; Lam and Sadovy de Mitcheson
2011; Dulvy et al. 2013). However, the scale of commer-
cial, artisanal and illegal fishing practices differs greatly
among oceanic regions. More recently, the implementation
of marine protected areas (MPAs) has been successful in
reducing shark population declines in some areas (Dulvy
et al. 2006; Bond et al. 2012; da Silva et al. 2013), but these
areas seldom encompass the full home range of larger shark
species (Knip et al. 2012). The southwest Pacific Ocean,
comprising the east coast of Australia, New Zealand and
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many South Pacific Islands, encompasses a complex of
exclusive economic zones (EEZ) and territorial sea and
archipelago waters interspersed with international high
seas. The lack of fishing regulation in international waters,
coupled with the vastly different management and monitor-
ing regimes of neighbouring jurisdictions, such as areas in
the southwest Pacific, has resulted in increased threats to
migratory shark species (Dulvy et al. 2008).

The tiger shark, Galeocerdo cuvier (Péron and Lesueur
1822), is a cosmopolitan species that occurs throughout the
tropical and warm-temperate coastal and epipelagic waters of
the world (Last and Stevens 2009). Currently listed as ‘Near
Threatened’ on the International Union for the Conservation of
Nature’s (IUCN) Red List of Threatened Species (Simpfend-
orfer 2009), G. cuvier can grow to around 550 cm total length
(TL) and is the largest species in the family Carcharhinidae
(Meyer et al. 2014). As an apex predator, tiger sharks have
the ability to exert top-down pressure on marine ecosystems
(Heithaus et al. 2008), such that the timing and extent of their
movements may affect both population and trophic dynamics
across a range of habitats (Skov et al. 2010). Studies of tiger
sharks at various locations around the world have reported
long-distance movements across the open ocean (Holland et al.
1999; Heithaus et al. 2007; Hammerschlag et al. 2012; Werry
et al. 2014) and have revealed that individuals return to specific
areas on a regular basis (Lowe et al. 2006; Fitzpatrick et al.
2012). Such site fidelity by some shark species has been attrib-
uted to foraging (Meyer et al. 2009), mating (Pratt and Car-
rier 2001), parturition (Baker et al. 1995) and the use of natal
nurseries (Knip et al. 2012). In addition, habitat use may be
related to size, with smaller sharks occupying different habitats
to larger sharks in order to avoid predation (Lowe et al. 1996).
As tiger sharks mature, their movements presumably include
elements of exploration that enable them to discover new for-
aging grounds over time (Meyer et al. 2009). Holland et al.
(1999) concluded that individual tiger sharks in Hawaii rou-
tinely utilised certain long-distance ‘travel paths’. At high lati-
tudes, seasonal migrations have also been identified (Heithaus
2001; Wirsing et al. 2006). The drivers for these migrations
are thought to be changes in water temperature and prey abun-
dance, although the degree to which each of these factors con-
tribute to movement behaviours and habitat use is unknown
(Heithaus et al. 2001; Heithaus and Dill 2002; Meyer et al.
2009). More recently, Papastamatiou et al. (2013) surmised that
tiger sharks in Hawaii are discretionary partial migrators that
use conditional strategies based on both fixed intrinsic states
(i.e. age and sex) and flexible extrinsic states (i.e. prey abun-
dance and water temperature) to determine habitat use. How-
ever, the study concluded that using horizontal movement data
alone could not verify the factors that drive partial migration
and that collection of other behavioural data were needed.

On the east coast of Australia, tiger sharks occur sea-
sonally to Merimbula (36°54’S 149°55’E) in southern
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New South Wales (NSW) during late summer (Last and
Stevens 2009). Water conditions during these warmer
months are characterised by increased surface flow over
the continental shelf by the southward-flowing East
Australian Current (EAC), with deeper thermoclines
(50-200 m) and stronger eddies into the Coral and Tas-
man seas (Ridgway and Godfrey 1997; Steinberg 2007).
Tiger sharks in these waters are targeted by commer-
cial and recreational fishers (Chan 2001; Williams 2002;
Macbeth et al. 2009), as well as by foreign vessels fish-
ing illegally (Field et al. 2009). Governmental ‘culling’
operations through managed shark control programmes
have also been in place at selected coastal regions of
Queensland (QLD) and NSW for over 50 years (Paterson
1990; Reid and Krough 1992). Despite the range of fish-
eries that interact with G. cuvier, a lack of species-spe-
cific reporting in most Australian commercial fisheries,
coupled with the species’ broad geographic distribution,
movement capabilities and solitary nature, has made it
difficult to determine accurate catch rate and population
estimates. While tiger shark populations in tropical north-
eastern Australian waters appear stable (Simpfendorfer
1992; Holmes et al. 2012), catch rate declines have been
identified in the southern subtropical QLD and warm-tem-
perate regions of NSW (Park 2007; Reid et al. 2011; Hol-
mes et al. 2012). The scale, duration and periodicity of
movements of individual tiger sharks likely influence the
inter-annual variability observed in local catch rates, par-
ticularly at higher-latitude locations (Holmes et al. 2012).
Therefore, identifying the extent of resident versus migra-
tory behaviour in these areas is imperative, particularly
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as catch rates are often used as a proxy for population
abundance (Maunder and Punt 2004; Lynch et al. 2012;
Tavares et al. 2012). Further, collection of biological and
environmental data may identify the intrinsic (i.e. sex and
age) and extrinsic (i.e. water temperature) factors needed
to develop future population models, better interpret catch
rate data and implement region-specific conservation ini-
tiatives in the future.

To better understand the movement and behavioural
ecology of tiger sharks on the east coast of Australia, the
objectives of this study were to: (1) assess tiger shark spa-
tial dynamics, site fidelity and habitat use off eastern Aus-
tralia, (2) determine whether horizontal and vertical habitat
use patterns vary according to shark size and/or sex and (3)
identify migratory paths and investigate tiger shark connec-
tivity across the broader western Pacific Ocean.

Materials and methods
Study sites

Tiger sharks were captured for tagging in both nearshore and
offshore shelf waters at a number of locations throughout
south-eastern Australia between April 2007 and April 2012.
In QLD, tagging locations included the Sunshine Coast (25°
52'S 152°33’E), Bundaberg (24°30'S 153°15'E) and one
location further north at Batt Reef (16°23’S 145°46’E) on the
Great Barrier Reef. In NSW, tiger sharks were tagged at four
locations on the Central Coast (33°17’S 151°11’E) and at two
locations on the South Coast (34°35'S 150°52'E) (Fig. 1).
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Fig. 1 Study site on the east coast of Australia. Individual tracks of tiger sharks are plotted by large (>2.5 m TL) and small (<2.5 m TL) ani-

mals. Tagging locations indicated by white stars
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Specimen capture and electronic tagging

Sharks in nearshore waters were captured using single
18/0 J-hook drumlines baited with either mullet (Mugil
cephalus) or unidentified shark flesh. Tiger sharks in off-
shore waters were attracted using chum (mixed fish mince)
and captured on rod and line equipped with a single 10/0
tuna circle hook baited with an oily fish such as small mack-
erel tuna (Euthynnus affinis) or bonito (Sarda australis).
Captured sharks were secured in a head-forward position
next to the vessel and secured by a tail rope to ensure the
animals remained close to the boat in preparation for tag-
ging. An additional rope was also secured immediately pos-
terior to the pectoral fins. A slow forward boat speed of 1 kn
was maintained to ensure that water continued to pass over
and the gills to oxygenate the blood. Total length (TL), fork
length (FL), pre-caudal length (PCL), sex, tagging location,
time and sea surface temperature (SST) were recorded for
each shark.

Two types of electronic tags were used to track the move-
ments and habitat utilisation of tiger sharks: the Wildlife
Computers Mk10 Pop-up Archival Tag (PAT) and the Smart
Position and Temperature Transmitting Tag (SPOTS). A
40-cm hand-held tagging pole was used to attach the PAT to
the shark lateral to the base of the dorsal fin. Each PAT was
tethered by two 6-cm strands of 135 1b nylon-coated stainless
steel leader, crimped to a SPRO heavy swivel and attached
to a 5-cm stainless steel dart head that was inserted into the
dorsal musculature of the shark. Crimps were further covered
using blue heat-shrink plastic tubing. SPOTSs were fitted
to the upper portion of the first dorsal fin using nylon bolts
passed through the fin and secured with stainless steel nuts.
These tags were fitted so that the wet/dry sensor was out of
the water when the upper dorsal fin broke the surface of the
water.

Tag programming

All PATs were programmed to release after 180 days and
then transmit archived data to the Argos system of polar
orbiting satellites (www.argos-system.org). Time-at-tem-
perature (°C) and time-at-depth (m) histograms were pro-
grammed in 14 user-defined bins. Temperature was measured
in 2 °C increments from 6 to >30 °C (resolution = 0.05 °C;
accuracy = £0.1 °C), while depth was measured from 0 m
to >1,000 m (resolution = 0.5 m; accuracy = +1 m for
0-100 m range, =1 % of reading for 100-1,000 m range).
Each tag was programmed to record ambient light, tempera-
ture and depth at 10-s intervals. Although these tags could
only deliver data aggregated over 4-hourly periods for the
specified data bins via the Argos satellites, the entire high-
resolution data record could be retrieved from recovered
tags. A premature release mechanism was programmed to
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indicate a mortality event, whereby the tag would detach
from the tether if the tag recorded a constant depth (+2 m)
for a period greater than 96 h. For the SPOT3s, temperature
(°C) was recorded in 12 bins in 2.5 °C increments from <5
to >32 °C. Tags were programmed to transmit location and
temperature data to Argos satellites whenever the tag was
exposed to the air when the shark was on the surface.

Data analyses

Igor Pro V6.22A and R V2.15.1 (R Core Team 2012) were
used to plot vertical habitat use against temperature. Daily
positions for PATs were estimated from raw ambient light
data using the Wildlife Computers Global Position Estima-
tor (WC-GPE) software (www.wildlifecomputers.com).
Dawn/dusk light-level data were extracted using Wild-
life Computers Argos Message Processor (WC-AMP),
and daily latitudes and longitudes were estimated using
WC-GPE. Daily records with poor dawn/dusk light-level
curves were excluded from the analyses. Daily positions
were estimated using an unscented Kalman filter (UKF),
a state-space model applied to light-level measurements
using R statistical software (Lam et al. 2008). Position
estimates can be improved by matching sea surface tem-
perature (SST) recorded by a tag when near the surface
with remotely sensed SST data (Nielsen et al. 2006).
Although this was undertaken for our tags, it proved
unsuccessful either in improving position estimates or
even reducing the variance around the light-only estimates.
The reconstruction of movement tracks derived from the
position estimates from light-only data was plotted using
ArcGIS 10 (www.esri.com). Tracks were then regular-
ized to one position per day to reduce variability associ-
ated with temporal frequency of positions (Aebischer et al.
1993), and kernel density was calculated to observe habitat
use in ArcGIS [spatial analyst/kernel density]. Step lengths
were calculated using geodetic distances calculated in R
(Jaine 2013). Rate of movement (ROM) was calculated by
dividing step length (in kilometres) between pairs of mean
estimated positions by the time (in hours) between posi-
tion fixes.

Tiger shark diel movements were examined using
binned depth data collected by the PAT deployments.
Data bins comprised 4 h of recorded information starting
at 2000, 0000 hours (midnight), 0400, 0800, 1200 hours
(midday) and 1600 hours. Some day/night overlap
occurred between the approximate hours of 0400-
0600 hours in the morning and 1600-1800 hours in the
evening, depending on the time of year. In order to fur-
ther adjust for potential errors associated with the overlap
periods, day/night graphs of depth and temperature were
plotted using Igor Pro software. A fast Fourier transform
(FFT) analysis was conducted on the full archive data
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from recovered tags to examine diel periodicity in vertical
movements within the water column.

For the SPOT35s, the position of the tag was determined
during each transmission by the Argos satellite system. The
accuracy of position estimates is reported in seven loca-
tion classes (LC) of 3, 2, 1, 0, A, B and Z, with LC3 the
most reliable (error <250 m), while LC2 = 250-500 m,
LC1 = 500-1,500 m, LCO to LCB = >1,500 m, LCZ = no
position (CLS 2011). Position fixes were used from loca-
tion data with a LC of 3—1 only. Movement and kernel den-
sity data were calculated using the same method applied to
PATs. Individuals were separated into large (>2.5 m TL)
and small (<2.5 m TL) sharks on map plots to establish
horizontal movement patterns in relation to size. The mag-
nitude and distribution of errors from Kalman filter loca-
tion estimates have been assessed previously, with mod-
elled PAT data providing comparable geolocation estimates
to SPOTS5 data (Holdsworth et al. 2009; Sippel et al. 2011).
As such, kernel density is presented as a percentage of

daily average positions for all sharks, with the 95 and 75 %
contours highlighting core regions of occupancy.

Results
Tag deployments

A total of 18 tiger sharks were tagged with either PATs or
SPOTS5s off the coastal areas of QLD and NSW (Fig. 1;
Table 1). Of these, two appeared lethargic at release (TS#16
and TS#18) and were subsequently presumed to have died
as the deployed SPOTS5s did not transmit. In addition,
despite the release of TS#11 in apparently healthy condi-
tion, the deployed PAT failed to transmit. TS#9 appeared
to have died after 5 days at liberty as the depth profile indi-
cated a dive of over 1,760 m for longer than 96 h, prompt-
ing the premature release of the PAT. Of the 15 tagged
sharks yielding data, geolocation maps were estimated for

Table 1 Summary of shark biological details and tag deployments for Galeocerdo cuvier off of eastern Australia

Shark ID  Sex Total length  Date tagged Tagtype Daysat  Tracklength Meanstep Meanspeed Max depth  Min temp
(cm) liberty (km) length (km hour™")  (m) °O)
(km day™")
TS#1 M 310 17/04/07 PAT 14 798 66.5 3.8 672 7
TS#2 F 320 5/05/07 PAT 48 2,431 41.2 2.1 920 6
TS#3 F 200 18/11/07 PAT 58* 2,485 36.6 2.6 872 59
TS#4 F 165 24/11/07 PAT 11 320 16.9 1.1 328 7
TS#5 F 350 2/02/08 PAT 4 - - - 512 12
TS#6 F 335 5/04/08 PAT 5% - - - 382 12.8
TS#18 F 230 2/07/09 SPOT - - - - - -
TS#7 M 180 22/07/09 SPOT 103 649 14.8 14 n/a 7.6
TS#8 F 152 10/04/10 PAT 12 1,923 80.1 3.4 336 19
TS#9 F 310 25/09/10 PAT 9 258 323 3.0 156 20.6
TS#10 F 290 25/03/11 SPOT 165 1,980 46.0 4.1 n/a 12.9
TS#11 F 175 24/04/11 PAT - - - - - -
TS#12 F 260 24/07/11 PAT 6 2.5 0.42 0.02 376 14
TS#13 F 150 21/01/12 PAT 29 1,426 118.9 2.7 480 9
TS#14 F 245 27/03/12 PAT 28 4,212 135.9 6.8 904 7
TS#15 F 250 8/04/12 SPOT 408 15791° 50 1.5 n/a 6
TS#16 M 288 15/04/12 SPOT - - - - - -
TS#17 F 210 27/04/12 SPOT 107 3,020 29.0 1.0 n/a 13.6
Total 1,007 19,505 - - - -
Mean 67.13 2,715 51 2.6 539 10.69
Median 28 1,923 41.2 2.6 480 9
SD 105.57 4,116 40 1.74 263.59 4.76

Tags on sharks TS#18, TS#11 and TS#16 failed to transmit data. The UKF state-space model could not determine accurate tracks for short-term
PAT deployments on TS#5 and TS#6. Due to potential error around calculated daily position estimates for PAT, mean step length and speed for

these sharks are indicative only
 Tag recovered

® First 300-day deployment
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13 sharks, with TS#5 and TS#6 having insufficient dawn/
dusk information to allow the geolocation models to con-
verge. Depth and temperature profiles were, however,
obtained from all 15 sharks.

Days at liberty for PAT-tagged tiger sharks were between
four and 58 days (mean = 20 days). Fin-mounted SPOT5s
remained on fish for longer, transmitting for periods of
between 103 and 408 days (mean = 190 days) (Table 1).
The quality of the location classes was noticeably reduced
after approximately 300 days at liberty, with several weeks
lapsing between retrieval of usable LC3-1 quality data. As
a result, the distance calculations for TS#15 (Table 1) were
restricted to the first 300 days of deployment to reduce the
potential error in overall estimates. Two of the PATs were
recovered, providing 63 days of high-resolution archived
data. Of the remaining nine PATSs, 91 £ 4 % (mean and SD)
of the transmitted data were successfully decoded. Mean
daily movements ranged from 0.42 to 135.9 km day~!
(£40 km day~!), with an average speed of 2.6 km h™!
(£1.74 kmh™").

Season, size and sex

Fishing trips were conducted across all seasons, with
most tiger shark catches occurring in NSW from spring to
early autumn (11 of 13 captures). Three of five captures in
QLD occurred during the winter months. Of the 18 sharks
tagged, only three were males, of which only two yielded
tracking data. The majority of tiger sharks tagged in this
study were either juvenile or sub-adults, with possible
exception of five individuals over 310 cm TL (Table 1).
While the calcification state of the claspers was not noted,
mating scars were not obvious on any of the females
examined during tag deployment. Shark size did not influ-
ence distances travelled (x> = 0.41, df = 1, p > 0.05) or
inshore/offshore habitat preferences. TS#7, however,
did show strong site fidelity to the waters near the Noosa
region (26°23’S 153°9’E) throughout its 103-day tag
deployment. As a result, TS#7 had the highest percentage
(28 %) of time at cooler temperatures (18.1-20.6 °C) dur-
ing winter, in contrast to other sharks that moved offshore
into warmer shelf waters.

Vertical habitat use: depth and temperature

Tiger sharks spent considerable time in the epipelagic
zone above the thermocline in depths of less than 100 m,
but were recorded diving to depths of up to 920 m.
Water temperature ranged from 29.5 °C at the surface
and 5.9 °C at depth (Table 1). Overall, binned depth
and temperature profile data indicated that tiger sharks
spent the majority of their time at shallow depths and
warm temperatures. Mean proportions of time-at-depth
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for PAT-tagged individuals (n = 9) revealed that 59 %
of their time was spent at depths of <20 m and 87 % of
their time in <50 m (Fig. 2a). The use of the upper water
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column was also reflected in the water temperature pro-
files, with over 50 % of the deployment time spent in
the 24°-26 °C temperature bin (Fig. 2b). Conversely,
SPOT5-tagged individuals (n = 4) spent approximately
60 % of the time in the slightly cooler 20.7-23.2 °C tem-
perature bin (Fig. 2c).

Depth profiles obtained from four-hourly binned data
did not indicate any clear diel patterns, though the vertical
range was broader during the night (night: 322 4+ 138 m;
day: 220 £ 263 m; paired ¢ test, t = —4.238, n = 128,
p < 0.001) (Fig. 3 for (a) TS#1, (b) #2, (c) #13, (d) #14).
Analysis of the full high-resolution archived data from
TS#3 indicated that deep dive (>500 m) durations were
often brief. For example, the deepest return dive from the
surface to 872 m occurred at 0555 h on 21/12/07 and took
just 37 min to complete (Fig. 4a). Patterns of oscillatory
or yo—yo diving behaviour appeared evident at shallower
depths (c. 150-200 m). These dives were characterised
by longer durations at depth (=15 min per dive) and
interspersed with regular returns to the surface over many
hours (Fig. 4c). Similar dive types were also evident from
recovered archived data from the shorter deployment on
TS#6 (Fig. 4b, d). The FFT analysis conducted on TS#3
archival data did not identify any diel pattern in diving
behaviour.

Horizontal movements and kernel density

High-quality long-term horizontal movement tracks were
obtained for two small and two large (£250 cm TL) SPOT5-
tagged tiger sharks (TS#7, #10, #15, #17; Fig. 1). The
smallest of these individuals (T'S#7) remained within 80 km
of its tagging location. Two sharks (TS#15 and TS#17) were
tagged in temperate NSW waters in the austral autumn and
travelled north to subtropical QLD waters during the winter
months (June—August). The longest tag deployment (TS#15;
408 days) then returned to NSW waters in the austral spring
(October) and continued to move down the east Australian
coastline throughout summer to offshore from Eden (37°4'S,
149°54’E) near the NSW/Victoria state border. By April
(austral autumn), TS#15 had returned to the offshore waters
adjacent to Sydney where it had been tagged at the same
time the year before. TS#10 stayed predominantly in QLD
waters for the duration of the tag deployment and moved to
warmer (>20 °C) offshore shelf waters in the winter months.
When transiting the coast, TS#10, #15 and #17 all travelled
along the shelf edge, making infrequent visits to nearshore
waters. The average ROM for these four sharks over the
duration of their tag deployments was 14.8 & 13 km day
(TS#7), 46 + 61 km day ' (TS#10), 50 + 346 km day !
(TS#15) and 29 4 60 km day~! (TS#17), respectively.
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Fig. 4 Dive archive for TS#3 (sub-sampled for a 2-week period) and TS#6 (sub-sampled for a 1-day period). Secondary graphs depict brief

deep diving behaviour (a, ¢) and yo—yo diving behaviour (b, d)
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Fig. 5 Kernel density analysis
showing areas of high use by G.
cuvier off of the east coast of

Australia 15°S
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25°S
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35'S

40°S

Space use
(Kernel density)

The UKEF state-space model provided corrected move-
ment tracks for 11 PAT-tagged sharks (Fig. 1). The major-
ity of sharks tagged off NSW maintained a localised
(c. 400 km) range between Port Macquarie (31°25'S,
152°54’E) and Bega (36°40'S, 149°49’E). Three sharks
(TS#8, TS#13 and TS#14) moved further south past the
Victorian state border to offshore Tasman Sea waters. TS#2
undertook the greatest migration (c. 1,800 km straight line
distance) from offshore Sydney to Nereus Reef, east of
the Chesterfield Islands group in New Caledonian waters.
Both PAT-tagged sharks in QLD (TS#9 and TS#12) moved
immediately to deeper waters after tagging, with TS#9 trav-
elling from Noosa (26°22'S, 153°9'E) to the QLD/NSW
border in 9 days.

Kernel density analysis using the daily locations of
each tiger shark showed that the main areas of activ-
ity (between 95 and 100 %) for the sharks tagged in this
study were off Seal Rocks (32°27'S, 152°31’E) and Port
Macquarie in NSW. Other areas of high use (between
50 and 94.9 %) were identified on the Sunshine Coast
between Noosa and Double Island Point (25°56’S,
153°11’E) in QLD (Fig. 5). High-use areas in NSW were
predominantly confined to continental slope waters,
whereas activity in QLD waters was typically in offshore
continental shelf waters.
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Discussion

This study represents the first to observe migratory behav-
iours of tiger sharks near to the southern extent of their lati-
tudinal range in the south-western Pacific Ocean. Although
the sample size was small (n = 15) and restricted to pre-
dominantly female sub-adults, there were several broad
similarities in behaviour among individuals including
wide-ranging patterns of movement and visitation to the
same locations. This is consistent with studies elsewhere
that have shown tiger sharks to alternate between localised
and extensive movements that may encompass a variety of
habitats (Holland et al. 1999; Heithaus et al. 2007; Meyer
et al. 2010; Hammerschlag et al. 2012). Further, horizon-
tal movements were similarly characterised by transient
behaviour, through directional swimming of up to sev-
eral hundred kilometres (Holland et al. 1999; Jorgensen
et al. 2010; Meyer et al. 2010; Papastamatiou et al. 2011),
coupled with smaller scale (<25 km) resident behaviour,
through area restricted swimming that repeatedly cover
the same areas (Meyer et al. 2009; Jorgensen et al. 2010).
Seasonal pole-ward movements into waters over 40°S
were also identified, which is further south than previously
reported for the species in this region. Daily step lengths
recorded in this study provided estimates of movement
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speed for G. cuvier. Due to the potential statistical errors
arising from the accuracy of PAT geolocation data, the geo-
detic distances calculated for PAT-tagged individuals are
indicative only and may not be accurate. Nonetheless, the
mean speed (km hour™!) and mean step lengths (km day ')
observed were similar to those reported in other tiger shark
tagging studies elsewhere (Holland et al. 1999; Stevens
et al. 2000; Kohler and Turner 2001).

In this study, movement paths on the Australian east
coast were most often associated with the 200 m shelf-edge
isobath or mid-continental shelf areas, with infrequent vis-
its to nearshore waters. Bathymetric features such as the
shelf-edge isobath or underwater seamounts may serve as
navigational aids, particularly during broad-scale move-
ments (Klimley 1993; Litvinov 2007). This was evident
during the migration of TS#2, which after leaving the Aus-
tralian EEZ travelled along the Lord Howe Rise, a deep-sea
marginal plateau surmounted by small volcanic islands and
seamounts that is influenced by eddies shed from the EAC
(Harris et al. 2012). Ocean currents may also influence
tiger shark movements (Hazin et al. 2013), and the sea-
sonal fluctuations in the strength of the southward-flowing
EAC likely contribute to the time spent in offshore waters
in this region. Indeed, the unique oceanography parallel
to the Australian coast between 32° and 39°S is known as
‘Eddy Avenue’, an area commonly containing large anticy-
clonic eddies causing sea surface temperature anomalies in
the region. Smaller cyclonic eddies are also common and
promote higher chlorophyll a levels (Everett et al. 2012).
Warmer temperatures and higher levels of primary produc-
tivity may explain the use of these habitats by tiger sharks,
particularly during the austral summer.

Latitudinal range extension during the summer months
was realised through long-term (>100 day) deployments of
SPOTS tags. Retraction from temperate NSW waters into
subtropical QLD waters occurred when water tempera-
tures dropped below 19 °C (July—September) and when the
southward-flowing EAC is at its weakest (Ridgway and
Godfrey 1997). Interestingly, both sharks that were SPOT5-
tagged in NSW undertook very similar travel paths north
into QLD waters at the same time of year. These move-
ments, coupled with reduced commercial and recreational
catches of sharks in NSW in the winter months, indicate
that perhaps year-round residency at latitudinal extremes
(>30°S) for this species is rare. Indeed, targeting behaviour
of shark game fishers in NSW shifts to short fin mako (Zsu-
rus oxyrinchus) in the colder months due to the scarcity of
tiger sharks (Stevens 1984; Pepperell 2008). Further, due
to historically low catches of ‘dangerous’ sharks in winter,
including tiger sharks, since 1982 the NSW Shark Meshing
Program has routinely removed shark nets from beaches in
the May—August period each year to mitigate against whale
entanglements (Green et al. 2009). Although latitudinally

@ Springer

lower than NSW, Heithaus (2001) also reported a signifi-
cant reduction in winter catch rates of tiger sharks when
water temperatures dropped below 20 °C in Shark Bay,
Western Australia (25°45'S, 113°44’E). Of the two long-
term SPOT5s deployed in QLD, both individuals remained
in the subtropics into late spring when other tagged sharks
were observed returning to NSW. This residency behav-
iour is supported by year-round commercial fishing and
QLD shark control captures of tiger shark in southern QLD
(DEEDI, unpublished data; Holmes et al. 2012), indicating
that individual decisions to move within warmer subtropi-
cal waters may not be influenced by extrinsic temperature
factors alone. Indeed, Papastamatiou et al. (2013) found
that variations in warmer water temperatures (23-26 °C),
coupled with chlorophyll a concentrations, were probably
proxies for marine productivity, thus influencing tiger shark
utilisation of other areas.

Despite a seemingly clear correlation with water tem-
perature, there are other extrinsic factors that may influence
shark movements, such as prey availability. Such factors
are harder to identify, although annual, seasonal movement
of tiger sharks to particular foraging areas has been docu-
mented (Lowe et al. 1996; Fitzpatrick et al. 2012). Indeed,
the stronger EAC currents flowing southward during the
warmer months mark a seasonal biome shift in this region,
which influences the distribution of pelagic fishes such
as tunas, kingfish, mackerels and billfishes (Kailola et al.
1993; Gillanders et al. 2001; Lowry and Murphy 2003; Zis-
chke et al. 2012), as well as spawning activity by deep-sea
fishes on seamounts (Rowling et al. 2010). Offshore move-
ments of tiger sharks in Hawaii have also been linked to
patterns in oceanic productivity (Meyer et al. 2010). Sea-
sonal habitat use is likely employed by tiger sharks as an
important feeding strategy as it can facilitate the exploita-
tion of different prey arenas, reduces competition among
conspecifics and may afford them a level of surprise on
unwary prey (Papastamatiou et al. 2006; Meyer et al. 2009).

Given the maturity state of the individuals in this study,
it is unlikely that the use of the southern sites by these
sharks was due either to mating or parturition. Considera-
tion of other intrinsic states (i.e. age and sex) on the collec-
tive movement of tiger sharks was difficult due to the lim-
ited number of long-term tagged animals of both sexes. The
strong site fidelity to inshore habitat exhibited by TS#7, a
180-cm TL male, was markedly different from other small
female tiger sharks tagged offshore in this study (e.g. TS#8,
TS#13) which exhibited much wider-ranging movements.
Although the ability for juveniles to undertake wide-rang-
ing movements has been documented elsewhere (Meyer
et al. 2009; Papastamatiou et al. 2013), intraspecific differ-
ences in habitat use may also be a behavioural feature of
tiger sharks (Vaudo et al. 2014). Meyer et al. (2010) sur-
mised that different patterns of behaviour may result from
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unique, individual learning experiences, such as learning
to exploit a particular prey patch. This might serve as a
mechanism for intraspecific resource partitioning and may
give rise to prey specialisation among individuals. Verti-
cal habitat use of surface and deep waters (>500 m) was a
ubiquitous trait exhibited by all sharks regardless of size.
While tiger sharks in this region made occasional excur-
sions below the thermocline (>100 m), the majority of
time (72 %) was spent in the upper mixed layer between
0 and 30 m. Frequent use of the upper 5 m of the water
column (29 %) was consistent with other tiger sharks from
the north-west Atlantic (Vaudo et al. 2014), but was sur-
prisingly in contrast to other G. cuvier tagged off of north-
ern Australia and Hawaii, which spent the majority of the
time-at-depths around 50-100 m. Minimum temperatures
recorded during deep diving excursions of around 6-7 °C
in this study were unexpected given the species’ tropical
classification. In addition to their deep diving behaviour,
occasional residence in cooler nearshore waters in winter
and movements south into temperate waters indicate that
tiger sharks are clearly capable of occupying cooler water
masses for reasonable periods, but still spend the majority
of their time at the highest water temperature ‘available’
during their migrations (Brill et al. 1993).

Analysis of the full archived dive data from TS#3 and
TS#6 revealed complex vertical use of the water column.
Brief deep dives to over 500 m were made throughout the
tag deployments and typically occurred around dawn and
dusk. These dives were often characterised by rapid, almost
vertical descents to well below the mixed layer followed
by more gradual ascents to the surface, which is consist-
ent with the powered swimming performed by tiger sharks
in Hawaii (Nakamura et al. 2011). By contrast, continual
shallower dives to around the thermocline (150-200 m)
over several hours were also observed, with periods of up
to 15 min spent at depth before returning to the surface.
Previous studies have collectively coined these vertical
movements as oscillatory or ‘yo—yo’ dives and attributed
them to a range of potential behaviours, including ther-
moregulation, swimming efficiency, foraging and naviga-
tion (Carey and Scharold 1990; Holland et al. 1999; Klim-
ley et al. 2002; Heithaus et al. 2002; Weng et al. 2007,
Nakamura et al. 2011; Vaudo et al. 2014). The distinctive
differences between singular ‘deep’ diving and concurrent
‘oscillating’ dive behaviour identified in this study may be
indicative of two discrete diving behaviours in tiger sharks.
Holland et al. (1999) postulated that brief deep dives of
tiger sharks in Hawaii served as a mechanism of orienta-
tion between shallow banks. Indeed, the most consistent
deep diving behaviour observed in the present study was
undertaken by migrating TS#2, which correlated directly
with the time of its directional swimming along the Lord
Howe Rise strongly suggesting that it may have been using

the plateau topography as a navigational aid. Although data
were binned for this animal, the recovered tags from TS#3
and TS#6 revealed that all dives below the thermocline
were brief, with total excursions not exceeding &~ 30 min.
Deep orientation diving to the platform edge has also been
identified in north-west Atlantic tiger sharks (Vaudo et al.
2014), indicating that this behaviour is probably ubiqui-
tous across the species. Oscillating or ‘yo—yo’ dive behav-
iours were characterised by a sequence of shallower dives
followed by regular returns to surface waters over several
hours. Based on location data for TS#3, dives to 150-200
m were not associated with the continental shelf edge.
More likely, these dives are undertaken to the edge of the
deep thermocline created by the summer flow of the EAC
along this coastline (Steinberg 2007). Other studies focus-
ing on tiger shark dive behaviours using data loggers and
high-rate data recording tags also found that depth distribu-
tions did not appear to be related to horizontal movements,
thermoregulation, sex or size factors and that yo—yo diving
might be an optimal search strategy to detect prey (Naka-
mura et al. 2011; Vaudo et al. 2014). As such, we suggest
that the yo—yo diving observed here is also consistent with
prey searching behaviour, whereby olfactory cues that dis-
perse along the horizontal layers may be encountered with
the highest probability (Klimley et al. 2002; Weng et al.
2007). Concomitantly, tiger sharks appear to rely on stealth
as a foraging tactic and using the water column vertically in
this way allows them to attack prey from below, reducing
the number of escapes routes particularly for near surface-
dwelling prey (Heithaus et al. 2002). A diet study by Chan
(2001) revealed that the major taxonomic group found in
the stomachs of tiger sharks in NSW was shearwaters
(Puffinus spp.) (41.9 %), with a high proportion also con-
sisting of cetaceans (19.4 %). Selection for these prey in
temperate waters when other favoured warm-water species
are not available (i.e. marine turtles, sea snakes; Simpfend-
orfer 1992) likely influences the diving and hunting strate-
gies employed by tiger sharks in this region.

By deploying satellite tags on tiger sharks to identify
patterns of habitat use and the environmental determinants
of movement and migration, it is immediately apparent
that they are tolerant of a range of environments while
also able to actively respond to environmental dynamics
and disperse into new habitats. This was evident from the
residency behaviour interspersed with the highly direc-
tional transient movements observed in this study. Cou-
pled with the vertical habitat use data, tiger sharks in this
region clearly undertake migrations from subtropical QLD
to exploit the seasonally warm and prey abundant waters
of NSW. There was no evidence of year-round residency in
these southern waters, perhaps indicating that contrary to
the partial migration observed in subtropical waters, ‘com-
plete’ migration may occur at the latitudinal extent for this
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species. While we acknowledge that the small sample size
of this study may not have identified winter residents in
NSW, we demonstrate that inter-annual variability in local
abundances is considerable. Further, considering the inter-
individual variation in both horizontal and vertical move-
ments, it is likely that tiger sharks are incidental in their
exposure to most fisheries and only as subset of the popu-
lation will be vulnerable to local fisheries at a given time
(Vaudo et al. 2014). As such, care should be taken when
interpreting catch rate information as an indicator of pop-
ulation abundance of highly mobile marine animals, par-
ticularly at their latitudinal extent. With the identification
of broad-scale migration occurring across the Coral Sea,
local conservation initiatives alone may not be adequate in
reducing the threats facing migratory sharks in this region.
Our findings further emphasise the need to address marine
conservation issues at both a local and an international
scale.
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