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Sea turtles found stranded on beaches are often rehabilitated before being released

back into the wild. The location and date of release is largely selected on an informal

basis, which may not maximize the chance of survival. As oceanic conditions have a

large influence on the movements of neonate sea turtles, this study aimed to identify

the best locations and months to release rehabilitated sea turtles that would assist in

their transport by ocean currents to the habitat and thermal conditions required for their

survival. A particle tracking model, forced by ocean surface velocity fields, was used to

simulate the dispersal pathways of millions of passively drifting particles released from

different locations in Western Australia. The particles represented rehabilitated, neonate

turtles requiring oceanic habitats [green (Chelonia mydas), hawksbill (Eretmochelys

imbricata) and loggerheads (Caretta caretta)] and flatback turtles (Natator depressus)

which require neritic habitats. The results clearly identified regions and months where

ocean currents were more favorable for transport to suitable habitats. Tantabiddi, near

Exmouth on the north-west coast, was consistently the best location for release for the

oceanic species, with dominant offshore-directed currents and a very narrow continental

shelf reducing the time taken for particles to be transported into deep water. In contrast,

release locations with more enclosed geography, wide continental shelves, and/or

proximity to cooler ocean temperatures were less successful. Our results produced a

decision support system for the release of neonate marine turtles in Western Australia

and our particle tracking approach has global transferability.

Keywords: decision support, Leeuwin Current, Western Australia, lost years

INTRODUCTION

Commonly, sick or injured sea turtles are taken into care and where possible are rehabilitated
and released back into the wild (Louisiana Department of Wildlife and Fisheries and Audubon
Aquarium, 2013; Craige, 2014). For most rehabilitation centers or management authorities,
the decision process around the selection of release sites is not well documented. Others
use a best available knowledge approach, such as releasing turtles at the location where they
were found or where that species and size class are known to occur (Mandelc et al., 2002;
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Wallace, 2012; Louisiana Department of Wildlife and Fisheries
and Audubon Aquarium, 2013; The Turtle Hospital, 2017). This
best available knowledge approach is currently used in Western
Australia, but given that all sea turtle species are threatened
and the significant level of community labor and expense
involved in rehabilitation, a more considered approach using
multiple lines of evidence might increase chances of survival for
these individuals (Caillouet et al., 2016). Quantitative data that
incorporate knowledge of the species, size class and preferred
physical environment would help guide effective decisions on
release locations and dates.

Post-hatchling and neonate green (Chelonia mydas),
hawksbill (Eretmochelys imbricata), loggerhead (Caretta
caretta) and flatback sea (Natator depressus) turtles commonly
strand in Western Australia (Department of Parks and
Wildlife unpublished data). They are all listed as either
vulnerable or endangered under the Australian Government’s
Environment Protection and Biodiversity Conservation Act 1999
(Environment, 2014) and as endangered or critically endangered
(except the flatback which is data deficient) by the IUCN (IUCN
Red List, 2014).

Sea turtles inhabit a range of ecosystems from terrestrial
nesting grounds to developmental and foraging habitats in both
coastal and oceanic water (Bolten, 2003; Putman et al., 2010;
Shillinger et al., 2012). Loggerhead, green and hawksbill turtles
follow the same oceanic-neritic developmental pattern (Collard
and Ogren, 1990; Putman et al., 2012; Ascani et al., 2016).
Early development occurs offshore until reaching a certain size
range; 35–40 cm for hawksbill and green turtles (Moon et al.,
1997; Hochscheid et al., 2007) and 65–90 cm for loggerhead
turtles (Limpus and Limpus, 2003; Ascani et al., 2016). Later
development then occurs on the continental shelf (Zug and Glor,
1998; Bolten, 2003; Scales et al., 2011). The Australian flatback
turtle has a completely neritic developmental pattern, with no
oceanic phase (Walker and Parmenter, 1990; Salmon et al., 2010).

Water temperature is critical to the survival and health of sea
turtles with distributions usually limited to a minimum between
15 and 20◦C (Coles and Musick, 2000; McMahon and Hays,
2006) but with variation between species. Sea turtles have been
shown to experience a reduction in swimming ability in colder
water and can cease feeding when they move into water below
their minimum temperature range (Moon et al., 1997). Average
sea surface temperatures along the Western Australian coast
can range between 15 and 30◦C, with the lower temperatures
occurring between 32 and 36◦S (Figure 1; NOAA 2015).

Whilst directional swimming is clearly a component of
post-hatchling and neonate turtle’s migratory paths (Hamann
et al., 2011; Putman and Mansfield, 2015; Christiansen et al.,
2016), ocean currents strongly influence their movement (Carr,
1987; Polovina et al., 2000; Gaspar et al., 2006; Bentivegna
et al., 2007; Okuyama et al., 2009). The proximity of nesting
beaches to favorable ocean currents highlights the importance
of ocean currents to sea turtles, with higher nest densities
found close to currents that promote hatchling dispersal to
suitable habitats (Putman et al., 2010; Shillinger et al., 2012;
Ascani et al., 2016). Ocean circulation along the WA coast is
dominated by the Leeuwin Current system that consists of the

FIGURE 1 | Map of Western Australia showing particle release sites/potential

release sites of rehabilitated turtles along the Western Australian coast.

Dominant coastal currents are indicated with arrows overlaying NOAA OIv2

sea surface temperature for 17 March, 2010 and 130m depth contour is

shown to indicate the continental shelf edge.

southward flowing Leeuwin Current at the surface, underlying
Leeuwin Undercurrent, and variable northward wind-driven
coastal currents including the Capes and Ningaloo Currents
(Figure 1). The Leeuwin Current flows contrary to other eastern
boundary currents, transporting warm tropical water poleward
along the continental shelf break (Cresswell and Golding, 1980;
Pattiaratchi and Woo, 2009). This causes the favorable thermal
range for turtles to extend to approximately 32◦S, further
poleward than for most other west coasts globally (Smith et al.,
1991; Feng et al., 2003; NOAA, 2015). However, the Leeuwin
Current system is highly variable, characterized by meanders and
eddies and seasonal and inter-annual changes (Feng et al., 2003;
Rennie et al., 2007). As a result, entrainment of rehabilitated
juvenile turtles by the Leeuwin Current has the potential to
transport the turtles far from their optimal habitat and, when they
are expelled from the warm current, they may become stranded
in sub-optimal water temperatures. As the strength and direction
of currents (including local tidal andwind-driven currents) varies
both spatially and temporally (Pearce and Phillips, 1988; Hanson
et al., 2005), dispersal patterns of rehabilitated sea turtles should
vary with release location and time of year, resulting in different
end points and therefore survival rates.

Particle tracking models, driven by hydrodynamic models,
are commonly used to determine potential dispersal/drift
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pathways of marine organisms, pollutants or other objects that
can be transported by ocean currents. In a particle tracking
model, virtual drifters representing marine organisms or other
suspended matter are advected by ocean currents predicted
by hydrodynamic models forced by atmospheric hindcasts or
forecasts and predicted tides. Some particle tracking models
ascribe behavioral attributes to the particles (e.g., swimming,
vertical movements, directional cues) whilst others treat the
virtual drifters as purely passive objects that are advected by
the underlying ocean currents in order to reduce uncertainties,
as much behavior is difficult to quantify and validate (Condie
and Andrewartha, 2008; Condie et al., 2011; Lynch et al., 2014).
For example, turtle movements globally have been extensively
studied using particle tracking with ocean circulation models
(Okuyama et al., 2011; Putman and He, 2013; Putman and Naro-
Maciel, 2013; Proietti et al., 2014). Many of the studies on neonate
and juvenile sea turtles use passive drifter models, assuming a
minimal swimming influence (Okuyama et al., 2011; Proietti
et al., 2014).

In this paper, we used a passive particle tracking model forced
by predicted ocean currents and temperature, with particles
released at varying times of the year and at multiple locations
along the WA coastline (shoreline release of rehabilitated turtles
is most common) to assess the influence of ocean circulation on
particle trajectories and the potential movements of rehabilitated
neonate sea turtles. We assessed each particle as successful
or not based on the optimal habitat and thermal conditions
required for their species and size-class and modeled success as
a function of site, month and year for each species. Our objective
was to provide a quantitative and objective approach for the
selection the release locations and seasons where the probability
of transport by ocean currents to favorable environments would
be highest. The results will directly inform management agencies
in their timing of release and selection of release sites and the
methodology is transferrable to other regions.

METHODS

We used a stepped approach to the problem of maximizing
survivorship of rehabilitated turtles which involved:

1. Identifying species and size classes.
2. Identifying potential release sites.
3. Determining depth and temperature boundaries identified for

each species and size class.
4. Developing a particle tracking model with an appropriate

hydrodynamic model.
5. Developing criteria for particle/turtle success.

Species and Size Class
The size at which turtles utilize the open ocean varies between
species (Bolten, 2003; Putman et al., 2010; Shillinger et al., 2012).
Success criteria considered whether particles remained in water
depths and temperatures that were favorable for each species
survival (Coles and Musick, 2000; McMahon and Hays, 2006).
Green and hawksbill turtles utilize the open ocean during neonate
stages and recruit to inshore neritic habitats at approximately

40 and 30 cm curved carapace length (CCL) respectively (Moon
et al., 1997; Hochscheid et al., 2007). Loggerhead turtles spend
longer in the open ocean and recruit to neritic habitats across a
large size range with the smallest at approximately 65 cm CCL
(Limpus and Limpus, 2003; Ascani et al., 2016). Flatback turtles
do not have an oceanic stage and remain on the continental shelf
at all stages (Walker and Parmenter, 1990; Salmon et al., 2010).
Therefore, these models will assist the return of green, hawksbill
and loggerhead turtles of small sizes (oceanic life stages) to the
open ocean and for the release of flatback turtles of all sizes to
remain on the continental shelf.

Potential Release Locations
Turtles strand anywhere along the WA coast, with current
rehabilitation centers located in the Perth Region (Bunbury,
Rockingham, Hillarys) (Dolphin Discover Centre, 2015;
Rockingham Regional Environment Centre Naragebup, 2015;
AQWA, 2017), Shark Bay on the mid-west coast (Ocean
Park, 2017), and in the northwest at Broome (Chelonia, 2017;
Figure 1). Turtles are transported to rehabilitation centers by
road and air. It is not always appropriate to release turtles at
the site of stranding as many have been cold stunned or are
far from their preferred conditions. Modeled release locations
were selected based on proximity to rehabilitation centers and
access for transport of turtles, with remote and unfeasible sites
not considered. Although releasing rehabilitated turtles at sites
near to rehabilitation centers reduces transport time to the
release site, releasing turtles near to the Perth region centers
is not recommended as these are located south of 32◦S and
outside the preferred water temperature of most species and size
classes. Previously, the Department of Parks and Wildlife has
released rehabilitated turtles at Exmouth, Karratha, and Broome
based on logistics and local knowledge of species (Figure 1). To
test release scenarios, we selected seven proposed release sites
(including those previously used) across six regions covering a
representative range of habitats (from north to south): Broome,
Port Hedland, Karratha, Ningaloo (North West Cape and
Tantabiddi), Jurien Bay, and Perth (Figure 1). Shark Bay sites
were not considered due to limitations of the hydrodynamic
model (Hetzel et al., 2013). Please see the Supplementary
Material for a detailed description of the dominant physical
processes in Western Australian waters that influence these sites.

Ocean Circulation Model
The particle tracking model was forced by surface velocity fields
extracted from a hindcast application of the Regional Ocean
Modeling System ROMS (http://www.myroms.org/) (Haidvogel
et al., 2008). The ROMS hindcast was run without data
assimilation for the years 2000–2016 and termed OzROMS
(Wijeratne et al., in review). OzROMS is a fully three-
dimensional (3D) high resolution circulation model, configured
to include the entire Australian continental shelf, slope and
the adjacent deep ocean using ROMS. The main advantage of
the OzROMS model compared with other coarser resolution
hindcasts such as the Bluelink ReANalysis (BRAN) (Oke et al.,
2013) or HYCOM (Chassignet et al., 2007) is the inclusion
of tides and higher resolution near the coast that includes

Frontiers in Marine Science | www.frontiersin.org 3 June 2017 | Volume 4 | Article 173

http://www.myroms.org/
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Robson et al. Decision Support for Rehabilitated Turtles

processes not resolved in coarser models (Putman and He, 2013).
Further details and validation of the OzROMS model are given
in Wijeratne et al. (in review). Daily mean outputs of current
velocity from OzROMS were used to drive the particle tracking
model. Please see the Supplementary Material for a detailed
description of the ocean circulation model.

Particle Transport Model
We used a particle tracking modeling framework, a commonly
applied approach that uses current velocity fields from ocean
circulation models, to force a Lagrangian drift model that
calculates the trajectories of virtual “drifters” released in the
model domain. For this, we used a freely available java tool,
ICHTHYOP-3.2 (Previmer, 2010), which was designed to study
the effects of physical factors on ichthyoplankton dynamics (Lett
et al., 2008). This tool has been used successfully to model
dispersal patterns of sea turtles (Proietti et al., 2014; Putman et al.,
2016) as well as a range of other marine organisms (e.g., pelagic
fish eggs and larvae, Pagán, 2003; Condie et al., 2011).

Simulated surface velocity fields from a high resolution 3-
D ocean circulation model for Australia—OzROMS (Wijeratne
et al., in review) were used to drive the ICHTHYOP-3.2 particle
tracking model (see details below). Particles were “released” at
the seven locations along the WA coastline corresponding to
potential rehabilitated turtle release sites (Figure 1) in different
months over a 2-year period (2010–2011). The particles were
treated as passive drifters (no swimming behavior assigned),
as the aim was to identify where and when ocean currents
could act in the turtle’s favor, not to investigate actual turtle
dispersal patterns as turtle swimming behavior cannot be easily
or realistically parameterized in these models, and attempting to
do so would introduce unknown errors.

Based on a preliminary analysis of inter-annual variability
over the 16 year OzROMS archive and a review of regional
oceanography, two representative years were selected for particle
tracking simulations. The model was run for 2010, representing
conditions similar to a “normal” year, and 2011 to look at the
effects of La Niña (Boening et al., 2012). These 2 years represent
two contrasting extremes: 2010 was cooler than normal but with
an average strength Leeuwin Current, whilst 2011 experienced
above average temperatures and a strong Leeuwin Current
(Boening et al., 2012). Conditions for other years are expected to
be represented within the range of conditions experienced during
2010–2011. Spatial patterns common to both years would have a
higher probability of occurring in any given year.

We used the Runge Kutta numerical advection scheme with
a time step of 180 s to simulate the transport of particles forced
by daily averaged surface velocity fields from OzROMS. The
relatively small internal timestep was selected to ensure the
particle model did not become unstable when high velocities and
small grid cells were encountered. This internal 180 s time-step
was paired with a record frequency of 240 s in ICHTHYOP 3.2,
so that particle positions were recorded every 12 h. To account for
horizontal dispersion caused by turbulent processes not resolved
by ocean models, the particle tracking model included a random-
walk component parameterized by the horizontal dispersion rate
that was set to 1× 10−9 m2 s−1 following Peliz et al. (2007).

The daily averaged OzROMS surface velocity fields meant
that simulated particle trajectories included the residual (i.e., net)
effect of tides but did not resolve movements related to individual
flood or ebb tidal cycles. This only created limitations near shore
in the far north of the region where extreme tides occur and this
was taken into consideration when interpreting results.

Please see the Supplementary Material for a detailed
description of the main user inputs for the particle tracking
model.

Optimal Depth and Temperature
Boundaries Identified for Each Species
Depth criteria were based on a literature review of the life
cycles of each of the four species. The depth and temperature
criteria used in this study may differ to similar studies, as here
we used optimal conditions for a release and not mortality
(Putman et al., 2012). Particles representing turtles requiring
pelagic habitat (all except flatback turtles) were required to leave
the continental shelf (>130 m) within 7 days of the release
due to the high predation risk on the continental shelf (Bolten,
2003; Bornatowski et al., 2012; Putman et al., 2012). Successful
particles representing flatback turtles (shallow water species)
were required to stay on the shelf for at least 30 days (<130
m). Sensitivity tests showed that results were insensitive to the
number of days chosen for the depth threshold at most sites, with
the exception of the NW Cape site where probability of success
increased by up to ∼80% for all species when more lenient
thresholds were chosen, indicating that results for NW Cape are
a lower bound of success estimates.

Water temperature thresholds were set at 20◦C for green
(Moon et al., 1997; Hochscheid et al., 2007) and flatback turtles
(Moon et al., 1997; Coles and Musick, 2000; Mandelc et al.,
2002; McMahon and Hays, 2006), 18◦C for loggerheads (Lutz
et al., 1989; Polovina et al., 2004), and 15◦C for hawksbills
(Moon et al., 1997; NSW National Parks and Wildlife Service,
2002; McMahon and Hays, 2006). While turtles are able to
survive temperatures below the criteria outlined above, and
have been known to hibernate at extreme temperatures (Carr
et al., 1980; Hochscheid et al., 2007), the temperature criteria
outlined are considered optimum for success. Corresponding
monthly averaged satellite sea surface temperature data from
1/4◦ resolution NOAA Optimum Interpolation OIv2 dataset
(Reynolds et al., 2002) were used to quantify the temperatures
experienced by each particle at each time-step. The monthly
averaged temperature data were chosen to remove cloud effects
and lessen the chances of a particle being deemed “unsuccessful”
if it encountered a small patch of cold water not representative of
the surrounding environment. By utilizing satellite SST instead
of OzROMS temperatures we eliminated bias that may have been
present in the model.

Criteria for Particle Success
Post processing of particle trajectories to determine the “success”
of each particle considered that each particle represented a turtle
of each of the four species that commonly wash ashore inWestern
Australia.
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The associated temperature and water depth for each particle
along the predicted pathways were extracted for each time step
and each particle was assessed as passing the criteria or not.
Particles were classed as unsuccessful if any of the following
occurred:

1. Particles came back on shore (beached).
2. Particles did not leave the shelf (<130m) within 7 days (green,

hawksbill and loggerhead turtles) or particles drifted into deep
water (>130 m) within 30 days (flatback turtles).

3. Particles experienced water temperatures below species-
specific thresholds.

Data Analysis and Interpretation
In order to determine which sites and months were best, we
calculated the proportion of successful particles for each month,
site, year, and species, then a suite of generalized additive
models (GAM) were constructed for each species using the
MGCV (Wood, 2011) library in R (R Core Team, 2014),
including all combinations of the individual variables, the two-
way interactions and the three-way interaction. Success of
particles for each species was the response variable where prior
weights were used to give the number of trials (total number of
particles in our case) and site, year and month were predictor
variables. Month was modeled as a continuous variable whereas
site and year were categorical variables.We compared and ranked
models using weights of Akaike’s information criterion (AIC).
AIC weight varies from 0 for no support to 1 for complete
support (Burnham, 2002), relative to all models in the set. We
also calculated the percent deviance explained as a measure of
goodness of fit.

For plotting purposes, we also calculated seasonal means (of
all criteria) for the core austral season months [i.e., summer (Jan-
Feb), autumn (Apr-May), winter (Jun-Jul), spring (Sep-Oct)].
Particle trajectories were interpolated onto a 0.1◦ grid and the
percent of particles passing through each grid cell and the mean
drift time to each cell were determined for monthly and seasonal
means of all particle releases.

Based on the analysis of the relative success of the particles,
we developed a decision support system for what constitutes a
successful release site and time for each turtle species. The sites
and months were categorized based on the probability of success.
These categories were classified as “Very High” (70–100%),
“High” (50–70%), “Medium” (30–50%) and “Low” (1–30%). For
neritic species (flatback turtles) the category “Indeterminate”
(1–30%) was added instead of the “Low” category, as the
model results were considered less reliable in places where
many particles beached and the total sample size was small. By
definition, neritic species remain near shore, and any oceanic
features that act to retain turtles (particles) at the coast would
in fact be beneficial to their survival. For example, consistently
strong onshore winds during the wet season along the north coast
caused large numbers of particles to become “beached” in the
model simulations, while in reality the likelihood of “beaching”
is much less due to the turtles’ ability to swim. Irregardless of
swimming ability particles are very unlikely to be transported into
deep and/or cold water under these conditions. Therefore, even

if quantification of probability of success of neritic species is not
possible with this model configuration, qualitative conclusions
about regions and timesmore favorable for neritic species can still
bemade and results are still useful formanagement purposes. The
lower categories should only be considered if no higher options
are available and the turtle needs to be released.

RESULTS

Statistical Analysis
The majority of release sites were not successful, with only
Tantabiddi, NW Cape and Jurien Bay showing success in some
months for the green, hawksbill and loggerheads, and Broome,
Port Hedland, Karratha and NW Cape for flatbacks, so the
statistical model therefore only included these sites. There was
high variability in success between months, sites and years
(Figure 2), with the additive model including the three way
interaction between site, year andmonth havingmajority support
for all three species (wAIC = 1) and the proportion of deviance
explained ranging from 0.61 to 0.66. Out of the three individual
factors, site accounted for largest proportion of the deviance
explained (0.43 for green turtles, 0.33 for hawksbill turtles and
0.35 for loggerhead turtles). The three way interaction accounted
for an additional proportion of 0.24 for green turtles and 0.28 for
hawksbill and loggerhead turtles.

Tantabiddi was the most successful site (5.90–99.1%), across
all months and years for greens, hawksbills, and loggerheads
(Figures 2m,n,mm,nn). Seasonal trends were also clear, with
a higher probability of success in late summer (January and
February) and early spring (September and October) compared
to autumn and winter in 2010 (Figures 2m,n). The particles
released in 2011 showed different seasonal trends for these
species, with a higher probability of success in the cooler months,
including autumn, winter and early spring (Figure 2). For
flatback turtles, Broome was themost successful site with a higher
probability of success in the cooler months, including autumn,
winter (Figures 2c,cc) and only minor differences between years.
Although the probability of success was higher during the cooler
months due to retention of particles on the shelf in warm water
in the northern region, a more qualitative interpretation where
particles retained at the shoreline is beneficial eliminates the
seasonal dependence for success across the north wheremonsoon
winds reverse seasonally. The Perth region (the region supporting
most of the rehabilitation centers) had the lowest success as a
release site as many particles either beached or were transported
into cold water.

Particle Trajectories and Environmental
Variables
The differences in particle dispersal pathways (and thus relative
success as a turtle release site) between sites and months are
explained by local bathymetry, surface current regimes, and
winds (Figures 3, 4). The most important factor determining
particle success was advection into unsuitable depths (due to
beaching and width of the continental shelf) whilst exposure to
cold temperatures was secondary (Figure 5). This was in part
because drift times to reach cold water were often greater than
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FIGURE 2 | Predicted probability of success (success of each particle is determined by the criteria: temperature, distance offshore, and beaching) from the model

used to explain the relationship between particle success and month, site and year for each turtle species in 2010 (a-r) and 2011 (aa-rr). Plots for hawksbills and

loggerheads are combined as they had alike results due the similar criteria used for success. Shown in black is the fitted line and gray points are average daily success

and black points are mean monthly success.

the 60 day drift duration prescribed to the particles (Figure 4).
Seasonality was more important at some sites than others, with
inter-annual differences less important than site and season.
Across all sites, there was a strong link between “success” and
the width of the continental shelf—where the shelf was narrow,
particles were more likely to end up in deep water and vice
versa (Figures 1, 4). In the north (Broome to Karratha), particles
generally remained on the shelf due to the wide shelf and
weaker residual currents. Along the west coast from NWCape to
Perth, the strong Leeuwin Current and eddies dispersed particles
over a much broader area, and further south along the coast
(Figure 3).

Inter-Site Variability
The strongest determinant of success rates was variability in
the time for particles to drift into deep water and beaching.
Along the north coast (Karratha-Broome), the mean time to

reach deep water was 20–30 days; for Ningaloo sites it was ∼10
days; and for the SW sites 10–20 days (Figures 4, 5). Greater
than 80% of particles were still in shallow water after 7 days at
all sites except Tantabiddi (Figures 5g,h), explaining the poor
success for oceanic species at most sites. Only at NW Cape,
where particles took closer to 14+ days to reach deep water, were
success rates increased substantially if the threshold was longer.
Correspondingly, near zero counts of particles drifted into deep
water within 30 days along the north coast (explaining higher
flatback success at sites on the north coast, Figures 2c,f,i,l);
>50% at Ningaloo sites, and variable rates up to 50% at SW
sites (Figures 5c,d). Rates of beaching were more variable among
sites, but followed similar patterns and ranged from >90% at
Karratha and Broome to <5% at Tantabiddi. More than half of
all particles beached at all sites except Tantabiddi (Figures 5g,h),
particularly those sites with enclosed geography such as Perth and
Karratha.
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FIGURE 3 | 2010 Seasonal averaged drift trajectories for all seven sites indicating percent of particles passing through each grid cell (seasonal averages of particles

released for one month and drifting for 2 months). Red asterisk indicates release location and the color bar is scaled logarithmically to show relevant gradients.

Temperature effects explained less of the success rates than
the depth criteria but did show high variability between release
sites. Particles released at the southernmost sites were more
likely to breach the temperature criteria. At the Perth site
the particles were transported south with the Leeuwin Current
in all months (Figure 3), carrying <5% of the particles into
water temperatures <15◦C and 20–30% into water below 18◦C.
Jurien particles experienced similar counts into 18◦C water (20–
30%), mostly during winter (Figures 5i–l). Whilst the particles
generally still moved southward with the Leeuwin Current across
all months, they also moved further offshore in some months,
and occasionally drifted north with the Capes Current during
summer and spring (Figure 3). Fewer particles experienced water
below 20◦C at the more northerly sites, reducing from 100% at
Perth to <5% at NW Cape. Along the north coast no particles
experienced water below 20◦C (Figures 5m,n), resulting in these
sites being best suited for flatbacks requiring neritic habitat and
water temperatures >20◦C.

Particles released at Tantabiddi, the most successful site for
oceanic life stages, were transported in more northerly and
offshore directions, with the particles generally advected quickly
offshore and remaining offshore for the duration of the drift
phase in warm water (Figure 4).

Seasonal and Inter-Annual Variability
Along the west coast, drift pathways varied with season, with
the particles moving southward and closer to shore in autumn
and at the start of the winter, whilst moving northwards and
offshore in summer and spring (Figure 3). At all sites except
Tantabiddi that experienced little seasonality, there was a 5–10
day change in the mean-time to drift into deep water between
seasons (Figures 5a,b). The pathways from NW Cape followed
the same seasonal patterns observed at Tantabiddi (Figure 3).
However, the particles released at NW Cape took longer to get
offshore, with more seasonality, and less direct pathways to deep
water, thus influencing their overall success as a turtle release
site. Stronger southerly winds that occurred during summer and
spring (more so in 2010 than 2011) reduced transport time to
deep water (Figures 5a,b), improving success for oceanic life
stages (Figures 2j–n).

Along the north coast of WA at Karratha, Port Hedland, and
Broome, the majority of particles took longer to leave the wide
continental shelf and were more likely to beach. These pathways
were different across seasons, with the particles advected west
and south in the autumn and winter months (dry season), while
moving north and east in summer and spring (wet season)
(Figure 3). This region is influenced by SE trade winds during the
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FIGURE 4 | Mean seasonal drift time in days for particles released at seven sites along the Western Australia coast during 2010. Each map shows the mean of

∼60,000 individual particle tracks.

dry season and NW monsoon winds during the wet season (See
Supplementary Material for more detail). At Broome almost all
particles were beached during the wet season, and<20% beached
during the dry season when offshore winds advected particles
away from the coast (Figures 5i,j). Despite the high rates of
beaching (and inability to quantify success during the wet season
at Broome), a qualitative interpretation that considers beached
particles as successful for flatback species, would indicate that
flatback success may not be limited to a certain time of the year.

Similarly, in the SW (Perth, Jurien), the highest beaching rates
occurred due to onshore currents/winds, except in this case those
winds were associated with winter cold fronts approaching from
the South Indian Ocean. Generally, cold fronts (and onshore
winds) do not extend as far north as Ningaloo and so those sites
experienced less seasonal variability and less beaching.

The Leeuwin Current was stronger and water temperature was
warmer in 2011 compared with 2010. This warmer water was
advected relatively further south and as a result the pathways
in 2011 (Figure S1) were slightly different compared to 2010
(Figure 3). The seasonal patterns were still very similar to those
observed in 2010, with the particles moving southward in the
autumn and winter months, and moving northwards in summer

and spring across most sites (Figure 3; Figure S1). The only
sites that differed substantially between years were Jurien and
Tantabiddi. The particles released from Jurien in summer 2011
initially moved further north in the Capes current (Figure S2),
before being transported south in the Leeuwin Current. During
autumn of 2011 at Jurien, particles were ∼10 days faster to
move off of the shelf (Figures 5a,b), and were also less likely
to experience water <18◦C (Figures 5m,n). Likewise, fewer
particles released from Tantabiddi in autumn and winter 2011
moved into colder waters (Figure S1), compared with 2010
(Figures 5m,n). Particles released in summer of 2011 took a
longer time to get offshore than in 2010 presumably due to
weaker wind conditions during this period (Figures 5a,b).

Decision Support System
Based on the results of the particle transport model, a decision
support system for when and where to release rehabilitated sea
turtles was developed for each species under both 2010 (weak El
Niño/ neutral ENSO) and 2011 (strong La Niña) conditions. This
system, in the format of a flow diagram (Figure 6), was designed
to be easily applied by conservation managers. For oceanic
species (green turtles less than 40 cm CCL, hawksbill turtles less
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FIGURE 5 | Proportions of particles fulfilling each criteria used to determine success, including 2010 and 2011 seasonal averages for seven sites of (a,b) mean time in

days for particles to reach the edge of the continental shelf (>130m depth); (c,d) proportion of particles that drifted into deep water (>130 m) within 30 days—if so,

flatback species were unsuccessful; (e,f) proportion of particles that were still in shallow water (<130 m) after 7 days—if so, deep water species were unsuccessful;

(g,h) proportion of particles that beached resulting in failure for all species; (i–n) proportion of particles experiencing temperature thresholds of 15, 18, and 20◦C

relevant to each corresponding species.

than 30 cm CCL and loggerhead turtles less than 65 cm CCL)
the best release site, under “normal” conditions, is Tantabiddi
in summer and winter, and under La Niña conditions the
optimal release is from Tantabiddi in autumn, winter and spring
(Figure 6). Tantabiddi also provides the benefit of providing
inshore habitat if turtles in the larger range recruited early to
the nearshore habit. For neritic species (flatback turtles of all

sizes) the best release site, under “normal conditions” is Broome
in winter, followed by the average release sites; Port Hedland in
summer, autumn and winter, and Broome in autumn (Figure 6).
Under La Niña conditions the optimal release site for neritic
species is Broome in autumn and winter, followed by the average
release sites; Port Hedland in winter and Karratha and NWCape,
in spring (Figure 6). A qualitative interpretation that considers
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FIGURE 6 | A decision support system to inform the release of rehabilitated sea turtles, with both oceanic and neritic life histories, in Western Australia based on 2010

(normal) and 2011 (La Niña) conditions. The colors indicate the suitability of a site in relation to the percentage of successful particles; green is “Very High” (70–100%),

yellow is “High” (50–70%), Orange is “Medium” (30–50%), red is “Low” (<30%) and gray is “indeterminate” (<30%).

beached particles as successful for flatback species, would indicate
that flatback success may potentially be higher at many protected
sites, particularly along the entire north coast, and may not
be seasonally limited. Although Jurien and Perth were found
suitable by the model, they were excluded because flatbacks are
not commonly found at these locations.

DISCUSSION

Turtle migration and transportation by ocean currents has been
widely studied using particle tracking with ocean circulation
models, for both adult and neonate turtles, but this study was
to our knowledge the first to attempt to use it to provide a
quantitative approach to the selection of release sites and timing
for rehabilitated sea turtles. We found that release site, year, and
month were important parameters in explaining the success of
released particles and therefore these factors will all be important
in influencing the success of released, rehabilitated sea turtles
to oceanic habitat. Within Western Australia, Tantabiddi, near
Exmouth, is the optimal site to release oceanic life-stage green,
hawksbill and loggerhead turtles. Whilst turtles are not passive
particles and have the ability to influence their own pathway
and orientation, we have identified the release sites and seasons
that will result in the most favorable oceanic conditions for
rehabilitated turtles to be released at, with the highest probability
of being transported to the correct habitat and thermal conditions
required for them to survive.

The higher success of particles released in 2010 in the
summer and spring months, compared to the autumn and winter
months, could be due in part to the changing strength of the
Leeuwin Current. The current flows weakly against maximum
southerly winds in October to March, and is stronger in April
to September due to the absence of dominant southerly winds
and other factors (Godfrey and Ridgway, 1985; Woo et al.,
2006; Ridgway and Godfrey, 2015). This caused more particles
to be transported south in autumn and winter into cooler
waters resulting in lower success. Along the Western Australian
coast, southerly winds are prevalent in spring and summer;
stormy conditions with no prevailing wind direction in winter;

and, generally weaker winds during autumn (Verspecht and
Pattiaratchi, 2010). The winter storms usually last 1–2 days and
are related to the passage of frontal systems, when the region
is subject to strong winds from the north-west, which rapidly
changes direction to the west then south-west over 12–16 h,
gradually weakening over the subsequent 2–3 days. These wind
patterns likely affected the success of particles. The generally
weaker winds in autumn andwinter storms causedmore particles
to be blown onshore or become beached or remain on the
shelf for a longer period of time, whilst the southerlies in
summer and spring could prevent the beaching of particles.
The sea breeze system is superimposed on the larger scale
atmospheric circulation in the region during summer months
and tends to dominate water movements near shore (Pattiaratchi
et al., 1997). In this system, differential heating of the land
and ocean causes a diurnal cycle of offshore directed winds
at night and during the morning and strong onshore directed
flow during the afternoon when land heats up. Although the
particle trackingmodel provides an estimate of the netmovement
on the daily time scale, improved success could be achieved
if turtles were released during favorable weather conditions
when local winds blow offshore and assist their migration
offshore.

Particles released in 2011 had higher success in the autumn
and winter months than those released in 2010, particularly
at the Ningaloo sites. The differences between the years could
be attributed to the effects of La Niña (Boening et al., 2012).
The 2010/11 La Niña resulted in a stronger Leeuwin Current
that intensified earlier than normal in February (Pearce and
Feng, 2013). This had the largest impact on the success of
particles in the autumn and winter months when the Leeuwin
Current is already seasonally strong (Godfrey and Ridgway,
1985; Woo et al., 2006). The particles released in summer
in 2010 had a greater percentage of survival than those
released in summer 2011. In summer and spring southerly
and easterly winds are more prevalent (Bureau of Meteorology,
2014), assisting the transport of particles offshore. However,
in 2011 lighter winds were experienced (Boening et al., 2012),
which could have resulted in the lower success in summer
2011. The stronger than normal LC during summer in 2011
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could have also contributed to this, but it is difficult to
determine the exact cause owing to the high number of factors
involved.

This inter-annual variability in ocean current velocity and
particle dispersal patterns has previously been shown in other
particle tracking studies (Hays et al., 2010). This variability
between dispersal patterns indicates the importance of particle
tracking, for turtle releases and other ocean migration and
connectivity studies. These studies can be done using past data
from years with similar oceanographic and weather conditions
or by using real-time forecasts of ocean currents and the same
particle tracking methodology applied here. Comparing those
results to what we presented here would be the best approach.
In addition to this inter-annual variability, seasonal current
bifurcation was observed at most sites. In general, northward
coastal currents are restricted to summer and spring seasons with
dominant southward flow in autumn and winter. These seasonal
drift patterns have been shown to influence hatchling dispersal
and subsequent adult migration routes (Scott et al., 2014). This
current divergence could explain the different migratory paths
taken by nesting female sea turtles (Hays et al., 2010; Whittock
et al., 2014). Particle tracking can therefore be used to assist in
the prediction of migration patterns of adult turtles, based on the
year and season that they hatched, as well as hatchling dispersal
patterns.

One of the main criteria for the success of the three oceanic
species was being transported off the continental shelf within 7
days and a very high percentage of particles released at Tantabiddi
achieved this. This could be attributed to the narrow continental
shelf in this area which is the narrowest on the entire Australian
mainland (Woo et al., 2006), meaning that particles were likely
to be transported off the continental shelf faster at Tantabiddi
due to a shorter distance compared to the other sites. Previously
the majority of turtles rehabilitated in Western Australia have
been released from NW Cape, with very little success. Our study
indicated that particles released at NWCape took longer to move
offshore into deep water resulting in lower success (below 40%
across all seasons in both years). Over 50% of particles released
from NW Cape took more than 7 days to leave the continental
shelf across all months and years. Sensitivity tests indicated that
increasing the number of days allowed for particles to move into
deep water could dramatically improve success at NW Cape,
indicating that our results were somewhat sensitive to the exact
time threshold chosen. Previous studies have found a strong
correlation between nest density and the distance to favorable
currents (Putman et al., 2010). Shorter distances offshore will
increase the likelihood of hatchlings reaching favorable currents
and suitable habitats, as well as decreasing the risk of predation
(Putman et al., 2010). This supports our results and favors
Tantabiddi over the NW Cape as the optimal release site for
rehabilitated neonate turtles (Figure 4). Targeting release dates
to favorable local conditions such as strong southerly or easterly
winds and an outgoing tide to assist turtles offshore could
improve success compared to the non-targeted approach assessed
here. However, given the proximity of the Tantabiddi site, it
would make more sense to release turtles there, where they have
higher chances of success.Whilst our results showed that many of

the release sites tested here resulted in zero success, it is important
to remember that we did not account for turtle swimming
ability in our particle tracking model, so that actual success of
real rehabilitated turtles could be higher. Success at some sites
could be increased slightly by releasing further offshore and
subsequently reducing the likelihood that the particles (turtles)
would beach. However, releasing further offshore would not
change the general advection patterns and further distances may
not be feasible for rehabilitation centers.

The particles released from Jurien in 2010 were more
successful in summer. This could be due to the weaker Leeuwin
Current at this time of the year and/or the existence of a
northward flowing Capes Current (Godfrey and Ridgway, 1985;
Woo et al., 2006). With a weaker Leeuwin Current, less particles
were transported south into cooler water. However, in 2011 the
Leeuwin Current flowed stronger in summer and transported
more particles south (Feng et al., 2003; Boening et al., 2012). This
indicates that during a “normal” year, Jurien could be considered
for release of turtles in summer, although the probability for
success is much lower than at Tantabiddi.

Flatback turtles need to remain on the continental shelf and
in warm water, above 20◦C (NSW National Parks and Wildlife
Service, 2002; McMahon and Hays, 2006). Theoretically, Broome
is an ideal release site as there is a wide continental shelf and
warm water. However, becoming beached was a major cause
of failure for flatback turtles at the Broome site, particularly in
summer (wet season) when winds were generally from the west,
so the highest rates of success would likely be achieved during
the dry season. In reality, success would likely be higher across all
sites and seasons than the models predict, as turtle’s swimming
ability would decrease the likelihood of beaching (Carr, 1987;
Polovina et al., 2000; Bentivegna et al., 2007; Okuyama et al.,
2009). While the model does not accurately give the probabilities
for success for flatback turtles in some regions due to high
beaching rates, the results do indicate where currents act to retain
particles nearshore, which is ideal for this species. High levels of
beaching can therefore be interpreted as favorable for flatback
success.

As our aim was to identify where and when ocean
currents could act in favor of rehabilitated, released turtles, we
purposefully did not account for turtle swimming ability so as
to not introduce unknown errors into our modeled dispersal
pathways. As we have suggested, the low probability of success
that we predicted for flatback turtles due to particle beaching and
the zero probability of success for the oceanic species at some
sites, might not be realistic in relation to real turtles given that
their swimming behavior would clearly influence the modeled
pathways. This would be especially true for the larger size classes
and our modeled pathways might be more representative of
small neonates around <20 cm CCL and for species requiring
oceanic habitat (Bolten, 2003). We acknowledge this limitation
but argue that our approach has met the stated objective of
informing management agencies in the selection of the best times
and sites for release and our approach would be equally successful
in other areas around the world needing decision support for
the release of rehabilitated turtles. Another important factor
influencing these results is the large tidal influence in north
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Western Australia. The OzROMS model output used to drive
the particle model consisted of daily velocity fields rather than
hourly velocity fields. This is not an issue when the particles are
released further offshore, as the path the particles follow is very
similar. However, when the particles are released closer to shore,
the trajectories resulting from hourly velocity fields are much
more variable at short time scales than those computed from
the averaged currents. Resolving instantaneous tidal velocities in
the particle tracking model, however, would further compound
issues related to beaching and would require more complex
particle behavior that introduces yet more uncertainty in the
results. The results from this study can therefore be considered
conservative estimates for Broome, Karratha, and Port Hedland,
as these are sites with larger tidal ranges and more enclosed
topography. However, since the particles were released offshore
and the analysis identified robust general patterns across sites
and seasons, we are still confident of the recommendations we
provide here. Due to the strong tidal currents at these northern
sites, it is important to release flatback turtles at high tide and at
a greater distance from shore to prevent beaching or becoming
unnecessarily fatigued.

Turtle rehabilitation is often community driven with
dedicated groups and individuals spending their own time
and money to care for sick and injured individuals. The value
of rehabilitation is not only through the release of a healthy
individual into the population, but extends to community
education and capacity building, scientific information on
threats through a compilation of stranding events and through
general community support to sea turtle conservation. The final
step in the rehabilitation process is the release of the individual
into suitable habitat (Caillouet et al., 2016). This study provides
a quantitative process to assist conservation decision makers to
select release sites and dates to provide these rehabilitated turtles
the best survival chance post-release. For each release, logistical
factors must also be considered which include a consideration
of the transport options available (e.g., air or road), minimizing
overall travel time between rehabilitation center and release site
and staff support at both ends. For individuals requiring oceanic
habitat, releasing the turtles offshore using a vessel should always
be considered.

CONCLUSIONS

Analysis of more than 3,000,000 simulated particle trajectories
for seven sites over 2 years indicated that Tantabiddi, near
Exmouth on the Pilbara Coast is the optimal site to release
rehabilitated oceanic life stage green, hawksbill and loggerhead
turtles in Western Australia. The best time of year for a release
depends on the weather conditions, including ENSO variability.
To increase a turtle’s chance of survival, it is recommended
that they are released at high tide, and preferably with easterly
winds to assist their transport offshore. Our study is, to the
best of our knowledge, the first to have used particle tracking
models to determine the optimal release time and location for

rehabilitated turtles. This method is preferable to the ad hoc
approach used currently, as it allows for a quantitative approach
for selecting release sites and times based on the oceanography—
one of the main drivers of their movement. Importantly, this
project provides objective information to guide conservation
management decisions and protocols within Western Australia
and provides a useful approach to assist with release decisions for
rehabilitated turtles around the world.
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