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Abstract.  To predict and manage ecological impacts of anthropogenic activities effectively, an
understanding of at-risk species spatial ecology is first required. This is particularly difficult in the marine
environment due to limited offshore access and wide-ranging movements of some species. Flatback
turtles are a protected species potentially at risk from hazards associated with the resource sector in
Australia, yet their at-sea spatial ecology is not well understood. We use habitat suitability modeling
to identify environmental variables that influence flatback turtle internesting movement; identify areas
of suitable internesting habitat; and determine overlap of identified internesting habitat with resource
sector hazards. Internesting movements of 47 female flatback turtles, from five rookeries in the North West
Shelf region of Western Australia, were recorded using platform terminal transmitters between 2006 and
2010. Environmental variables including sea surface temperature (SST), bathymetry, magnetic anomalies,
distance from coastline, slope, and ruggedness index were combined with the tracking data from each
rookery in an ecological niche model. We used the positions of resource sector vessels to represent areas
of potential impact from resource sector hazards and identified overlap with suitable internesting habitat
areas as a representative of the likelihood of impact. The primary environmental variables that influenced
flatback internesting movement were bathymetry, distance from coastline, and SST. Suitable areas of
internesting habitat were located in close proximity to many known flatback turtle rookeries across the
region. Areas of suitable internesting habitat overlapped resource sector hazards in close proximity to
four of the five rookeries and at other known flatback turtle rookeries. The cumulative overlap across the
overall study area indicates a high potential for interaction with resource sector hazards, demonstrating
the need for regional protection measures in these areas. This study provides a capability for regulators
and developers to determine the potential offshore presence of internesting flatback turtles within the
region, allowing for protection measures to be targeted appropriately as industrial development continues.
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INTRODUCTION

Human population growth has increased
demand for natural resources (UNEP 2012),
resulting in expanding resource extraction across
the globe and an increased pressure on natural
environments (Bellamy et al. 2013). The pre-
dicted consequences of such resource extraction
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on threatened species, habitats and ecological
function, as well as the effectiveness of pro-
posed protection measures, are often uncertain
(UNEP 2012). At a species level, the uncertainty
largely stems from a poor understanding of the
spatial ecology including their ecosystem role
and habitat preferences (Franklin 1995, Bellamy
et al. 2013). Moreover, understanding these
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gaps is challenging (Guisan and Thuiller 2005,
Colwell and Rangel 2009) because (1) behavior
and habitat use are underpinned by influencing
environmental variables (Soberon 2007), and (2)
environmental variables may act independently
of each other or in combination.

Statistical and mathematical modeling tech-
niques have been increasingly used to improve
our understanding of species’ spatial ecology
(Guisan and Thuiller 2005). One technique is
the generation of habitat suitability models to
predict species distribution based on species
preferences for different habitats across a com-
bination of environmental variables (Guisan and
Zimmermann 2000). Species distribution data,
required for the model, can be simple presence
or presence-absence data based on random or
non-random field sampling (Guisan and Thuiller
2005). For most species, information on absence
is difficult to obtain due to logistical and budget
constraints associated with field sampling across
their range, with multiple samples required
before a species can be classified as absent (Hirzel
et al. 2002, Zaniewski et al. 2002, Ottaviani et al.
2004). Therefore, models that rely on presence
data are more commonly used when determin-
ing habitat suitability for wide-ranging species
(Phillips et al. 2006).

An ecological niche-based model (ENM) relies
on presence data only (Hirzel et al. 2002, Phillips
et al. 2006) and provides valuable information
on habitat choice by quantifying the relation-
ship between the presence data and environ-
mental variables to generate habitat suitability
predictions at unsampled locations throughout
the study area (Guisan and Thuiller 2005). The
model’s output also includes a habitat suitability
map detailing the predicted distribution of a spe-
cies over an area based on the model’s input, that
is, environmental variables and presence data
(Guisan and Zimmermann 2000). Consequently,
an ENM can be a powerful tool in aiding the
development of policy to mitigate impacts to
species habitats and offer considerable scope for
use along the coastal zone.

Ecological niche-based models have primarily
been used for terrestrial species habitat model-
ing (Sattler et al. 2007, Basille et al. 2008, Falcucci
et al. 2009), though more recently, they have also
been applied to marine species (Pittman et al.
2007, Degraer et al. 2008, McKinney et al. 2012).
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Suitable habitat areas have also been overlapped
with locations of anthropogenic hazards to deter-
mine the potential significance of the hazard,
such as olive ridley turtle habitat overlap with
fisheries (Pikesley et al. 2013) and whale shark
habitat overlap with oil platforms and fisheries
(McKinney et al. 2012). In general, the model out-
puts (i.e., habitat preferences and species distri-
bution) have been used to identify areas where
measures could be directed for further environ-
mental protection of the species or aid in the pri-
oritization of future research (Hirzel et al. 2004,
Sattler et al. 2007, Gomes et al. 2009).

The North West Shelf (NWS) in Western
Australia provides breeding and foraging habi-
tat to globally significant marine turtle popula-
tions and has seen rapid industrial development
related to the extraction, processing, and trans-
port of natural resources. Absence of data relating
to marine turtle spatial ecology, environmen-
tal drivers of change, and possible species level
response to an impact (e.g., Grech et al. 2014,
Whittock et al. 2014) presents a key knowledge
gap for Government agencies and Industry pro-
ponents when minimizing impact. One species
identified as having a high likelihood of a poten-
tial interaction with regional industry activities
is the flatback turtle (Natator depressus; Whittock
et al. 2014).

Although flatback turtles are protected
under Australia’s Environment Protection and
Biodiversity Conservation (EPBC) Act (1999),
there is little understanding of the flatback tur-
tle’s spatial ecology in the marine environment
(Limpus 2007), particularly in the NWS region
(Pendoley et al. 20144). The need to develop a
greater understanding of their spatial ecology
in this region is particularly high as the resource
sector presents multiple anthropogenic hazards
to flatback turtles situated offshore during their
nesting cycle and migration (Commonwealth of
Australia 2003, Pendoley et al. 2014a, Whittock
et al. 2014). Documented offshore hazards to
marine turtles include the following: marine
vessels (e.g., collision and disturbance; Dobbs
2001, Hazel et al. 2007, Meager and Limpus 2012,
Chevron Australia 2013); oil spills (e.g., inges-
tion; Lutcavage et al. 1995); underwater blast-
ing/seismic surveys/pile driving (e.g., noise and
vibration; Keevin and Hempen 1997, McCauley
et al. 2000); and dredging (e.g., entrainment and
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habitat burial; Dickerson et al. 1991). Mitigating
or preventing these threats from impacting tur-
tles during the breeding season is important; if
female turtles are repeatedly disturbed, it can
lead to reduced reproductive output (Hamann
et al. 2002); and mortality of reproductively
active female turtles could affect the survival of
the entire species as they are considered to con-
tribute disproportionately to sustaining the over-
all population compared to non-reproductively
active turtles (Heppell et al. 1999, Gerber and
Heppell 2004).

Protection of breeding turtles from distur-
bance requires knowledge of their habitat use
and preferences. Like other marine turtle species,
we expect that internesting flatback turtles will
have specific habitat preferences, and small-scale
variations in these will underpin variability in
distribution over multiple seasons (e.g., Hays
et al. 2000, Fossette et al. 2012). Quantifying hab-
itat preferences and distribution of internesting
flatback turtles on the NWS is therefore critical to
providing a solid empirical foundation for devel-
opment, implementation, and evaluation of pro-
tection measures in response to anthropogenic
hazards.

The main aim of this study was therefore to
improve understanding of flatback turtle spatial
ecology within the NWS region in light of sig-
nificant resource sector development. Specific
objectives were to (1) identify the environmental
variables that influence the spatial distribution
and range of internesting flatback turtles on the
NWS using ecological niche-based presence-only
models; (2) produce a habitat suitability map
that describes and represents the potential geo-
graphic distribution of internesting flatback tur-
tles on the NWS; and (3) integrate resource sector
activities to contextualize potential threat from
industry hazards within the region.

METHODOLOGY

Study area

The NWS study area size is 48,526 km?,
extending offshore from North West Cape in
the west to 50 km east of Port Hedland (lati-
tude: -18.7° to -22.5°, longitude: 114.0-120.0°)
and borders 1500 km of coastline within the
Pilbara region of Western Australia (Fig. 1). The
study area extent matched that of the NWS
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Joint Management Study used by The
Commonwealth Scientific and Industrial
Research Organisation (CSIRO) for regional
planning and multiple-use management of the
NWS marine ecosystems (CSIRO 2007). The
NWS study area’s offshore boundary extends
to the 60-m bathymetric contour. The 60-m con-
tour was selected to ensure all potential
internesting flatback habitat within the region
was included in the habitat analysis as this is
deeper than internesting flatback turtles have
been recorded diving to within Western
Australia (Bare Sand Island = 44 m; Sperling
2007) and deeper than flatback turtles have pre-
viously been found to occur in other parts of
Australia (40-45 m; Walker 1991, Poiner and
Harris 1996, Robins and Mayer 1998).

The range of flatback turtle breeding within
the NWS study area extends eastwards from
Cape Range across the area to Port Hedland,
with many offshore islands supporting suitable
nesting habitat (Pendoley et al. 2016). The most
significant rookeries within the area are found
at Barrow Island, Mundabullangana, and collec-
tively, the Mackerel Islands (includes Ashburton
and Thevenard Islands) offshore from Onslow
(Limpus 2007, Pendoley et al. 2014b, 2016).
Smaller flatback turtle rookeries are found in Port
Hedland; in the Lowendal Islands (including
Varanus Island); at the Muiron Islands (Limpus
2007); and across the Dampier Archipelago
(including Legendre and Delambre Islands;
Prince et al. 2013).

The NWS study area is characterized by many
natural features considered to be of high eco-
logical value, including coastal and shallow
water habitats such as mangrove forests, sea-
grass beds, coral reefs, and shelf habitats built
around complex sponge communities (Condie
and Andrewartha 2008). The area experiences an
average of three to four cyclones a year that can
cause massive destruction to coastal areas and
seabed habitats, and contribute significantly to
the region’s natural interannual variability. The
area is also affected by large-scale variations in
ocean temperatures and salinity. These are influ-
enced by the Indonesian throughflow (fluctuat-
ing flows in the Indonesian Archipelago between
the Pacific and Indian Ocean) and by other
regional currents (Condie and Andrewartha
2008).
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Fig. 1.
internesting positions from each rookery.

Turtle tracking data set

The flatback turtle reproductive season in
Western Australia extends from October through
to February, with variations in peak nesting peri-
ods among rookeries (Pendoley et al. 2014b).
Platform terminal transmitters (PTTs) were
attached to 47 nesting female turtles during this
period following clutch deposition at five rooker-
ies located within the NWS study area, between
2006 and 2010: Barrow Island (1 = 26), Thevenard
Island (n = 6), Ashburton Island (n = 4),
Mundabullangana (1 = 2), and at Cemetery beach
in Port Hedland (n = 9; Fig. 1). A summary of
individuals tracked, their sizes, and tracking
duration by deployment location is provided in
Whittock et al. (2014). It was unknown whether
the selected turtles were nesting for the first time
in the season at the time of attachment; therefore,
data used in this study may not represent the
overall season’s internesting distribution for
each tracked turtle.

Four models of PTT were used: One model pro-
vided Argos only locations (Kiwisat 101, Sirtrack

ECOSPHERE « www.esajournals.org

Filtered internesting positions (1 = 5402) from all rookeries (1 =5). Colored positions represent filtered

Ltd, n = 2) and three models provided Fastloc
GPS locations (MK-10 AF, Wildlife Computers,
n = 4; Fastloc GPS-Argos transmitters, Sirtrack
Ltd, n = 29; Satellite Relayed Data Loggers, St
Andrews Mammal Research Unit, n = 12). See
Whittock et al. (2014) for PTT attachment tech-
nique and data recovery details, Argos and GPS
location accuracy details and data filtering tech-
niques. All tracking units were set up with a
duty cycle of “on continuously,” with a saltwater
switch to restrict transmission attempts when the
tracking unit was submerged.

To avoid pseudoreplication, we used filtered
location data to calculate a median location for
every six-hour period, from all location data
received during this period (Schofield et al.
2010). Where locations were missing within the
six-hour period, we interpolated these linearly to
derive a location (Bailey et al. 2008).

The absolute end of internesting was indicated
by the commencement of postnesting migra-
tion, which was deemed to have begun once
movement away from the nesting beach was
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Table 1. Summary of environmental variables considered for use in each ENM.
Environmental variable Abbreviation Unit Source Source resolution (km?)

Bathymetry Bath m GEBCOT 0.25

Distance from coastline Dist km ArcGIS derived 1

Magnetic anomaly MagA nano Tesla (nT) Geoscience Australia 0.08
Ruggedness Index Rugg m ArcGIS derived} 1

SST SST °C GHRSSTS§ 1

Slope Slope ° ArcGIS derived 1

Note: ENM, ecological niche-based model; GEBCO, General Bathymetric Chart of the Oceans; GHRSST, Group for High-
Resolution Sea Surface Temperature project; SST, sea surface temperature.

+ Bathymetry data obtained from the GEBCO (http://www.gebco.net/data_and_products/gridded_bathymetry_data/).

I Calculated by summarizing the change in elevation between adjacent neighboring cells (Riley et al. 1999).

§ GHRSST (http://coastwatch.pfeg.noaa.gov/erddap/griddap/jpIMURSST html).

directional and protracted (Zbinden et al. 2008).
All data received following the commencement
of postnesting migration were excluded from the
analysis.

Objective I: Environmental variables that influence
distribution and range

Environmental variables considered for use in
the model were derived from remotely sensed
images and GIS analysis (Table 1, Fig. 2). An
environmental variable was deemed suitable if it
characterized the habitat suitability associated
with the distribution of other internesting marine
turtle species or if it had the potential to influence
the distribution of internesting flatback turtles
(as determined by published literature). This
conservative selection approach was adopted
due to the absence of primary literature relating
specifically to the habitat suitability of internest-
ing flatback turtles and follows the variable selec-
tion methods of other studies (e.g., McKinney
et al. 2012).Environmental variables included the
following: bathymetric depth data, obtained via
the General Bathymetric Chart of the Oceans
(GEBCO); a ruggedness index, based on the
change in bathymetric depth between adjacent
neighboring cells (Riley et al. 1999); and slope,
calculated in ArcGIS using the bathymetric depth
variable layer (Table 1, Fig. 2).

Monthly averaged sea surface temperature
(SST) data were obtained from the Group for
High-Resolution Sea Surface Temperature proj-
ect (GHRSST; Table 1). The temporal extent of
the tracking data set across each season was
used to define the same temporal extent for the
remotely sourced monthly SST data. The sea-
sonal composites were averaged to provide one
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overall long-term SST environmental variable
layer (range = 26.2-29.9°C), representative of
the overall period for which satellite tracking
occurred (Pikesley et al. 2013).

The minimum distance from the nearest coast-
line was calculated for each cell within the study
area and used as an environmental variable layer
(Fig. 2). The layer represented the distances trav-
elled by internesting marine turtles away from
the coastline before they returned to their nest-
ing habitat on the coastline to lay subsequent
clutches.

Magnetic anomaly data for the study area were
obtained via Geoscience Australia and included
as an environmental variable layer (Table 1,
Fig. 2). This layer was included in the ENM as
the prominent positive magnetic anomalies up
to 1400 nT within the NWS study area (Veevers
et al. 1985) may have influenced the location of
nesting sites within the region and associated
nearshore areas. Several marine turtle species
are known to have the biological equivalent of
a magnetic compass (Lohmann 1991, Lohmann
and Lohmann 1993) and may use geographic
variations in the Earth’s magnetic field to deter-
mine their position and return to their nesting
site (Wiltschko and Wiltschko 1995, Johnsen and
Lohmann 2005).

Flatback turtles are considered to be capi-
tal breeders (Hamann et al. 2002) and thus are
unlikely to be influenced by prey availability
during their internesting period. Therefore, no
environmental variables were included as a
proxy for food availability, that is, chlorophyll,
benthic habitat.

All spatial data (turtle tracking data set and
environmental variables) were prepared and
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Fig.2. Maps of environmental variable layers (1 = 6) considered for use within ecological niche-based model.
Black stars indicate location of each rookery.
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analyzed using a combination of ArcGIS 10.1
(Environmental Systems Research Institute;
Redlands, California, USA), IDRISI (Clark Labs at
University of Clark), Quantum GIS (open source;
www.qgis.org), and the Raster package for R (R
Development Core Team 2013; Hijmans and Van
Etten 2014). The working cell size was determined
using the most common resolution of available
spatial data (1 km?; Table 1). All spatial data were
resampled to the same 1 km x 1 km cell size (using
bilinear interpolation), spatial extent, number of
1 km? cells, and geographic datum. The resulting
data surfaces provided consistent environmental
variable layers for the NWS study area.

To test for correlation within the environmen-
tal variable layers, a random sample of locations
(n=1000) was generated and coincident environ-
mental variable data extracted for each location.
A Spearman’s rank correlation test was calcu-
lated for each paired variable, with any highly
correlated variables (P > 0.7) removed from the
data set. This ensured that only independent
environmental variables were used in the final
models and reduced the likelihood of the model
over-fitting (Hirzel et al. 2002, Galparsoro et al.
2009).

Objective 2: North West shelf habitat suitability
modeling

Habitat suitability modeling followed Pikesley
et al. (2013) and was conducted using an ensem-
ble ecological niche modeling approach (Araujo
and New 2007, Rangel and Loyola 2012).
Modeling was conducted using the biomod2
package in R (Thuiller et al. 2013). Three types of
ENM were generated for each rookery: general-
ized additive model (GAM), multivariate adap-
tive regression splines (MARS), and MaxEnt
modeling algorithms (Phillips et al. 2004).

The model’s response variable was binary,
either “presence” described by the turtle track-
ing data set or, due to the lack of accurate absence
data, randomly generated “pseudoabsences”;
these background absence data characterize the
“available” environmental variables within the
NWS study area. A 1:1 ratio of pseudoabsences to
presence locations is commonly agreed as best in
model building (Zuur et al. 2009), and therefore,
the number of pseudoabsences used in the mod-
els matched the number of presence locations
included in the tracking data set. All models were
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run using 10-fold cross-validation with a 75:25%
random spilt of the location data for calibration
and model performance testing, respectively.

The performance of each model was evaluated
using five metrics: (1) area under curve (AUGC; a
measure of the ratio of true positives out of the
positives vs. the ratio of false positives out of the
negatives); (2) Cohen’s kappa (Heidke skill score;
KAPPA); (3) true skill statistic (TSS; a measure of
accuracy relative to that of random chance); (4)
success ratio (SR; the fraction of the true positives
that were correct); and (5) accuracy (the fraction
of the predictions (true and false) that were cor-
rect [Thuiller et al. 2009, 2013]). All evaluation
metrics were scaled to the range 0-1 to enable
the evaluation of model uncertainties within and
between models.

If all models performed with similar accuracy,
the ENMs were combined to form an ensemble
projection using an unweighted average across
models. This ensemble ENM described the rel-
ative suitability of habitat for internesting flat-
back turtles within the NWS study area, scaled
between 0 and 1, where 0.5 represents areas of
typical habitat suitability, 0 represents lowest
suitability, and 1 indicates greatest suitability.

Tracking effort in this study was not spatially
uniform across the NWS study area, and the pro-
portion of tracking effort compared to the esti-
mated number of females nesting at each rookery
was not consistent (Spearman’s rank correlation,
p = 0.783). This inconsistency in tracking effort is
a recognized limitation involved with conduct-
ing habitat modeling using satellite telemetry
data across a large geographic area (Aarts et al.
2008). Pooling the telemetry data from all indi-
viduals across the NWS study area would there-
fore bias the results toward data-rich regions of
geographic space that have been sampled more
intensely, thatis, Barrow Island (Aarts et al. 2008).
To overcome this bias, the modeling technique
was repeated to produce individual ensemble
ENMs for each rookery using only presence
locations for that specific rookery and the envi-
ronmental variable layers for the entire study
area. The individual ensemble ENMs were com-
bined, and the maximum habitat suitability score
for each cell across all five combined ensemble
ENMs retained to determine the habitat suitabil-
ity for the NWS study area in an overall single
ensemble ENM.
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The relative importance of each environmental
variable, for each rookery, to the model was cal-
culated using a randomization process (Thuiller
et al. 2009). This process calculated the correla-
tion between a prediction using all environmental
variables and a prediction where the independent
variable being assessed was randomly re-ordered.
If the correlation was high, the variable in ques-
tion was considered unimportant for the model
and conversely, if low, important. A mean correla-
tion coefficient for each environmental variable
was then calculated over multiple runs. This was
repeated for each environmental variable. The cal-
culation of the relative importance of each envi-
ronmental variable was made by subtracting these
mean correlation coefficients from 1.

Objective 3: Resource sector activities hazard
analysis

The spatial risk to suitable internesting flatback
habitat (defined as areas with a habitat suitability
score >0.5 probability) from resource sector activ-
ities in the NWS study area was estimated fol-
lowing methods outlined in Sutur (1993). The
method involved the following: (1) identifying
the hazards; (2) quantifying the exposure of
internesting habitat to the hazards; and (3) esti-
mating the risk to internesting habitat areas.

Hazard identification

In general, documented hazards to individual
marine turtles and their habitat from resource
sector activities involve the use of vessels. We
therefore used the location of vessels directly
involved in resource sector activities to represent
the location of resource sector hazards within the
NWS study area.

Vessel position data during the period of flat-
back turtle satellite tracking (2006-2010) were not
available. As an alternative, vessel position data
for the July 2012-January 2014 period, available
from the Australian Maritime Safety Authority
(AMSA), were used. The position data were
collected from a variety of sources, including
the terrestrial and satellite shipborne automatic
identification system (AIS). Position data pro-
vided details of the type of vessel, vessel speed
at the time the position was recorded, and actual
time the position was recorded. Vessel types con-
sidered to be involved in resource sector activ-
ities included the following: cargo ships (60.5%
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of positions); tug vessels (26.9%); tankers (10.1%);
dredge vessels (1.7%); and fishing vessels (0.8%).
The provided data had been filtered to only
include hourly positions for each vessel, with the
first position recorded each hour retained.

Quantifying hazard exposure

Quantitative information and empirical data
on the relative impact of the hazards associated
with each resource sector vessel type to internest-
ing flatback turtles on the NWS are not available.
In the absence of this information, we used avail-
able published literature in combination with the
results of a regional hazard assessment for
marine turtles (Wallace et al. 2011) to quantify
the relative impact factor of each hazard pre-
sented by vessel activities within the NWS study
area. The use of a relative impact factor ensured
a higher weighting to those vessel types involved
in resource sector activities that presented a
greater hazard to internesting flatback turtles
and their habitats compared to other vessels.

The regional hazard assessment established
scores for hazards on a 1 (low) to 3 (high) scale
for flatback turtles within the South East Indian
Ocean Regional Management Unit (RMU), which
included the NWS study area (Wallace et al.
2010). Assessed hazards relevant to this study
included fisheries and coastal development
(including construction and dredging) activities.
The relative impact factor for each hazard was
based on the regional hazard assessment and
published literature (Table 2).

The monthly vessel position data sets were
combined and converted to a hazard layer with
the same spatial extent and cell size (1 kmz) as the
environmental variable layers. Cells which aver-
aged <1 vessel position per month were removed
from the layer to ensure that only cells with regu-
lar vessel use were included. The value of each cell
in the hazard layer was derived by the sum of the
impact factor of positions situated within the cell.

The hazard layer cells were reclassified as low
cumulative impact (<33rd percentile of all haz-
ard layer values), medium cumulative impact
(233rd to <67th percentile), and high cumulative
impact (>67th percentile).

The spatial risk of internesting flatback turtles
and their available suitable habitats to cumula-
tive resource sector hazards was evaluated by
comparing the overlap of the cumulative impact
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Table 2. Impact factor classification for different vessel types related to the resource sector (based on Wallace
etal. 2011).
Regional hazard Impact Justification
Vessel type classification factor Justification references
Fishing vessel Medium 2 Entanglement in fishing gear or ~ Meager and Limpus
incidental capture remains a (2012) and
hazard to marine turtles in Woodhams et al.
Australian waters despite (2012)
implementation of turtle
excluder devices (TEDs)
Dredge vessel High 3 Dredging can cause direct habitat Dickerson et al. (2004)
destruction via excavation of
the seabed, or burial of habitat
from dredge spoil disposal,
and presents a hazard of
entrainment and disturbance
to internesting turtles
Transport vessels, that is, Low 1 Turtles were less vulnerable to Hazel et al. (2007)
tankers, cargo ships, and collision with vessels traveling
tug vessels, traveling <4 km/h
<4 km/h
Transport vessels, that is, Medium 2 Turtles failed to completely avoid Hazel et al. (2007)

tankers, cargo ships, and
tug vessels, traveling
>4 km/h

vessels traveling >4 km/h,
leaving them vulnerable to
collision

hazard layer with areas of typical suitable habi-
tats identified within the ensemble ENM.

REsuLTs

Turtle tracking data set

Internesting flatback turtles (n = 47) recorded a
total of 5402 filtered internesting positions over
1289 d of tracking time (2005/2006: 33 d,
2006/2007: 45 d, 2007/2008: 49 d, 2008/2009: 176 d,
2009/2010: 715 d, 2010/2011: 271 d; Fig. 1). All
tracked flatback turtles remained within the
boundaries of the NWS study area (see Whittock
et al. 2014 for the specific movement patterns
exhibited by individual turtles from each rook-
ery except Ashburton Island).

Objective |: Environmental variables that influence
distribution and range

The environmental variables of slope and rug-
gedness index were highly correlated (P = 0.93,
P < 0.0001; Fig. 2e, f). Slope was therefore
excluded from any ENM analysis. All other vari-
ables were independent (P <0.7) and included in
the ENM.

Internesting flatback turtles from each rookery
remained in water <44 m deep (Table 3), with the
mean depth for all turtles at each rookery <10 m.
The internesting locations from all five rookeries
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reached a maximum distance from the nearest
coastline of 27.8 km, with the mean maximum
distance away from the nearest coastline <6.1 km
for each rookery. The mean magnetic anomaly
values of internesting locations from each rook-
ery were higher than background values, except
at Port Hedland (Table 3). Internesting loca-
tions from rookeries located on the mainland
(Mundabullangana and Port Hedland) recorded
lower mean ruggedness index values than those
rookeries located on offshore islands (Ashburton,
Barrow, and Thevenard). Mean SST was coolest
for the two most southerly situated rookeries in
the study area (Ashburton Island: 27.9° + 27.8°C;
and Thevenard Island: 27.7° + 27.8°C) and high-
est for the most northerly located rookery (Port
Hedland; 29.6° + 29.6°C). The values of environ-
mental variable layers at the random background
positions were significantly different when com-
pared to the values of variable layers of each
individual rookery (P < 0.05; Table 3).
Bathymetry was the most important contribu-
tory environmental variable at both Ashburton
Island and Mundabullangana (Fig. 3; Appendix
S1). SST was the most important contributory
environmental variable at Mundabullangana
and Port Hedland, with the variable also
important at Ashburton and Thevenard Islands
(Fig. 3; Appendix S1). Distance from the nearest
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Table 3. Summary statistics of each environmental variable layer throughout the NWS study area (back-
ground), at all flatback turtle positions at each rookery for all years, and at areas identified as high habitat
suitability for each rookery (defined as >0.9 probability).

At flatback positions At areas of high habitat suitability
Rookery Mean SD Range n Mean SD Range n
Bathymetry (m)
Background 27.9 17.4 0.0 to 61.0 1000 NA NA NA NA
Ashburton Island 54 24 0.0 to 16.0 619 5.5 2.0 0.0t09.2 593
Barrow Island 8.6 3.2 0.0 to 25.6 3562 8.8 3.1 0.0 to 21.1 974
Mundabullangana 2.2 1.8 0.0to 5.8 34 24 2.2 0.0 to 6.6 126
Port Hedland 4.0 3.7 0.0 to 16.2 645 6.1 3.3 0.0 to 14.0 404
Thevenard Island 9.9 4.6 0.0 to 44.0 542 7.1 4.6 0.0 to 16.0 313
Distance from Coastline (km)
Background 29.3 24.1 0.0t097.2 1000 NA NA NA NA
Ashburton Island 4.9 3.4 0.0to 11.7 619 5.1 3.2 0.2to 11.6 593
Barrow Island 6.1 5.8 0.0 to 27.8 3562 8.7 6.2 0.0 to 25.5 974
Mundabullangana 2.7 2.5 0.1t09.4 34 3.2 2.5 04to011.8 126
Port Hedland 45 44 0.2 to 21.6 645 49 2.9 0.0to14.4 404
Thevenard Island 44 3.7 0.0 to 23.1 542 2.8 1.7 0.0t0 6.8 313
Magnetic anomaly (nT)
Background 23.3 166.3 -689.8 to 1000 NA NA NA NA
1587.8
Ashburton Island 128.6 93.3 1.4t0291.4 619 114.9 83.0 7.0t0291.4 593
Barrow Island 42.1 100.1 -563.2 to 3562 42.0 163.0 -528.8 to 974
457.7 451.7
Mundabullangana 94.5 118.1 -183.5 to 34 -14.8 187.8 -242.5 to 126
277.7 654.7
Port Hedland -35 125.6 -632.0 to 645 45 185.6 -689.8 to 404
654.4 654.4
Thevenard Island 171.3 69.6 -12.8 to 542 186.3 55.5 364t0291.4 313
294.6
Ruggedness Index (m)
Background 0.2 0.2 0.0to2.2 1000 NA NA NA NA
Ashburton Island 0.1 0.1 0.0to 0.7 619 0.1 0.1 0.0 to 0.7 593
Barrow Island 0.2 0.1 0.0t0 0.9 3562 0.2 0.1 0.0 to 0.7 974
Mundabullangana 0.1 0.1 0.0t0 0.3 34 0.2 0.1 0.0to0 0.6 126
Port Hedland 0.1 0.1 0.0to 0.4 645 0.1 0.1 0.0to 0.4 404
Thevenard Island 0.2 0.1 0.0to 0.7 542 0.2 0.1 0.0t0 0.6 313
SST (°C)
Background 28.1 0.8 26.2 t029.9 1000 NA NA NA NA
Ashburton Island 27.9 27.8 27.4 to 28.1 619 27.9 0.1 27.5t028.1 593
Barrow Island 28.0 28.2 27.6 to 28.7 3562 28.0 0.2 27.8 to 28.7 974
Mundabullangana 29.4 29.3 29.3t029.5 34 29.4 0.1 29.3t029.4 126
Port Hedland 29.6 29.6 29.3 t0 29.8 645 29.6 0.1 29.5 t0 29.8 404
Thevenard Island 27.7 27.8 26.9 to 28.3 542 27.7 0.2 27.0 to 28.2 313

Notes: NWS, North West Shelf.

Background values are represented by 1000 random positions within the NWS study area.

coastline was the most important contributory
environmental variable at Barrow and Thevenard
Islands. Distance from the nearest coastline was
also considered important as a contributory vari-
able at Ashburton Island, Mundabullangana, and
Port Hedland. Ruggedness index was not consid-
ered to be an important environmental variable
at any rookery (Fig. 3; Appendix S1).
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Objective 2: North West shelf habitat suitability
modeling

All models (GAM, MARS, and MaxEnt) per-
formed better than random. The mean scores
from all five evaluation metrics ranged from
0.90 to 0.98 (Appendix S2), indicating that the
models had a substantial agreement with the
testing data set. Evaluation scores demonstrated
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Fig.3. Mean environmental variable importance calculated from the ensemble ecological niche-based model

for each flatback turtle rookery.

that no one model outperformed the others
(Appendix S2).

Typical suitable habitat (defined as areas >0.5
probability) was identified in close proxim-
ity to all five rookeries (Fig. 4). Typical suitable
habitat was also identified across the Dampier
Archipelago, including Delambre and Legendre
Islands, and surrounding other islands within
the Lowendal island group, including Varanus
Island. Overall, 5847 km? (12.0% of total study
area) was identified as typical habitat suitabil-
ity (>0.5 probability) and 1049 km? (2.1% of total
study area) as high habitat suitability (>0.9 prob-
ability; Fig. 4).

Summary statistic values for each environmen-
tal variable that overlapped with areas of high
habitat suitability are described in Table 3 for
each rookery. Areas of high habitat suitability for
Barrow Island turtles were deeper (8.8 + 3.1 m)
and further away (8.7 + 6.2 km) from the nearest
coastline compared to all other rookeries (bathym-
etry: range = 0-21.1 m; distance from coastline:
range = 0.0-25.5 km). Bathymetry values in areas
of high habitat suitability were deeper compared
to bathymetry values in all areas where flatback
data were recorded for each rookery, except at
Thevenard Island (Table 3). Areas of high habi-
tat suitability were also situated further from the
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nearest coastline compared to the areas where
all flatback data were recorded for each rookery,
except at Thevenard Island (Table 3). There was
no suitable habitat within areas where bathyme-
try >25 m, >27 km from the nearest coastline, and
SST <27.1°C (see areas of absence in Fig. 4).

The overall mean value of important contrib-
utory environmental variable layers that over-
lapped with areas of high habitat suitability
across the overall NWS study area were as fol-
lows: bathymetry: 7.4 + 3.1 m, range = 0.0 -16.5;
distance from coastline: 4.3 + 3.4 km, range = 0.0-
19.3; and SST: 28.2° + 0.6°C, range = 27.6-29.8.

Objective 3: Resource sector activities hazard
analysis

Areas of high cumulative impact associated
with offshore resource sector activities were iden-
tified in close proximity to major resource devel-
opments and ports across the study area, including
Onslow (Chevron Australia Wheatstone LNG
[Liquefied Natural Gas] development), Barrow
Island (Chevron Australia Gorgon LNG develop-
ment), Dampier Port (Dampier Port Authority),
Cape Lambert (Rio Tinto port expansion), and
Port Hedland (Port Hedland Port Authority;
Fig. 5a). Other areas of high cumulative impact
exist within designated shipping channels that
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Fig. 4. Combined overall ensemble ecological niche-based model based on turtle tracking data set and
environmental variables within the North West Shelf study area. Areas of absence are where environmental

variable values are outside the range of environmental variable values that overlap areas of suitable habitat.

either extend beyond the NWS study area or pro-
vide connections between ports and resource
developments within the NWS study area (nota-
bly between Dampier Port and Barrow Island).

Areas of high habitat suitability (Fig. 4) were
found to overlap resource sector areas: 18%
(546 km?) overlapped resource sector areas with
a high cumulative impact; 27% (808 km?) over-
lapped areas with a medium and high cumu-
lative impact; and 35% (1061 kmz) overlapped
areas with a low, medium, and high cumulative
impact. Areas of overlap existed in close proxim-
ity to all individual rookeries, with the exception
of Mundabullangana (Fig. 5b). Overlap between
areas of high cumulative impact from resource
sector activities and high habitat suitability was
also present in the Dampier Archipelago area
and at Cape Lambert (Fig. 5b).
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DiscussioN

This is the first study to use ENMs to spatially
quantify the areas of habitat suitability for
internesting marine turtles of any species, and to
identify environmental variables that potentially
influence their distribution across multiple rook-
eries within the same RMU.

We identified areas of suitable internesting
habitat for five flatback turtle rookeries in the
NWS region of Western Australia, representing
all significant rookeries for this management unit
of turtles. Suitable nesting habitat was in areas
with a SST ranging between 27.0° and 29.9°C,
within water depths ranging from 0 to 16.5 m and
remaining in close proximity to areas of coastline
(typically between 5 and 10 km). SST, bathym-
etry, and distance from coastline were the most
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Fig.5. (a) Resource sector cumulative impact categories across the North West Shelf study area. (b) Resource

sector impact categories that overlap areas of typical habitat suitability (>0.5).

important contributory environmental variables
to the models at four of the five rookeries. The
ruggedness index variable layer was not consid-
ered an important contributory variables for any
of the five rookeries and the magnetic anomaly
variable layer only considered important at one
rookery (Thevenard Island). Our models also
allowed identification of areas where suitable
internesting habitat may be absent within the
study area (Fig. 4): no areas of high suitable hab-
itat occurred in water deeper than 25 m, >27 km
from the nearest coastline, and in water tem-
peratures <27.0° and >29.8°C. This information
is particularly useful for informing State/Federal
regulators and developers charged with manag-
ing impacts to internesting flatback turtles. For
example, it could inform spatial- or temporal-
based closures to areas within the footprint of
development or be used to guide the referral/
screening process as their presence within a
development footprint will trigger the referral
of the project to the Australian Government’s
Department of Environment for approval and
possibly an Environmental Impact Assessment
(EIA).

Internesting flatback turtles have a high fidel-
ity to their preferred nesting site, and as capi-
tal breeders, the distance they travel between
their nesting area and internesting site has con-
sequences for energy balance (Pendoley et al.
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2014b, Whittock et al. 2014). Therefore, availabil-
ity of an offshore internesting area is dictated by
the location of the terrestrial nesting area. This
spatial limitation supports the methods used in
this study to prepare ENM for each individual
rookery and combine into an overall ENM across
the study area, as the suitable areas of internest-
ing habitat should be unique for each rookery
based on habitat availability in proximity to the
nesting site.

The contribution of SST to suitable internesting
habitat areas indicates that internesting flatback
turtles are seeking and using areas with water
temperatures that are higher than in surround-
ing areas. This thermoregulation behavior could
be related to egg development (see Schofield
et al. 2009, Fossette et al. 2012 for other species
of marine turtle), with warmer water and body
temperatures ultimately speeding up egg devel-
opment rates prior to oviposition (Sato et al.
1998). As such, exposure of females to warmer
temperatures across a nesting season may opti-
mize the overall length of time required to lay the
full complement of clutches (Hays et al. 2002),
resulting in efficient energy expenditure across a
nesting season.

Areas of high internesting habitat suitability
were situated in deeper areas compared to the
internesting positions at all rookeries, except at
Thevenard Island. Deeper areas may be suitable
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for internesting for the following reasons: Deep
areas may provide more stable hydrodynamic
conditions for resting allowing flatback turtles to
conserve energy reserves; deep areas may allow
flatback turtles to remain immobile on the seabed
for longer periods minimizing the energy cost
of commuting to the surface (Hays et al. 2000,
Minamikawa et al. 2000, Houghton et al. 2002); or
deep areas may be optimum for flatback turtles
to maximize their oxygen store while still attain-
ing near-neutral buoyancy on the seabed (Hays
et al. 2000). It is recommended that dive behav-
ior of flatback turtles on the NWS is investigated
to determine the actual activity of these turtles
when internesting in these suitable deeper areas.
The identification of suitable internesting
habitat across the entire study area provides an
indication of the regional presence of internest-
ing flatback turtles. Known flatback turtle rook-
eries situated within the NWS study area which
were not featured in this study include Varanus
Island within the Lowendal’s, and Delambre
and Legendre Islands within the Dampier
Archipelago. The overall ENM included the pres-
ence of suitable internesting habitat in proximity
to these three islands (Fig. 4) providing support
for the model’s output, as it would be more likely
for areas of suitable habitat to exist in close prox-
imity to these rookeries (as identified for other
flatback turtle rookeries [Whittock et al. 2014]).
Our use of vessel positions to identify anthro-
pogenic hazards associated with the natural
resource sector within the NWS study allowed
us to identify areas of high cumulative risk and
areas in proximity to known operational, and
currently under construction, major resource
developments (Fig. 5a). One identified hazard
not represented by a vessel’s position is an oil
spill from an offshore installation such as a plat-
form or drilling rig. The NWS study area is host
to a number of installations; however, they were
not considered as part of the hazard analysis
because of the following reasons: (1) A review
of oil spill incidents on the NWS showed low
historical incidence from offshore installations
(Swan et al. 1994); (2) Kagi (1983) determined that
oil produced from the NWS is generally light in
nature and that if an incident did occur and oil
was released, the oil would likely dissipate rap-
idly; and (3) studies suggested that the highest
risk of an oil spill occurring on the NWS is from
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shipping activity resulting in the release of the
heavier and more persistent bunker oil (Flood
1992, May 1992). Vessel positions were therefore
considered appropriate to represent the location
of an oil spill that would be of greatest hazard to
internesting flatback turtles.

We found that 35% of areas with a high suit-
able internesting habitat overlapped spatially
with cumulative resource sector impact areas.
This indicates that there is potential for flatback
turtles to interact with resource sector activities
when internesting in parts of the study area. This
is particularly notable in areas offshore from the
Gorgon LNG development at Barrow Island and
the existing port at Port Hedland, where areas
of high cumulative impact overlap with suitable
habitat areas.

Our results provide a platform for developers
to assess the likelihood of interaction between
future development activities and internesting
flatback turtles situated in the NWS study area,
and inform one of two components needed before
the overall level of risk from an activity can be
quantified in a developments EIA and environ-
mental protection measures considered. The sec-
ond component of the EIA process is to predict
the consequence of the development activity on
the species or their habitat. Predicting a likeli-
hood of interaction alone is therefore of little use
for quantifying the level of risk and supporting
the need for environmental protection mea-
sures, as this needs to be combined with a con-
fident prediction that the interaction will result
in a consequence (Osenberg and Schmitt 1996).
Increasing this confidence can be achieved by ret-
rospectively comparing both the likelihood and
consequence predictions featured in a develop-
ments EIA with the actual effect of the completed
activity on the species/habitat. Until these com-
parisons are routinely completed, uncertainty
surrounding the consequence of the predicted
interactions, and an inability to anticipate future
anthropogenic impact, will remain. It is therefore
recommended that likelihood and consequence
predictions that feature in EIAs and relate to the
likelihood of an impact from offshore activities,
that is, dredging, on internesting flatback turtles,
are compared with the realized effect or impact
following the completion of the activity, that
is, marine turtle mortality records. Identifying
the actual effect of a development’s activity on
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internesting flatback turtles and how they react
to the activity will also help to develop an under-
standing of how vulnerable flatback turtles are
to specific activities, potentially allowing for fur-
ther emphasis to be placed on the requirement
for protection.

It is not often feasible for developers or regu-
lators to consider the potential spatial extent of
internesting flatback turtle movement from rook-
eries situated nearby to a development during
the environmental approval process. This is
primarily due to short timescales involved with
development proposals, the high cost involved
with identifying the spatial extent of internest-
ing flatback turtles, and logistical constraints
involved with accessing remote sites. One advan-
tage of using ENMs in this study is that the full
spatial extent of internesting movement from
each rookery has been considered and all areas
within the region have been assessed for their
suitability as internesting habitat. The generated
habitat suitability map also provides developers
and regulators with a capability to identify areas
in proximity to a proposed development that
may or may not host internesting flatback turtles
(Fig. 4). This is important as it addresses a recog-
nized gap in providing effective protection from
development activities within the NWS region
as internesting flatback turtles can move up to
63 km away from their nesting site, often pass-
ing in close proximity to other developments that
may not have considered their potential presence
or protection (Whittock et al. 2014).

It is of concern that a number of flatback tur-
tle rookeries within the NWS study area (and
rookeries within the Dampier Archipelago) are
exposed to resource sector hazards (this study
and Whittock et al. 2014). Marine turtle species
are considered particularly vulnerable when
internesting, as areas of suitable habitat can host
large aggregations of individual turtles within
a relatively small area. Resource sector hazards
that overlap with these habitat areas therefore
have the potential to cause realistic effects on the
overall population; particularly as reproductively
active female turtles are considered to contribute
disproportionately to sustaining the overall pop-
ulation compared to non-reproductively active
turtles (Heppell et al. 1999, Gerber and Heppell
2004). Overlap of resource sector activities with
other phases of the flatback life cycle may also
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occur, for example, during the phase of postnest-
ing migration to their foraging grounds located
in the Kimberley region further north from the
study area (Pendoley et al. 20144), providing
further pressure on individuals and the overall
population.

CONCLUSION

This study provides valuable information for
managers, policymakers, and developers on the
spatial distribution and habitat preferences of
flatback turtles from multiple rookeries within
the NWS region of Western Australia. An ecolog-
ical niche-based modeling technique was used to
determine areas of habitat suitability, along with
the environmental variables that contributed to
its suitability. Areas of high habitat suitability
were integrated with resource sector hazards to
identify the potential for interaction between
flatback turtles and resource sector activities in
the region. The development of a greater under-
standing of resource sector interaction, influen-
tial environmental variables, and typical
properties of suitable internesting habitat should
enable appropriate, effective, and targeted miti-
gation measures for future developments within
the region.
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