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Abstract

Marine turtles encounter different threats during various life-history stages. Therefore, understanding their movements and
spatial distribution is crucial for effectively managing these long-lived migratory organisms. This study combines satellite
telemetry data with long-term capture-mark-recapture data derived from flipper tag studies to determine distribution patterns
of endangered loggerhead turtles (Caretta caretta) during post-nesting migrations from different eastern Australian nest-
ing sites. Individuals from the K’ gari-Fraser Island and Great Barrier Reef island rookeries typically migrated northward,
whereas individuals from mainland rookeries migrated equally northward and southward. Despite this difference in forag-
ing distribution, loggerheads from the different rookeries did not differ substantially in their migration duration or distance
travelled. The foraging distribution identified from successful satellite tag deployments represented 50% of the foraging
distribution identified from a large long-term flipper tag recovery database. However, these satellite telemetry results have
identified new migration and foraging habitats not previously recognised for loggerhead turtles nesting in eastern Australia.
Additionally, they support the conclusion from a past study using flipper tag recovery data that the mainland nesting tur-
tles migrate to different foraging grounds than the turtles nesting on Great Barrier Reef islands. Collectively, the two data
sources provide valuable data on the migration route, habitat distribution and ecological range for a threatened genetic stock
of loggerhead turtles.
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Introduction

Migration between resident foraging and breeding sites is
a key component in the life history of many marine spe-
cies. As such, understanding behaviour of animals during
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these phases is a necessary basis for quantifying their vul-
nerability to threats. For air-breathing marine species that
navigate through oceanic waters, and often remain underwa-
ter for extended periods of time, studying their movements
and behaviours during their migration and at foraging sites
presents additional challenges not encountered with ter-
restrial species. While these challenges were surmounted
through the application of tagging and capture-mark-recap-
ture (CMR) systems (e.g. using natural markers with photo
identification, fin clipping, tagging [bird bands, turtle flip-
per tags, PIT tags]), more recently applied techniques such
as telemetry methods (e.g. acoustic, GPS satellite), remote
sensing, and analysis techniques for tracking now provide
valuable insight towards behaviour and ecological range of
migrating marine species (Dingle 2014; Hussey et al. 2015).

The post-nesting migration of marine turtles was first
studied using flipper tags in CMR studies and has been use-
ful in determining information such as the distribution or
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demographic parameters of migrating adults (Bustard and
Limpus, 1971; Schroeder et al. 2003). Although this method
can determine migration end points and the extent of spe-
cies distribution, satellite-based telemetry provides detailed
information on the movements and behaviours of turtles
such as the route travelled, stops made along that route, div-
ing behaviour, and water temperature, among other types
of information (Schroeder et al. 2003; Godley et al. 2008).
Titanium and Inconel flipper tags have enabled the tracking
of movements and habitat use with individual marine turtles
across decades (Limpus and Limpus 2003) while current
satellite telemetry technology is limited to tracking turtles
over short durations, often less than a year, as in the current
study. Over time, advances in satellite tag technology, such
as the advent of Fastloc-Global Positioning System (GPS)
that has allowed for more accurate locations and can receive
signals in just milliseconds, have facilitated the tracking of
air-breathing marine organisms that may only surface briefly
(Dujon et al. 2014; Thomson et al. 2017). Collectively, the
information derived from either CMR or telemetry stud-
ies has been used for analysis of fine-scale movements and
behaviours of marine turtles during migration, and identifi-
cation of foraging sites (Limpus and Limpus 2001; Troéng
et al. 2005; Shimada et al. 2020). This information provides
an important basis for the management of threats to migrat-
ing species and improving understanding of ecological range
as a basis for establishing or refining boundaries for regional
management units or other population designations (e.g.
Wallace et al. 2010; Hays et al. 2014; 2020).

As with other sea turtle species, it was traditionally
believed that post-nesting loggerheads (C. caretta) took a
relatively direct path from their nesting to foraging areas, and
this indeed remains the case for many individual migrations
(Schroeder et al. 2003). However, satellite telemetry studies
have demonstrated that this is not always the case, with vari-
ation in post-nesting migration behaviour among species and
individuals within the same species. Some turtles make a
stopover en route to their primary foraging ground, presuma-
bly for feeding to acquire additional energy to continue their
journey or for resting (Dujon et al. 2017; Evans et al. 2019;
Shimada et al. 2020), while others bypass potential forag-
ing sites during their migration (Shimada et al. 2020). Indi-
viduals vary in their total post-nesting migration distance
depending on where the individuals forage, with some mak-
ing short-distance migrations and others that use the same
nesting site undertaking long-distance migrations (Limpus
et al. 1992; Schroeder et al. 2003). Female loggerhead turtles
from eastern Australian nesting sites have been recorded for-
aging domestically in Northern Territory, Queensland, and
New South Wales, and internationally in Indonesia, Papua
New Guinea, Solomon Islands, and New Caledonia (Bus-
tard and Limpus 1971; Limpus et al. 1992; Limpus 2008).
Although there is a wide distribution of foraging areas for
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this population, up to 2600 km from the rookeries, most
individuals undertake shorter breeding migrations of less
than 1000 km (Limpus 2008).

With the expansion of Australian trawl fisheries in the
1960 s to 1980 s, a marked decline was observed from the
mid-1970 s in the population of annually breeding logger-
head females at all index monitored beaches in Queensland
up until the regulated mandatory use of turtle exclusion
devices (TEDs) in bottom trawl fisheries (Limpus 2008).
Since the 2001 regulation, the use of TEDs in the trawl fish-
eries of northern Australia and eastern Queensland resulted
in the reduced mortality of marine turtles in these fisheries
and associated increased abundance of breeding loggerhead
females at the index beaches in Queensland (Limpus et al.
2013). Consequently, there has been a substantial increase
in loggerhead breeding numbers at the mainland beaches
of south-east Queensland, with current nesting numbers
resembling those of the early 1980 s. In contrast, there has
been only a trivial level of recovery in loggerhead breeding
numbers at the island beaches of the southern Great Bar-
rier Reef (GBR; Wreck Island, Heron Island, Lady Mus-
grave Island) during the same period (Limpus et al. 2013).
A past study based on flipper tag recoveries of individu-
als from eastern Australian rookeries identified significant
differences in the distances travelled by individuals from
mainland beaches versus those breeding on the GBR islands,
with the latter travelling almost twice as far (Limpus et al.
1992). The prominent difference in recovery of the nest-
ing aggregations on the mainland compared to those on the
GBR island beaches indicates that the TED-related reduc-
tion in trawl bycatch mortality of loggerhead turtles has
not been uniformly effective for all the loggerhead turtle
nesting populations of eastern Australia,. This difference in
recovery coupled with the significant differences in distances
travelled implies different degrees of interaction with trawl
fisheries or other threats for the mainland versus GBR island
individuals.

Knowing the extent of distribution and the degree to
which foraging areas are within protected estate is impor-
tant for conservation initiatives such as establishing man-
agement units (Wallace et al. 2010; Lohe and Possardt
2021). Because flipper tag-based projects may take dec-
ades to receive sufficient tag recoveries, alternative tech-
niques such as satellite tracking, population-genetics, and
stable isotopes are increasingly being used to understand
the distribution of turtles from nesting areas to foraging
sites (Godley et al. 2008). Satellite tracking of nesting
turtles as they migrate to foraging areas is particularly
common, because access to the turtles and attachment of
the tags is relatively straightforward (Coyne and Godley
2005). However, because satellite tags are expensive, mon-
itoring projects tend to satellite tag fewer individuals than
they flipper tag (Godley et al. 2008). A key knowledge gap
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in sea turtle CMR or monitoring projects is knowing when
tagging and sampling is enough to obtain a robust under-
standing of population trends, dispersal and distribution
(Shimada et al. 2020). Therefore, we use a combination of
flipper tag recovery data and satellite telemetry to examine
the post-nesting migration patterns of loggerheads from
five rookeries of the two regions to (1) quantify the differ-
ences between loggerhead turtle post-nesting migrations
from individual rookeries and between the mainland and
GBR island rookeries, (2) compare the foraging distribu-
tion identified by the use of satellite telemetry with that
identified from flipper tag recoveries (CMR studies) to
determine if results from satellite telemetry are representa-
tive of the known foraging range of eastern Australian
loggerhead turtles, (3) quantify the proportion of suitable
habitat that is utilised by the tracked or tagged loggerhead
turtles that breed in eastern Australia, and (4) determine

Fig. 1 Nesting locations of

whether satellite telemetry can be used alone to determine
the distribution of a nesting population.

Methods
Loggerhead migration data

This study analysed satellite telemetry data collected within
the Queensland Department of Environment and Science
(QDES) Turtle Conservation Project (QTCP) and examines
data from 50 satellite-tracked turtles from 5 rookery areas
within Queensland, Australia: Wreck and Heron Islands,
Woongarra Coast including Mon Repos, K’gari-Fraser
Island including Point Vernon within Hervey Bay, and
the Sunshine Coast (see Fig. 1). These data span 26 years
of telemetry studies, 1994-2020. All satellite-tracked
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loggerheads were selected from among nesting turtles at the
rookeries, while excluding turtles that had been previously
recorded at a foraging area (i.e., known foraging areas). All
turtles were caught after they had laid a clutch of eggs, and
the satellite telemetry tags were attached to carapaces using
epoxy following the well-established technique used by Lim-
pus and Limpus (2001) and subsequent researchers.

Flipper tag recovery data (Limpus 1985, 1992) from log-
gerhead turtles nesting in Queensland were extracted from
the QTCP database and span 1968-2016. The recapture data
spans 52 years (1968 to 2016) of study on loggerhead turtles
in Queensland. In brief, at numerous beaches in Queensland,
each nesting loggerhead turtle encountered in each year has
been tagged with one or more flipper tags (monel tags prior
to 1981; titanium tags since 1981; Limpus 1992; Fig. 1).
Approaching 100% of nesting turtles have been tagged annu-
ally since 1964 at Heron Island and since 1968 at Woongarra
Coast. At least 70% of the annual loggerhead turtle nesting
population has been tagged at Wreck Island since 1976, and
at Wreck Rock beaches since 1978. At K’gari-Fraser Island,
Swain Reefs, and the Sunshine Coast the tagging effort has
been intermittent from year to year (Limpus 2008).

This study focused on the Capricorn-Bunker Group, the
Woongarra Coast, and K’ gari-Fraser Island rookeries where
both flipper-tagging and satellite telemetry data are avail-
able. The Capricorn-Bunker Group of islands is in the south-
ern GBR and encompasses 14 coral cays where nesting log-
gerhead turtles have been flipper-tagged (including Wreck
and Heron Islands). Annual QTCP tagging data from these
islands that are near each other show that a proportion of
the nesting loggerhead turtles interchange among the islands
within a single breeding season and between breeding sea-
sons. Similar interchange between adjacent beaches by nest-
ing loggerhead turtles is common on the Woongarra coast.
The long sand beaches of K’gari-Fraser Island are treated as
a single rookery site. Excluded from analysis were recover-
ies from turtle’s flipper-tagged in the Swain Reefs (n=4),
Wreck Rock/Agnes Water (n=52), Moreton Island (n=2),
and northern NSW (n=1) rookeries, because we have no
satellite tracks from these locations. The analysed subset
of 235 flipper tag recoveries included 80% of all flipper tag
recovery data and was chosen to represent the rookeries for
which there was satellite telemetry data.

Turtles tracked by satellite telemetry

The satellite tags used were manufactured by Wildlife Com-
puters (USA), Sirtrack (New Zealand), or Telonics (USA).
Of the 50 tags, 10 were non-GPS platform transmitting ter-
minal (PTT) tags and 40 were Fastloc-GPS linked PTT tags
(Table S1). Fastloc-GPS tags are able to obtain more accu-
rate locations as compared to the traditional Argos-based
PTT tags (i.e., within tens of metres vs. hundreds of metres).
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The raw data were obtained from CLS-Argos and decoded
by the tag manufacturer’s software or online data portal. For
the 10 PTT tags, we only included data points corresponding
to Argos location classes 1, 2, or 3 and for the Fastloc-GPS
tags we only included data points derived from 4 or more
GPS satellites. All data points for each of the 50 satellite-
tracked individuals were then screened using the R package
SDLfilter, which removed duplicate locations, positions on
land, and biologically unrealistic locations based on indi-
vidual-specific calculations of travel speed (> 5 km/h) and
residual error (>30) (Shimada et al. 2012, 2016). We then
plotted the data in ArcGIS and distinguished migration loca-
tions from inter-nesting and foraging locations using daily
averages of traveling speeds and turning angle for each turtle
(Barr et al. 2021; Shimada et al. 2021a; Patricio et al. 2022).
In general, foraging was classified with daily average travel
speeds < 1 km/h, inner angles between three consecutive
locations of < 100° and daily movement not orientated in a
uniform direction. Because these behavioural modes were
clearly distinguishable, advanced analytical methods were
not required to differentiate between the three modes. The
inter-nesting area was identified as an aggregation of points
before direct travel. The start of migration for each indi-
vidual was chosen as the location at which a female began
direct travel from her inter-nesting area towards her foraging
ground. The last day of migration was determined as the
first location after directed swimming ceased and location
points began to aggregate, indicating arrival at a foraging
area (Christiansen et al. 2017; Shimada et al. 2020). The
foraging area was determined as the aggregation of locations
after migration for which there was no further direct travel.
Minimum travel distance (i.e., sum of distances between all
points during migration) and duration was calculated using
the determined beginning and ending migration points for
each female.

Of the 50 loggerhead turtles deployed with satellite tags,
eight did not complete migration, i.e., the satellite tags
stopped transmitting before those individuals reached their
respective foraging areas. Thus, there were 42 individuals
tracked by satellite telemetry available for detailed analyses
of migratory paths and foraging area locations.

Flipper tag data and dispersal of recoveries

The flipper tag dataset (n=235) contained recaptures both
from opportunistic events, such as fisheries bycatch, indig-
enous hunting and stranding events, and targeted captures
through research efforts at index study sites such as More-
ton Bay and selected coral reefs of the southern and north-
ern GBR. Stranding of marked animals indicates that tur-
tles would rarely strand more than 20 km from their initial
capture location (unpublished data Qld Government). As
such, there was uneven effort applied for identification of
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distribution and abundance of flipper-tagged turtles through-
out their foraging range. To account for this bias of effort
expended at different recapture sites, and to map the cumu-
lative dispersal of distribution range, an overlay of 0.25°
by 0.25° grid cells (approximately 25 km by 25 km) was
created, and in each grid cell, only the first record of flipper
tag recoveries from each rookery were used. Where there
were two or more records from the same rookery within
one grid cell, the individual with the earliest capture date
was retained and the later recoveries and associated capture
date(s) removed from the analysis. For example, a grid cell
located within the Capricorn Reefs contains nine flipper tag
recoveries, with two from the Capricorn-Bunker rookeries
(green), five from the Woongarra Coast rookeries (pink), and
two from the K’gari-Fraser Island rookery (purple) (Fig. 2a).
After removing all non-unique flipper tag recoveries, the
grid cell was left with the first record within the cell, point
A, and the first records from other individual rookeries, the
B points, which reflect the first record for the K’ gari-Fraser
and Capricorn-Bunker rookeries (Fig. 2b). The extent of the
grid was determined by the extent of recapture points at
major meridians (136° and 167°) and parallels (— 5° and
— 38°). This resulted in 109 unique flipper tag recoveries
(i.e., no 2 records in a grid cell were from the same rookery)
being used for analysis.

Comparison of satellite-derived locations
and flipper tag recoveries

To compare the ranges of flipper tag recoveries and satellite
tags, flipper and satellite tag rookery locations and forag-
ing ground locations were plotted within the same 0.25° by
0.25° grid layer. Only flipper tag recoveries from the same
rookeries as satellite tags were plotted (Capricorn-Bunker
Groups, Woongarra Coast, and Point Vernon in Hervey Bay;
there were no individuals from the Sunshine Coast rookery
within the flipper tag recovery data). Similar to the method
used for plotting flipper tag recoveries, only unique satel-
lite-tracked individuals (n=39) were plotted (i.e., not all
42—only the first record of a satellite-tagged turtle from
each rookery foraging within a grid cell). Foraging ground
locations for satellite-tagged individuals were chosen by
determining the mean centre of all foraging point locations
(i.e., centroid) (Shimada et al. 2020).

Suitable habitat and distribution

Areas of suitable habitat were identified as the entire Great
Barrier Reef World Heritage Area (GBRWHA), and any
area within 25 km of the coast for the Northern Territory
(NT), New South Wales (NSW), Indonesia, Papua New
Guinea (PNG), New Caledonia, and the Solomon Islands.
The entire GBRWHA was chosen because loggerhead turtles
are known to occur along the entire coast and reef areas, and
forage within the lagoon areas between the coast and reef
(Limpus 2008). A 25-km buffer was chosen around the rest

N
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Fig.2 Example of determination of cell selection for flipper tag
recoveries and satellite-tagged migration endpoints using reefs of the
southern Great Barrier Reef (GBR) with 0.25°%0.25° grid cells over-
laid. The points shown are a all foraging-site locations of flipper tag
recoveries (unique and non-unique) and b only unique foraging loca-
tions of flipper tag recoveries with point A indicating the first flipper

tag recovery within the cell and the B points indicating the first flip-
per tag recoveries of other individual rookeries. Points are coloured
according to the rookery origin of each flipper-tagged individual
(green = Capricorn-Bunker Group rookeries, pink =Woongarra Coast
rookeries, purple=XK’gari-Fraser Island rookery), and the grey out-
lines represent the reef areas
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of the land areas across the range as home ranges for log-
gerhead turtles can extend out to 25 km from the centroid
foraging home range location (Shimada et al. 2020). Depth
was not used, as for our study population, there is no detailed
information on the preferred or maximum depth that logger-
heads forage at, and therefore the use of depth would be too
subjective. To determine the amount of usable habitat used,
the full 0.25° by 0.25° grid (Fig. 3a) was clipped to only
include those areas of suitable habitat (Fig. 3b). Proportions
were then calculated by determining the number of cells
that contained a) satellite tag locations, b) flipper tag loca-
tions, and c) both satellite and flipper tag locations, divided
by the total amount of suitable habitat cells. Locations that
were outside of the 25 km buffer or GBRWHA (n=4) were
assigned as one whole cell.

To determine how many satellite tags would need to
be deployed to represent the spatial extent of the popula-
tion, based in this case on the distribution of unique flip-
per tag recoveries, the cumulative number of (unique and
non-unique) flipper tag recoveries (n=235) and satellite
tags (n=42) over time were plotted in comparison to the
number of cumulative new (i.e., unique) grid cells visited.
The number of satellite tags needed to represent 25, 50, and
75% of the spatial range of flipper tag recoveries, was then
calculated.

Statistical analyses

R software version 4.0.3 (R Core Team 2020) was used for
all statistical analyses. All data were checked for normality

(Shapiro—Wilk test) and homogeneity of variance (Levene
test, car package; Fox and Weisberg 2019) before conducting
statistical tests. To compare distance travelled and duration
of migration between the K’gari-Fraser Island, mainland,
and GBR island (i.e., from islands of the Capricorn-Bunker
Group) nesters, one-way ANOVAs were completed. Data
were log transformed to meet the assumption of normality.
A Pearson Chi-square test was used to analyse the differ-
ence in overall direction travelled between the Woongarra
Coast and GBR island nesters. Due to small sample sizes
for the other mainland nesters (Point Vernon, Hervey Bay:
n=1, Sunshine Coast: n=3) and K’gari-Fraser Island nest-
ers (n=4), these individuals were not included in the Chi-
square analysis.

Results
Turtles tracked by satellite telemetry

Of the 50 individuals tracked, there were eight incomplete
migrations: three turtles tracked from Wreck Island (Cap-
ricorn-Bunker Group), three tracked from K’gari-Fraser
Island, one tracked from Point Vernon (Hervey Bay), and
one tracked from Woongarra Coast (Table S1). These eight
individuals travelled for an average of 17 d (range 2-54 d)
and 700 km (range 50-1600 km) before tag transmission
stopped. For all individuals except the three from K’gari-
Fraser Island, transmission stopped when the individual
had moved past the continental shelf and was swimming

Indonesia | a
o Papua New Guinea (s

5 S

(@) @)
Australia C@“ _gSaaanen: Australia S wt];'-;: Oy
500 s - N

Indonesia \ b
@ Papua New Guinea/ 5y

N

Fig.3 a Extract of the full 0.25° by 0.25° grid used to determine b
extent of usable habitat for loggerhead turtles from eastern Aus-
tralia rookeries. Circles represent flipper tag recovery foraging loca-
tions colour-coded by rookery origin: green=Capricorn-Bunker
Group rookeries, pink =Woongarra Coast rookeries, purple=K’gari-
Fraser Island rookery. Squares represent satellite tag-derived for-
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aging locations and are similarly colour-coded by rookery origin:
green = Wreck/Heron Island rookeries, pink = Woongarra Coast rook-
ery, purple=K’gari-Fraser Island rookery, brown=Sunshine Coast
rookery. Stars represent the rookery locations where turtles were orig-
inally flipper- or satellite-tagged. Dashed line denotes the boundary
of the Great Barrier Reef World Heritage Area (GBRWHA)
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in deep oceanic waters in the Coral Sea. The reason(s) for
the loss of transmitted location data is not known. In each
case, the transmitted diagnostic data indicates that battery
life was very near full (> 80%), and the wet—dry sensors that
turn transmissions on and off when turtles surface to breathe
were functioning well. Of the 42 tracked individuals that
completed a migration, 16 tags were deployed on turtles
at Wreck and Heron Island Capricorn—-Bunker Group), 18
tags were deployed on turtles at Woongarra Coast, one tag
was deployed on a turtle at Point Vernon, Hervey Bay, four
tags were deployed on turtles at K’gari-Fraser Island, and
three tags were deployed on turtles at the Sunshine Coast
(Table 1, Fig. 4).

Foraging areas

Females were tracked at their respective foraging areas for
a median of 81.5 d (range 8-570 d) after completing migra-
tion. The foraging areas of those 42 satellite-tagged indi-
viduals were within Australia (Northern Territory, Queens-
land, New South Wales) and Papua New Guinea (Fig. 4).
Two individuals from the K’ gari-Fraser Island rookery were
the only satellite-tagged individuals here who had foraging
grounds in international waters in the Louisiade Archipelago
of southeastern PNG. The other 40 individuals had domestic
foraging areas within Queensland waters (n=31), followed
by NSW (n=7) and NT (n=2). Nearly half of those foraging
areas were within the GBRWHA boundary (n=18) and 12
others were in protected waters elsewhere (Crocodile Islands
Marine Indigenous Protected Area, NT—currently a con-
sultation project: n=1, Anindilyakwa Indigenous Protected
Area, NT: n=1, Great Sandy Marine Park, Qld: n=>5, More-
ton Bay Marine Park, Qld: n=4, and Cape Byron Marine
Park, NSW: n=1; Table 1). The foraging area of most indi-
viduals (n=30) was within coastal waters, with only 11 ata
coral reef foraging area and one in estuarine waters.

The individual who ended in an estuarine foraging area,
PTT 67092 from Point Vernon in Hervey Bay, originally
laid her first recorded clutch for the 2018-2019 breeding
season at Mon Repos. She then changed nesting beaches
64 km to the south to lay eggs at Point Vernon, Hervey Bay,
on 20 December 2018 where she was fitted with her satel-
lite tag. She then migrated north from Hervey Bay to lay
a third recorded clutch for the season at Woodgate Beach
on 2 January 2019, 40 km south of Mon Repos and 24 km
north of Point Vernon. There was no evidence of her com-
ing ashore for another nesting after leaving Woodgate (i.e.,
no location positions on or close to land afterwards). After
laying this third clutch, she then migrated north along the
coast to the Fitzroy River in central Queensland, ending in
the Fitzroy River estuary, 50 km upstream from the mouth

of the estuary (Fig. S1). This estuarine foraging area falls
within the GBRWHA boundary.

Migration travel details

Migrating exclusively along the coast (i.e., remaining within
60 km of the coastline, n=19) was the most common travel
path, followed by migration paths including both coastal
and offshore components (n=17), and just six individuals
migrating exclusively offshore (Table 1). The majority of
individuals migrated north of their rookery (n=25), fol-
lowed by those who migrated south (n=15), west (n=1),
or east (n=1). The mean (xSD) distance travelled was
1198 +£ 1156 km with an average duration of 30+28 d and
travel rate of 41+ 10 km d~!. Most individuals had direct
migrations, though 11 made stopovers (i.e., stop in one loca-
tion for > 24 h before continuing migration). The longest
stopover occurred in a female from the Sunshine Coast, PTT
48861, who first started migrating south, then turned around
and went north into Moreton Bay (25 km south from where
she began migration) where she remained for 40 d before she
continued with her northward migration (Fig. S2). However,
we are not certain whether she laid a clutch of eggs during
this time.

GBR island and coastal rookeries comparisons

GBR Island nesters (n=16) and K’gari-Fraser Island nest-
ers (n=4) on average migrated approximately twice as far
as mainland nesters (n=22), though this difference was not
statistically significant (ANOVA: F, 39=2.651, P=0.083)
because of the high variance in all groups. The migration
duration of GBR island and K’ gari-Fraser Island nesters was
on average slightly or twice as long as for mainland nesters,
respectively, though this difference was also not statistically
significant (ANOVA: F) 3=1.205, P=0.311). Individuals
from GBR island rookeries migrated north six times more
often than south, with only one individual migrating west
and none migrating east (Table 1). Individuals from the
K’ gari-Fraser Island rookery migrated north three times
more often than south. A slim majority of individuals from
the mainland rookeries migrated southward (n=12) com-
pared to northward (n=9) or eastward (n=1; note that
migrating west was not possible for mainland nesters),
though this difference was not statistically significant. There
was a significant difference in direction of migration (north-
ward or southward) between the Woongarra Coast and GBR
island rookeries (Chi-square test: X?=10.279, P=0.013),
indicating that the direction of travel does depend on the
rookery from which an individual originates, with GBR
island nesters showing a marked tendency to migrate north-
ward. The direction of migration for the four other mainland
nesters (Point Vernon: n=1, Sunshine Coast: n=3) aligned
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Fig.4 Migration paths of 42 135 140
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closely with individuals from the Woongarra Coast rookery
(n=18), whereas the direction of migration for the K’ gari-
Fraser Island individuals (n=4) aligned closely with the
GBR island nesters.

Flipper and satellite tag comparisons

Of the 235 flipper tag recoveries reported between 1968 and
2016, 109 occurred in unique cells. Thirty-five recoveries
in 17 unique cells were international and the last interna-
tional recovery occurred in 2008. Endpoints of satellite
(unique 0.25° cells: n=39) and flipper tags (unique 0.25°
cells; n=109) showed close overlap and a few additional
satellite-derived foraging areas not already represented by
the locations of flipper tag recoveries (Fig. 5). These newly
identified foraging grounds were widely scattered in the
waters of the Arafura Sea off the Northern Territory, the
Gulf of Carpentaria, Torres Strait, the GBR, and the waters
around K’gari-Fraser Island. The satellite tracking did not
expand the known range of the stock to the north, east, or
south, but did indicate a slight westward expansion of the
range in the Northern Territory.

There were numerous foraging areas identified via flip-
per tag recoveries that were not represented among foraging
sites identified via satellite telemetry (Fig. 5, red circles).
The additional foraging sites from flipper tag recoveries
included: international foraging areas in Indonesia (n=2
turtles), the Solomon Islands (=1 turtle) and New Cal-
edonia (n=3 turtles); waters off Weipa in eastern Gulf of
Carpentaria; northern GBR between Cairns and Lizard
Island; and southern GBR Reefs: Capricorn-Bunker Group,
Swain Reefs. From the extent of habitat we define as suitable
(n=1,381 complete cells), only 2.8% was utilised by only
satellite-tagged individuals, 6.7% was utilised by only flip-
per-tagged individuals, and 0.9% was utilised by both (over-
lapping) satellite telemetry and flipper-tagged individuals.

When comparing the cumulative spread of satellite-
derived locations within the known distribution range based
on flipper tag recoveries: to represent 25% of the range of
flipper tag recoveries required ~45 flipper tag recoveries
and ~21 satellite tag deployments; to represent 50% of the
known range required ~ 80 flipper tag recoveries and ~41
satellite tag deployments; to reach 75% of the known range
required ~ 135 flipper tag recoveries (Fig. 6). Many more
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than the 42 satellite tag deployments analysed here are
needed to determine the rate of increase and estimate how
many tags would be required to reach 75% of the known
range based on the flipper tag recoveries.

Discussion

In this study, we combined a long-term flipper tag recovery
dataset with satellite tracking of post-breeding adult females
to examine the post-nesting migration patterns and foraging
area destinations of loggerheads from five rookeries. With
the extensive flipper tagging and satellite tracking data set
from nesting and foraging loggerhead turtles in eastern
Australia, there are now hundreds of data points that link
the nesting beaches to foraging areas within approximately
2,600 km of the beaches (Limpus et al. 2013). In addition,
many of these records demonstrate high rates of fidelity of
the individual turtles to both their home foraging area and
distant nesting beach (Limpus and Limpus 2003; Shimada
et al. 2020). We found that both flipper tag (our study and
Limpus 1992) and satellite tag data show a similar disper-
sal pattern and indicate that loggerhead turtles nesting on

@ Springer

the mainland coast of eastern Australia migrate to differ-
ent foraging areas than those nesting on the islands of the
southern GBR. However, a wider dispersal range from the
nesting beaches was detected by flipper tag recoveries than
satellite tracks because none of the satellite-tracked turtles
migrated across the Coral Sea to New Caledonia or north-
eastern Papua New Guinea—where flipper-tagged turtles
have been recorded.

Advances in technology have led to an increase in the
number of global projects using satellite telemetry to under-
stand migration (Godley et al. 2008; Hays et al. 2019). Given
this increased use of telemetry, there is a growing need to
understand sample sizes required to develop robust find-
ings (Sequeira et al. 2019; Shimada et al. 2021b). Hence,
we combined the results of our satellite telemetry with data
from long-term flipper tag recoveries (1970 s to the pre-
sent) to assess the dispersal and number of satellite-tracked
turtles that would be needed to approximate the known for-
aging range and dispersal of the Southwest Pacific Logger-
head stock, as already determined by flipper tag recoveries.
Overall, the endpoints of satellite tracked and flipper tag
recovered individuals indicate that from this stock of log-
gerhead turtles, 21 and 41 satellite tags would be required to
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represent 25 and 50% of the foraging areas previously identi-
fied by flipper tag recoveries. However, both techniques only
provide a low cover of all possible (1,381 unique 0.25° cells)
foraging habitats for the species in the region. Using satel-
lite telemetry to identify ecological range is also challeng-
ing unless large sample sizes can be obtained. In our study,
while satellite telemetry expanded the foraging range to the
west, it underestimated the range to the north (north-east-
ern PNG and Solomon Islands), east (New Calendonia) and
south (central New South Wales). At present, it has not been
resolved whether the recently reduced frequency of record-
ing loggerhead foraging at overseas sites is a consequence
of our sample size of tracked individuals or an indication of
reduced foraging populations remaining within these areas
(UNEP and CMS 2014; Limpus and Casale 2015). This has
implications for regional threatened species initiatives such
as establishing Regional Management Units (Wallace et al.
2010) or Distinct Population segments (Lohe and Possardt
2021).

Of the 42 satellite-tracked individuals, most (n=30)
migrated to foraging areas within protected waters, with
the remaining (n=12) migrating to unprotected areas
in PNG, Gulf of Carpentaria, Torres Strait, and northern
NSW. Given the absence of Marine Parks in Torres Strait
and, until recently, in the Gulf of Carpentaria, with more of
the satellite-tracked turtles from GBR island rookeries and
three of the four tracked from K’gari-Fraser Island migrat-
ing to the north, it is possible that their foraging areas have
not benefited from the more rigorous habitat protection that
occurs within Marine Parks (which encompass 97% of the
east coast of Queensland between Cape York and the New
South Wales Border; Queensland Government 2018). Addi-
tionally, being within a Marine Protected Area or Marine
Park during breeding seasons does not necessarily exempt
loggerheads from encountering harm during migration or at
a foraging site, as the degree of protection can differ depend-
ing on the specific zoning an individual travels through or
resides within.

Satellite telemetry data provide insights into turtle behav-
iour and habitat use that cannot be learned from reported
flipper tag returns. When comparing differences between
satellite-tagged turtles from the mainland, Fraser Island,
and the GBR islands, individuals from the three types of
rookeries did not exhibit statistically significant differences
in their migration travel distance or duration, travelling
across an average of 1200 km and over 30 d. Although not
statistically significant, the magnitude of the differences in
distance travelled is consistent with the findings of Limpus
et al. (1992), which indicated that the distance travelled by
flipper-tagged GBR island nesters is twice that of mainland
nesters. In that study, the difference was significant, though
there was a greater sample size (mainland nesters: n =81
mainland nesters and GBR island nesters: n=37) than the

present study (mainland nesters: n =22, GBR island nest-
ers: n= 16, K’gari-Fraser Island nesters: n=4). The smaller
sample size here likely precludes any robust statistical anal-
yses. Nevertheless, tracked loggerheads significantly dif-
fered in their direction of travel, with individuals from the
GBR island rookeries predominantly traveling northwards
and those from the mainland rookeries more evenly distrib-
uted to the north and south, and occasionally to the east of
their respective nesting locations. Although Fraser Island
individuals were not included in the statistical directional
analysis, their direction of travel aligned more closely with
turtles from the GBR island rookeries, with three of the four
turtles undertaking a northward migration. Migration routes
from the nesting areas most commonly occurred close to the
coast and migration routes that tracked entirely through the
outer reef areas of the GBR away from the coast or off the
continental shelf were the least common (n=6). Sixteen of
the 19 individuals that migrated exclusively along the coast
were mainland nesters.

As found in similar studies with other stocks of logger-
head turtles, the majority (n=31) of loggerhead turtles in
this Queensland-based study did not make a stopover during
migration (Dujon et al. 2017; Evans et al. 2019). Migration
routes were typically direct, though en route stops did occur
and may be attributed to resting (Evans et al. 2019; Mettler
et al. 2019) or opportunistic foraging to re-establish nutri-
ent and energy levels before reaching the resident foraging
area (Dujon et al. 2017; Shimada et al. 2020). However, the
reason(s) for an en route stop(s) for these migrating log-
gerheads warrants further investigation, which could be
enabled by using combinations of satellite tracking tags
coupled with multi-sensor data loggers or critter-cams to
record swimming depth, foraging activity, etc. Most females
tracked in this study that made an en route stop (n=11) and
spent 1-9 d at their stopover locations. The exception, one
individual from the Sunshine Coast rookery (PTT 48861),
made a stopover of 40 d to the south of her nesting site
before migrating northward. The possibility that this female
made one or more additional nesting attempts after she laid
the last recorded clutch is unlikely, because there were no
location positions on, or close to (within the error radius
of locations), land during the “re-nesting” intervals when
a clutch could be laid (between 9 and 23 d after she laid a
clutch of eggs; Limpus 1985). Although the stopover was
in the opposite direction of this female’s foraging area, it
is not uncommon for migrating marine turtles to travel oft-
course (i.e., not directly towards their previously established
neritic foraging area) before reorienting and continuing to
their intended site (Hays et al. 2020). Additionally, females
have occasionally been observed changing their nest site
either between nesting seasons or within a single season,
including a different individual from this rookery in 2015
(Hofmeister et al. 2019). It is, therefore, possible that this
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Fig.6 Comparison of the
number of cumulative new cells
visited by cumulative number of
individuals recorded over time.
Flipper tag recoveries (n=235,
red) span from 1968 to 2016.
Satellite-tags (n =42, blue) col-
lected location information from
1994 to 2020. Dashed lines
indicate the number of satellite
tags needed to represent 25, 50,
and 75% of the spatial range of
flipper tag recoveries
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female, PTT 48861, was familiar with the stopover site in
Moreton Bay from a previous nesting season as a potential
transitory post-nesting foraging area.

This satellite telemetry study of breeding female logger-
head turtles in eastern Australia has provided new insights
regarding their behaviour and movements. One female, PTT
196472, migrated to a foraging area beyond the foraging
range identified via the extensive flipper tag recovery data
set: after nesting at Heron Island, she travelled 2,550 km to
occupy a foraging area 200 km beyond the Gulf of Carpen-
taria off the north coast of Arnhem Land in the Arafura Sea.
While loggerhead turtles have been reported sporadically
to occur in estuarine habitats in south Queensland (Burrum
and Burnett Rivers, QTCP database), one tracked individ-
ual, PTT 67092, displayed persistent foraging behaviour in
estuarine habitats. After nesting in western Hervey Bay, she
travelled 350 km north to forage along ~ 50 km of estuarine
habitat from the mouth of the Fitzroy River upstream to the
city of Rockhampton across an entire year in 2019. Though
this behaviour is less common for loggerhead turtles, estua-
rine foraging areas have been recorded for eastern Pacific
hawksbill turtles (Gaos et al. 2012), loggerheads in Greece
and the western Atlantic (Rees et al. 2013; McNeill et al.
2020), and speculated based on digestive tract contents for
loggerheads in Uruguay (Carranza et al. 2011). However,
use of the river upstream of the estuaries in those different
regions has not been confirmed.

With the use of flipper tag recoveries alone, there may be
a potential bias in the endpoints (foraging area) identified by
mark-recapture research efforts (i.e., more effort placed into
those areas for which individuals were found, or likely to be
found). Although we attempted to account for this by only
including unique flipper tag recoveries, this type of bias is

@ Springer

80 120 160 200 240
Number of individuals over time

nevertheless present. The use of satellite tag deployments
would be free of this bias but comes at a cost. Furthermore,
because we used a previously collected dataset on flipper
tag recoveries, the temporal match of our data on flipper tag
recoveries and our satellite tag deployments are not equal.
With nearly half of our satellite deployments from 2018 to
2020, it is not possible to determine whether the year of
tagging influences the distribution of foraging sites. A more
balanced approach examining long-term patterns in foraging
area distribution using a variety of techniques for different
nesting cohorts of turtles would certainly be a useful future
research direction, which could have important management
implications.

Analysis of flipper-tagging data to understand forag-
ing area distribution requires tagging a large number of
turtles across years (i.e., in our study 10,000 s), as there
is often a low recovery rate of tagged turtles (Limpus
1992; Witzell 1998; Balazs 1999). The budget for tag-
ging projects therefore needs to include the price of tags
(e.g. $2,200 USD per 1,000 titanium tags) as well as all
related costs, such as salaries, travel expenses and living
expenses at site, and data analysis and write-up afterwards.
Plus, it should consider the costs associated with com-
plementary projects aimed at recapturing or recovering
tagged individuals. In a long-term project, these costs can
be significant (Balazs 1999). Therefore, in some regions
of the world, research and monitoring agencies are adding
value to flipper-tagging projects through the co-inclusion
of additional projects aimed at understanding foraging area
distribution through stable isotope analysis, molecular
ecology, and satellite telemetry (e.g. Jensen et al. 2016;
2020; Pearson et al. 2019; Haywood et al. 2019; Coffee
et al. 2020). Given there are high costs associated with
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long-term flipper-tagging projects and deployment of large
numbers of GPS satellite tags (Godley et al. 2008; Thums
et al. 2018; Sequeira et al. 2019) understanding costs, ben-
efits and bias associated with each method is important
for defining the broad-scale foraging distribution of this
loggerhead turtle stock.

Our study highlights the value of combining data from
both flipper tag recoveries and satellite tag deployments
to assess the distribution and behaviours of migrating
loggerhead turtles from eastern Australian rookeries. The
information gained from both datasets will be useful in
determining ecological range for the species or genetic
stock and can be used to concentrate collaborative man-
agement efforts, both internationally and within Australia
(Miller et al. 2020), and aid in species-based conservation
initiatives (UNEP and CMS 2014).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-022-04061-8.
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