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Assessments of species distributions are crucial for informing conservation and
management action. In this study, we used ensemble modelling to explain the
distribution of Near Threatened Indo-Pacific (IP) bottlenose dolphins (Tursiops aduncus)
in coastal waters at the North West Cape (NWC), Western Australia (WA), an area
encompassing a marine protected area (MPA) and adjacent unprotected coastal waters.
Analyses used dolphin sighting data collected during boat-based surveys conducted
from 2013 to 2015 and 2018 to 2019. Overall, the distribution of IP bottlenose dolphins
was best explained by distance to coast (up to 2,000 m) and distance to boat ramp (up
to 7,000 m). Areas of high probability of occurrence for dolphins extended from the tip
and down the eastern side of the NWC and overlapped with designated sanctuary zones
as well as waters beyond the boundaries of the Ningaloo Marine Park (NMP). Distribution
and habitat preferences varied slightly with season. In autumn, dolphin distribution was
best explained by distance to coast and water depth with a higher likelihood of observing
dolphins 1,000-2,000 m from the coast and in water depths of 7-10 m deep. During
winter months, distance to coast (1,000-2,000 m) and sea surface temperature (SST)
(21.5-23.5°C) were the most important explanatory variables, with presence in coastal
lagoons to the west of the NWC more likely than other seasons. During spring, areas
of moderate to high probability of dolphin occurrence were mainly located outside
the NMP, with marine park zone (outside the NMP and Sanctuary zones within the
NMP, the two zones with the highest probability of IP bottlenose dolphin occurrence)
and water depth (waters 7-13 m deep) best explaining dolphin distribution. This study
highlights the importance of inshore areas of the NWC for IP bottlenose dolphins and
the potential vulnerability of this species to increasing and cumulative anthropogenic
stressors associated with these areas. Results of this study should be considered in
future zoning reviews and adaptive management efforts of the NMP allowing for effective
management of this Near Threatened species.

Keywords: management, conservation, Indo-Pacific bottlenose dolphins, marine protected area, Ningaloo Marine
Park, Exmouth Gulf, species distribution modelling
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INTRODUCTION

Coastal marine ecosystems and their associated habitats are
among the most productive ecosystems and are considered to
be of great ecological importance and societal value (Costanza
et al., 1997). These ecosystems, their habitats and the species
that reside within them are under ever-increasing pressure from
a variety of anthropogenic activities such as overfishing, habitat
degradation, pollution, urbanisation, disturbance from vessels
and climate change (Brown and McLachlan, 2002; Lotze et al.,
2006; Halpern et al, 2007; Diaz and Rosenberg, 2008; Crain
et al, 2009; Davidson et al., 2012). Coastal ecosystems are
key areas for marine megafauna, particularly marine mammals,
which have been identified as both indicator and umbrella
species with their presence often used as a potential signal of
ecosystem health (Moore, 2008; Bossart, 2011). Marine mammal
conservation actions are likely to benefit the protection of
other organisms and the wider ecosystem because of top-
down and bottom-up ecosystem processes and the roles marine
mammals play as top predators (Paine, 1969, 1995; Roberge
and Angelstam, 2004; Roman and McCarthy, 2010). In addition,
marine mammals are important culturally and economically,
with marine ecotourism benefits spanning from increased
education and appreciation of the marine environment to
sustaining local economies (Muloin, 1998; Corkeron, 2004;
Stamation et al., 2007; O’Connor et al., 2009).

Marine Protected Areas (MPAs) are defined by the IUCN
as “a clearly defined geographical space, recognised, dedicated
and managed, through legal or other effective means, to achieve
the long-term conservation of nature with associated ecosystem
services and cultural values” (Dudley, 2008; Day et al., 2012).
MPAs have been identified as a tool to manage anthropogenic
threats and safeguard the biodiversity of coastal ecosystems
(Halpern et al., 2010; Tardinl, Maciel et al., 2020). Yet, despite
many studies demonstrating positive effects of MPAs, this is
not always the case (Lester et al., 2009). There is evidence that
MPAs can be effective conservation tools for highly mobile,
wide-ranging species such as marine mammals, when their
boundaries encompass areas that are biologically and ecologically
relevant to populations and management measures are enforced
(Hooker et al., 1999; Hooker and Gerber, 2004; Wilson et al.,
2004; Hartel et al., 2015; Lambert et al, 2017; Dwyer et al,
2020). Without the inclusion of adequate spatial and biological
information, habitats can be under-protected, compromising the
conservation and management of important marine species and
ecosystems (Davidson et al., 2012; Gregr et al, 2013; Guisan
et al., 2013; Hartel et al., 2015). Thus, information on the
spatial distribution of marine mammals and the physical and
biological environmental factors influencing such distribution is
essential to inform and evaluate conservation and management
decisions and future environmental impacts (Zanardo et al., 2017;
Passadore et al., 2018; Hunt et al., 2020).

A key tool for identifying and predicting the relationship
between species occurrence and the environmental and
anthropogenic conditions associated with their habitat are
species distribution models (SDMs) (Guisan and Zimmermann,
2000; Elith and Leathwick, 2009; Franklin, 2010). SDMs examine

the relationship between the distribution (e.g., occurrence)
of a species and the environmental variables that influence
habitat selection, and have been used widely on terrestrial and
marine fauna (MacLeod et al., 2008; Rickbeil et al., 2014; James
et al, 2017; Zacarias and Loyola, 2018), including dolphins
(Zanardo et al., 2017; Passadore et al., 2018; Sprogis et al., 2018a;
Vargas-Fonesca et al., 2018; Dwyer et al., 2020; Hunt et al., 2020;
Tardinl, Maciel et al., 2020). SDMs can help to understand which
areas are used more often by animals and the environmental
features that are correlated with species distributions (Garraffo
et al., 2011; Marini et al., 2015; Vargas-Fonesca et al., 2018). In
turn, such information can be useful for developing management
practices to improve species conservation.

Indo-Pacific bottlenose dolphins (Tursiops aduncus, IP
bottlenose dolphins), recently re-listed as Near Threatened by
the IUCN (Braulik et al., 2019), are long lived, slow to sexually
mature, display a high degree of parental care to offspring and
inhabit shallow, coastal habitats (Mann et al., 2000; Wang and
Chu Yang, 2009; Hammond et al., 2012; Braulik et al., 2019).
Increasing urbanisation and human use of coastal areas exposes
IP bottlenose dolphins to repeated and cumulative stressors that
have the potential to disrupt and displace individuals (Lusseau
and Higham, 2004; Bejder et al, 2006; Smith et al, 2016).
Therefore, identifying habitat preferences and areas of high
probability of occurrence is a key priority for effective spatial
planning and management of IP bottlenose dolphins, as well as
other coastal dolphin populations.

Marine habitats are, in general, spatially heterogeneous and
the distribution of marine mammals such as bottlenose dolphins,
have been linked to a number of biotic (e.g., habitat type,
prey distribution, interspecific competition), abiotic [e.g., sea
surface temperature (SST), bathymetry, distance to coast], and
anthropogenic variables (e.g., fishing activity, boat traffic, and
MPAs) (Ingram and Rogan, 2002; Bearzi et al., 2008; La Manna
et al., 2010; Hartel et al., 2015; Inoue et al., 2017; Zanardo et al,,
2017; Passadore et al., 2018; Sprogis et al., 2018a; Vargas-Fonesca
etal., 2018; Bilgmann et al., 2019). The range of variables driving
bottlenose dolphin presence around the world is indicative of
the broad behavioural and ecological plasticity of bottlenose
dolphins relative to prey and predator distribution; highlighting
the need to understand and manage individual populations as
discrete units and incorporate a range of variables into species
distribution models (Connor et al., 2000; Bilgmann et al., 2019).

Coastal waters of the North West Cape (NWC) encompassing
the northern section of the Ningaloo Marine Park (NMP) and
Exmouth Gulf in Western Australia, are inhabited by a relatively
large population of IP bottlenose dolphins. The population
is composed of 141 individuals who display moderate levels
of site fidelity to the NWC and a slightly larger number
of individuals (229) who display low site fidelity, and range
beyond the NWC and the boundaries of the NMP (Haughey
et al., 2020; Figure 1). The NMP is a multi-use MPA primarily
located to the west of the NWC falling within the Ningaloo
Coast World Heritage Area (NCWHA) (CALM and MPRA,
2005; UNESCO, 2011). Dolphins have been recognised to be
of ecological value to the NMP (CALM and MPRA, 2005),
but designation of boundaries and zones were determined prior
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FIGURE 1 | (A) Map of Western Australia showing the inferred distribution of Indo-Pacific bottlenose dolphins, the location of producing and undeveloped oil and
gas fields, the boundaries of Western Australia’s areas of regional development and the location of North West Cape (in box). (B) Map of the North West Cape
showing the distribution of Indo-Pacific bottlenose dolphins, boat ramp locations, oil and gas fields, the boundaries of the State and Commonwealth Ningaloo
Marine Parks and the marine component of the Ningaloo Coast World Heritage Area (NSWHA) and the Ningaloo Reef to the Montebello Islands Important Marine

Mammal Area (IMMA) (IUCN-MMPATF, 2020).
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to ecological studies on the range and habitat requirements of
inshore dolphins, and should be considered in future reviews of
the management plan (Hunt et al., 2020). On the eastern side of
the NWC and outside the NMP, lies the Exmouth Gulf, which
is recognised as an important ecosystem containing globally
significant features and supporting high biodiversity, yet remains
unprotected (Fitzpatrick et al., 2019). The Exmouth Gulf has not
received as much attention as the NMP and many knowledge
gaps of the marine ecosystem exist, posing problems for its overall
conservation and management (Fitzpatrick et al., 2019).

The Gascoyne region which encompasses the NWC is home
to both marine and terrestrial species that attract domestic and
international interest, creating a high demand for both water
and land based recreational activities (Gascoyne Development
Commission et al,, 2013). Additionally significant oil and
gas activities operate in waters off the coast of this region
(SGS Economics and Planning, 2011). The Gascoyne region’s
gross regional product continues to grow annually, with
significant contributions from the tourism, retail, agriculture,
fishing, and mining sectors and an estimated gross regional
product of $1,740 million AUD by 2050 (SGS Economics
and Planning, 2011; Gascoyne Development Commission,
2015). The Pilbara region, which borders the eastern side of
Exmouth Gulf, has been estimated to produce more money

than the individual economies of 119 countries (DPMC,
2015). Although the development boom appears to be
slowing, coastal north-western Australia is likely to remain
an area of high anthropogenic activity, with the Australian
Government prioritising northern Australia for future growth
in energy export, local human populations and tourist visitation
(Gascoyne Development Commission et al, 2013; DPMC,
2015; Gascoyne Development Commission, 2015; Hanf,
2015).

Most coastal development and anthropogenic pressures
overlapping with the distribution of IP bottlenose dolphins
have preceded baseline ecological information and an accurate
assessment of these threats. A broad scale dolphin SDM, using
opportunistic sightings from a dugong aerial survey, indicated
that waters north-east of the NWC and within the Exmouth
Gulf, were highly likely to contain IP bottlenose dolphins,
in waters depths of 10-25 m, particularly around the 20 m
depth contour and in steeper seafloor gradients (Hanf, 2015).
Seasonally, SST influenced dolphin distribution with a positive
response in warmer waters and a negative response when
waters are cooler (Hanf, 2015). Given the high number of IP
bottlenose dolphins using the coastal waters of the NWC and
the varying levels of marine protection in the area, establishing
a baseline dataset for the species, including distribution, is
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a critical next step towards their effective conservation and
management.

Here we used dedicated boat-based surveys and ensemble
species distribution modelling to (1) understand the biotic,
abiotic and anthropogenic variables influencing distribution and
habitat selection and (2) identify the distribution patterns and
areas of high probability of occurrence of IP bottlenose dolphins
at the NWC. Our results add to the understanding of IP
bottlenose dolphin spatial ecology and highlight key areas for
spatial conservation prioritisation at the NWC, a critical next step
for their effective conservation and management.

MATERIALS AND METHODS
Study Site

Our study area encompassed the coastal waters surrounding
the NWC in north-western Australia from Exmouth Marina in
the Exmouth Gulf, around the tip of the NWC and south to
Mangrove Bay (Figure 1). Approximately 150 km? of the 237 km?
study area falls within the NMP, while the remaining 87 km?
falls within the unprotected Exmouth Gulf. Boat-based surveys
for Indo-Pacific (IP) bottlenose dolphins in this study took place
both inside and outside the boundary of the NMP (Figure 2). In
a recent global conservation initiative for marine mammals, the
NWC was recognised to be important to marine mammals and
was included in a large Important Marine Mammal Area (IMMA)
spanning from the Ningaloo Reef further north to the Montebello
Islands (Figure 1).

The western side of the NWC features a mostly sandy substrate
and a fringing coral reef system (CALM and MPRA, 2005;
Cassata and Collins, 2008). The fringing (sub-tidal) reef system
is separated from the coast by shallow sandy lagoons and coral
communities (i.e., less than 5 m deep) (Collins et al., 2003). After
the subtidal ocean edge of the reef, the continental shelf drops
off quickly exposing the reef to considerable wave action (e.g.,
swell height > 2 m) (Collins et al., 2003; CALM and MPRA, 2005;
Cassata and Collins, 2008).

On the eastern side of the NWC is the Exmouth Gulf, a large
sub-tropical inverse estuary which reaches depths of 21 m, with a
mean depth of 10-12 m (Ayukai and Miller, 1998; Brunskill et al.,
2001; Fitzpatrick et al., 2019). The Gulf is comprised of mostly
subtidal sandy bottoms and limestone reefs, but also a large arid
zone mangrove ecosystem (Brunskill et al., 2001; Lyne et al., 20065
Twiggs and Collins, 2010; Fitzpatrick et al., 2019).

The NWC, is subject to high commercial and recreational
boat pressure resulting from marine tourism and fishing activities
(Smallwood and Beckley, 2012; Smallwood et al., 2012). From
March to October, whale shark and humpback whale swim
tours depart daily from Tantabiddi boat ramp (Catlin and Jones,
20105 Sprogis et al., 2020). The NMP is managed using a
zoning system including Sanctuary, Recreational, Special Purpose
(Shore-Based), and General Use Zones (CALM and MPRA,
2005). Sanctuary Zones, also termed “no take zones,” are areas
where extractive activities such as fishing are prohibited, but
other recreational activities (i.e., boating and non-powered
vessels are permitted); Recreational Zones allow recreational

activities such as fishing, boating and activities involving non-
powered vessels; and General Use Zones permit both recreational
and sustainable commercial activities (i.e., commercial fishing
and swim-with whale sharks (Rhincodon typus) and humpback
whales (Megaptera novaeangliae), in addition to previously
mentioned recreational activities) (CALM and MPRA, 2005). In
the Special Purpose (Shore-Based) Zones adjacent to the Point
Murat, Lighthouse Bay and Jurabi Sanctuary Zones (Figure 2),
recreational line fishing from the beach is permitted. Outside the
NMP boundaries, there is no restriction on the recreational or
commercial activities permitted.

Data Collection

Boat based surveys searching for IP bottlenose dolphins were
conducted onboard a 5.6 m research vessel during the hours of
0700 and 1800 at speeds of 10-12 km/hr from May to October
in 2013, April to October in 2014, May to October in 2015 and
April to September in both 2018 and 2019. Sampling periods
spanned the austral seasons of Autumn (March-May), Winter
(June-August) and Spring (September-November). Sampling
was not conducted during summer and early autumn months
(December-February, and March, respectively) due to extreme
temperatures, higher risk of tropical cyclones and high wind
conditions, which are consistently unfavourable for surveys.
Surveys were conducted in favourable sighting conditions (i.e.,
wind speed typically lower than 15 km/hr, Beaufort Sea State
of < 3 and no rain) and followed a systematic line transect layout
(i.e., 2 x 93 km opposing zig-zag lines and 1 x 13 km single
line; Figure 1) covering a range of water depths, benthic habitats,
and marine park zones within the study area. However, majority
of transects fall within the NMP and as a result, survey effort is
higher within the NMP boundaries (Figure 1).

A crew of three to five (mode = four) observers searched
for dolphins forward of the vessel's beam using a combination
of the naked eye and 7 x 50 zoom binoculars. When a
school of dolphins was sighted, search effort was suspended
and dolphins were approached to within 5-30 m. Here we
recorded a GPS location, predominant school behaviour (i.e., the
school behaviour in which more than 50% of the animals in the
school are involved; Mann, 1999) within the first five minutes
of observation, conducted photo-identification and collected
environmental data (i.e., water depth, SST, and water visibility).
In addition, these environmental data were collected in situ
at the beginning and end point of transects, every 60 min of
transect survey effort, at sightings of other marine megafauna
(i.e., whales, turtles, and manta rays) and at “off-effort” dolphin
sightings in order to incapsulate the environmental conditions
throughout a wider range within the study area (for the locations
where environmental data was collected, see raw survey tracks
Supplementary Material 1). Water depth was recorded using
the research vessel’s depth sounder, SST was recorded using
a handheld multiparameter probe, and water visibility was
measured using a secchi disk. We added additional weights to the
down-facing side of the Secchi disk so it would descend quickly
while minimising influence of horizontal water movements.
Data used to derive other predictor variables were derived from
available shape files (see “Predictor Variables” section).
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FIGURE 2 | Map of the North West Cape (NWC) study site in Western Australia (WA) including transect layout and Indo-Pacific bottlenose dolphin sightings (n = 323)
encountered between 2013-2015 and 2018-2019.

Data Analysis

Analysis of data to identify IP bottlenose dolphin habitat
preferences and space use patterns at the NWC involved a
series of steps; (1) mapping the location (presence-absence)
of dolphin sightings onto a 500 by 500 m grid resolution,
(2) selecting predictor variables that were appropriate for
our chosen resolution, (3) collinearity testing of predictor
variables, (4) model algorithm selection, (5) model building,
(6) model assessment, and (7) model estimation (i.e.,
determining variable importance). The procedures followed
to create spatial layers of response (dolphin presence-
absence) and predictor variables at a 500 x 500 m grid
resolution are summarised in Figure 2 and described
in detail in sections “Predictor variables” and “Presence-
Absence of Dolphins.” All SDM analysis is also explained in
Supplementary Material 2 following the Overview, Data, Model,
Assessment, and Prediction (ODMAP) protocol recommended
by Zurell et al. (2020).

Predictor Variables

Predictor variables used to model IP bottlenose dolphin
distribution and occurrence were classified as: abiotic (i.e.,
water depth, slope, SST, distance to coast, and water visibility),
biotic (i.e., benthic habitat type, for Ningaloo MP SDM only,
see Supplementary Materials 3, 4) and anthropogenic (ie.,
distance to boat ramp and marine park zone) (Table 1).

Predictor variables used in this study were selected because
they are known or have been suggested to affect the presence
of bottlenose dolphins or their prey, with some variables
acting as proxies for prey distribution (i.e., SST), predation
risk (i.e., water visibility), and areas of high human use and
anthropogenic disturbance (i.e., distance to boat ramp and
marine park zone) (Heithaus and Dill, 2002; Ingram and Rogan,
2002; Zanardo et al, 2017; Sprogis et al, 2018a). Proxies
for areas of high human use and therefore, anthropogenic
disturbance included distance to boat ramp and marine park
zone (Passadore et al, 2018; Hunt et al, 2020). Marine
park zones have varying levels of restrictions (see section
“Study Site”) and commercial and recreational boat users
frequently launch from boat ramps (personal observations)
so it was inferred that these sites indicated various levels of
anthropogenic pressure.

Most predictor variable layers were created using the Spatial
Analyst extension in ArcMap 10.7 (ESRI). The Euclidean distance
tool calculated the shortest straight-line distance for distance
to coast, the Cost distance tool calculated the shortest distance
factoring in land, given the study area wraps around a peninsula
for distance to boat ramp (see Table 1). SST, water visibility
and water depth were calculated using the Ordinary Kriging
interpolation tool with a spherical semi variogram model (500
m cell size, 12 point variable search radius size; Table 1). Seabed
slope was derived using the slope tool (Table 1).
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Benthic habitat data only exist for the NMP portion of the
study area (for NMP boundaries see Figure 1). This data, and
the predictor variable raster layer, were derived from a broad
scale benthic habitat study using remotely sensed imagery (25
m pixels) and aerial photographs (Bancroft and Sheridan, 2000;
DPaW, 2006; Table 1).

The use of remotely sensed data for additional environmental
parameters was considered but was not included for a number of
reasons. Firstly, available remote sensing data did not cover the
entire study area, excluding waters closest to the coast. Secondly,
due to the optical complexity of coastal waters, the imprecise
correction of imagery and over correction of land contamination,
certain remotely sensed variables (i.e., chlorophyll-a and salinity)
were not considered reliable in predicting the distribution of
dolphins in coastal waters (Dinnat et al., 2019; Cui et al., 2020).
Thirdly, the resolution of available remote sensing data do no
match the fine-scale resolution, 500 m x 500 m grid cell size,
used in this study. As covariate environmental data was collected
in situ it is considered the most accurate environmental data
for that period.

A shape file of marine park zoning data was obtained from
the Western Australian Government Department of Biodiversity,
Conservation and Attractions in order to evaluate the relevance
of the marine park zoning for the distribution and space use of
IP bottlenose dolphins within the study area. Each grid cell was
assigned a variable (1-6) according to MP zone using the polygon
to raster tool (Table 1).

Presence-Absence of Dolphins

ArcMap was used to create spatial layers of response (dolphin
presence-absence) and predictor variables at a 500 x 500 m
grid resolution (see Table 1 and Figure 2). This resolution
ensured sufficient detail of each predictor variable throughout
our study area. This grid cell size was also chosen to reflect
the distance dolphins could be reliably observed from the boat
under a variety of sea conditions and for comparison to previous
studies of other delphinds within our study area. All spatial
layers were projected to Universal Transverse Mercator Zone
50 South, based on the WGS 1984 datum. The GPS locations
of dolphins sighted whilst on transect and survey tracks were
imported into ArcMap to create a presence-absence layer of
dolphin presence per grid cell (1 indicating dolphin presence
and 0 indicating dolphin absence). To ensure independence of
data points (since bottlenose dolphins exhibit flexible grouping
patterns; Wells et al., 1987), only the location where the initial
group members were first encountered when the transect was
broken and the boat approached where the school first been seen
was included in analysis.

Obtaining true absences for mobile species is difficult
(MacKenzie and Royle, 2005). As true absence data were not
available for our presence-absence models, we generated inferred
absence data (pseudo-absences) by incorporating survey effort
as per previous studies (Rayment et al., 2015; Zanardo et al,
2017; Passadore et al., 2018; Hunt et al., 2020). In order to
reduce false absences (i.e., determining an absent cell when

TABLE 1 | List of predictor variables used in species distribution modelling (SDMs) of Indo-Pacific bottlenose dolphins in the coastal waters of the North West Cape,
Western Australia, their associated data source and how they were derived in ArcMap.

Type Name Variable abbreviation

Data source

Abiotic
Abiotic
Abiotic

Distance to coast N/A
Slope Slope

Sea surface temperature SST

Derived using the Euclidean distance tool (Spatial Analyst toolbox).
Derived using the Slope tool and is measured in decimal degrees (Spatial Analyst toolbox).
Derived from in situ measurements of SST. Created using the Ordinary Kriging tool with a

spherical semi variogram model (500 m cell size, 12-point variable search radius size) (Spatial
Analyst toolbox).

Abiotic Water depth Depth

Derived from in situ measurements of depth. Created using the Ordinary Kriging tool with a

spherical semi variogram model (500 m cell size, 12-point variable search radius size) (Spatial
Analyst toolbox).

Abiotic Water visibility N/A

Derived from in situ measurements of water visibility using a secchi disk and calculated as a

proportion of the total depth. Created using the Ordinary Kriging tool with a spherical semi
variogram model (500 m cell size, 12-point variable search radius size) (Spatial Analyst Toolbox).

Biotic Benthic habitat type* Habitat

Derived from a broad scale benthic habitat study of the NMP (Bancroft and Sheridan, 2000;

DPaW, 2006; Lucieer et al., 2017). Data was only available for the Ningaloo Marine Park portion
of the study area (Figure 1). Habitat type was classified as either 1=mobile sand, 2=mangroves,
3=bare reef (intertidal), 4=coral reef (intertidal), 5=bare reef (subtidal), 6=macro algae (subtidal),
7=coral reef (subtidal), 8=saltmarsh and 10=pelagic (No habitat type associated with a value of
9 (mudflat) is present in this section of the NMP). For habitat type definitions, see
Supplementary Material 3. Each grid cell was assigned a variable according to habitat type
using the polygon to raster tool.

Anthropogenic Distance to boat ramp N/A

Exmouth, Bundegi and Tantabiddi boat ramps are established vessel launch sites in the study

area. Derived using the Cost distance tool (Spatial Analyst toolbox).

Anthropogenic Marine park zone NMP Zone

A NMP zoning shape file which shows the zone boundaries was obtained from the Western

Australian Government Department of Biodiversity, Conservation and Attractions service. Zones
1-5 are within the NMP and are zoned as: 1=General Use, 2=Recreational, 3=Sanctuary, 4=
Special Purpose, 5 = Naval Waters. Zone 6 = outside the NMP (DPaW. and DoF. 2014). Each
grid cell was assigned a variable according to MP zone using the polygon to raster tool.

*Indicates the variable was only included in Ningaloo Marine Park (NMP) SDMs. Spatial resolution for each variable is 500 x 500 m.
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individuals may in fact occur in that area), pseudo-absence
cells were defined based on areas which had the highest survey
effort (Phillips et al., 2009) (summarised in Figure 2). Pseudo-
absence cells were based on those grid cells with the highest
survey effort and with no presence of dolphins. This definition
of pseudo-absence allows us to assume that selected grids
are as close to “true” absences as possible, since they were
surveyed several times during the study period without dolphin
detections. Survey effort was quantified using the total area
of “on-effort” survey tracks within each 500 x 500 m grid
cell. A 250 m buffer area either side of each transect line was
added, which was considered to be the average distance from
the vessel that dolphins could reliably be observed under a
variety of sea conditions (Zanardo et al, 2017; Hunt et al,
2020). Grid cells were then ranked and cells containing no
dolphin presence and values of survey effort higher than the
mean were thus considered as absence cells (Zanardo et al., 2017;
Passadore et al., 2018; Hunt et al., 2020). See Supplementary
Material 1 for the overall spatial distribution of survey effort.
For modelling we generated the same number of pseudo-absence
and presence cells, resulting in equal weighting, a procedure
that has been shown to perform well in SDM algorithms
(Barbet-Massin et al., 2012).

Exploratory Analyses

Before running the SDM’s, we tested for collinearity between
continuous numerical explanatory variables using stepwise
procedures within the usdm package in RStudio (Naimi, 2015;
R Core Team, 2020). Variance inflation factors (VIF) were
calculated for all variables. Variable pairs with a maximum linear
correlation greater than the threshold (0.7) were identified using
“vifcor” and the variable with the highest variance inflation factor
(VIE threshold = 3) was excluded using “vifstep” (Zuur et al,,
2010; R Core Team, 2020). These procedures were repeated until
no variable remained with a correlation coefficient greater than
0.7 nor a VIF greater than the threshold (Naimi et al., 2014;
Figure 2).

Combining data can strengthen the estimates of SDMs,
however, it is important to consider temporal variability,
particularly in highly dynamic environments and in a changing
climate, as changes in oceanographic processes can affect the
spatial distribution of prey and therefore the presence-absence of
highly mobile species, such as dolphins (Fernandez et al., 2017;
Mannocci et al.,, 2017). Additionally, benthic habitat type has
been shown to influence habitat selection and space use of IP
bottlenose dolphins (Koper et al., 2016; Zanardo et al., 2017;
Sprogis et al., 2018a), however spatial data on benthic habitat type
is only available for a subset of our study area (the NMP portion,
see Figure 1 for boundaries). Therefore, a series of preliminary
SDM:s were run to investigate aggregating all temporal data (i.e.,
years) and to determine the importance of benthic habitat type
as a predictor of IP bottlenose dolphin distribution within the
NMP portion of our study area (see Supplementary Material
4 for results). The results of yearly SDMs indicated that the
spatial distribution and areas of high probability of IP bottlenose
dolphin occurrence in the NWC remained similar across years.
SDMs within the NMP portion of our study area indicated that

benthic habitat type was not an important variable influencing
IP bottlenose dolphin distribution. Thus, SDMs presented in this
paper combined all 5 years of survey data to examine seasonal and
overall habitat preferences and space use patterns of IP bottlenose
dolphins within the entire study area.

Selection of Model Algorithms and Ensemble
Modelling Approach

To model NWC IP bottlenose dolphin distribution in relation
to our chosen predictor variables, we used an ensemble
modelling approach, using the BioMod2 package in RStudio
(Thuiller et al., 2009). This method combined results from
seven different presence-absence modelling algorithms; artificial
neural network (ANN) (Ripley, 1996), flexible discriminant
analysis (FDA) (Hastie et al., 1994), generalised additive model
(GAM) (Hastie and Tibshirani, 1990), generalised boosted
model (GBM) (Friedman et al., 2000), generalised linear model
(GLM) (McCullagh and Nelder, 1989), multivariate adaptive
regression splines (MARS) (Friedman, 1991) and random forest
(RF) (Breiman, 2001) (summarised in Figure 2). These SDM
algorithms were selected because they are known to perform
well (Elith et al., 2006; Elith and Graham, 2009; Franklin, 2010)
and allow a comparison between regression (GAM, GLM, GBM,
MARS) classification (FDA) and machine learning (ANN, RF)
modelling approaches.

Model Building

The parameters used with each model algorithm in the Biomod2
package are listed in Supplementary Material 5. SDMs were
built using a binomial error distribution with logit as the link
function. We implemented a 10-fold cross-validation method for
each SDM and a random data splitting procedure of 75/25% for
model calibration and testing (Thuiller et al., 2009) (summarised
in Figure 3).

Model Assessment

SDMs have the potential to produce false positives (i.e., predict
species occurrence in areas where the species does not occur)
and false negatives (i.e., fail to predict species occurrence in
areas where the species does occur) (Guisan and Thuiller,
2005). The area under the receiver operating characteristic curve
(AUC) metric was used to evaluate SDM predictive performance
(Fielding and Bell, 1997). Values of AUC range from 0 to 1;
with values >0.5 indicating that the model predictions perform
better than random, whereas values <0.5 indicates that the
model predictions are no better than what would be expected
by chance. In general, AUC values of 0.5-0.7 are considered low
and represent poor model performance, values of 0.7-0.9 are
considered moderate to good, and values above 0.9 represent
excellent model performance (Fielding and Bell, 1997; Peterson
etal, 2011) (summarised in Figure 3).

Model Estimates and Variables of Importance

The importance of explanatory variables was calculated
using a 10-permutation run randomisation procedure within
BioMod2 (Thuiller et al., 2009). This procedure allows for a
direct comparison between model algorithms and calculates
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the Pearson’s correlation between the standard predictions indicates that the variable is important. Variables are then ranked
and predictions where one variable has been randomly from 0 to 1 according to the mean correlation coeflicient, with
permutated. High correlation (ie., little difference between the variable with the highest ranking the most influential and the
the two predictions of variable importance) indicates that the lowest, the least influential (Thuiller et al., 2009) (summarised
variable is not important in the model, and a low correlation in Figure 3). For each SDM (i.e., overall and season) a mean of

Presence-absence of dolphins

. Yearly (2013, 2014, 2015, 2018 & 2019), seasonally
(autumn, winter & spring) & combined (all years, all
seasons); Ningaloo Marine Park and entire study area

. Locational data imported into ArcMap, 1 = presence ,
0 = absence, 500m x 500 m resolution , Universal
Transverse Mercator Zone 50 South Predictor variables (also see Table 3.1)

* Absence cells quantified using survey effort . Abiotic (distance to coast, seabed slope, sea
surface temperature, water depth & water
visibility)

. Anthropogenic (distance to boat ramp & ma-

rine park zone)

. Biotic (benthic habitat type) (Ningaloo
Marine Park only)

Collinearity testing

. usdm package, RStudio (Naimi 2015)

. Pairs with correlation coefficient
>0.7 and VIF >3 = excluded

. Repeated for all subsets of data; Model building
yearly, seasonal and combined . .
. Default algorithm settings
. Binomial error distribution (logit link function)
. 10 fold cross-validation

. Random data splitting 75/25% (calibration and

testing)
Model algorithms (ensemble modelling approach)

. Artificial neural network (ANN) l
. Flexible discriminant analysis (FDA)
. Generalised additive model (GAM) Model assessment
. Generalised linear model (GLM) . Area under the receiver operating curve metric
. Multivariate adaptive regression splines (AUC)

(MARS) . AUC <0.7 = poor performance, 0.7-0.9 = good
. Random forest (RF) performance & >0.9 = excellent performance

=

Model estimates and variables of
Identified Indo-Pacific bottlenose dolphin habitat

Importance preferences and distribution at the North West
. 10 permutation runs for each algorithm > Cape for each survey year, austral season and

. Prediction variables ranked from 0 to 1 combining all data (Ningaloo Marine Park and en-

tire study area
(average of runs = mean of means) \y_)’/’f__

FIGURE 3 | Flowchart summarising the data analysis process used for ensemble modelling of Indo-Pacific bottlenose dolphin (Tursiops aduncus) habitat
preferences and distribution at the North West Cape, Western Australia.
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means value was calculated, averaging the importance of each
environmental variable across the different model algorithms.

RESULTS

Survey Effort and Dolphin Encounters

Over the 5 years of study, a total of 723 h of survey effort
were completed (Table 2). Survey effort varied slightly between
years and austral seasons due to variability in weather conditions.
Overall, the highest survey effort and number of Indo-Pacific
(IP) dolphin sightings occurred during the winter months (June-
August). Statistical testing confirmed that there was a significant
difference in the probability of encounter per hour of survey
effort between seasons (p = 0.0137, 2df, X? = 8.5792). In total, we
encountered 323 groups of IP bottlenose dolphins, with 70 seen
in autumn, 184 in winter and 69 in spring. Overall, 227 (70%) of
these groups were seen inside the NMP section of the study area
and the remaining 96 (30%) outside its boundaries (Figure 1).

Collinearity

Correlation testing revealed collinearity between water visibility
and water depth, and high VIFs associated with water depth for
the data used in the overall and seasonal models. All seasonal
data revealed a high VIF associated with water depth (autumn,
VIF = 4.00; winter; VIF = 5.72; and spring, VIF = 3.55) and in
winter, a high correlation was identified between water depth
and water visibility data (r = 0.82). For the overall dataset,
collinearity was also identified between water visibility and water
depth (r = 0.77) and a high VIF was associated with water
depth (VIF = 5.34).

Due to the ecological importance of water depth reported in
other coastal bottlenose dolphin habitat use studies (Heithaus
and Dill, 2002, 2006; Zanardo et al., 2017; Passadore et al,
2018; Sprogis et al., 2018a; Vargas-Fonesca et al., 2018), water
visibility was dropped from all SDMs as an explanatory variable.
Additional correlation testing (after the removal of water
visibility), revealed no further collinearity within the seasonal and

overall datasets. Thus, the remaining six explanatory variables
were included in the overall and seasonal SDMs: distance to boat
ramp, distance to coast, marine park zone, seabed slope, SST,
and water depth.

Overall Ensemble Model of IP Bottlenose
Dolphin Distribution

Due to the observed similarities in the location of modelled
areas of high probability of dolphin occurrence and the
explanatory variables explaining such distribution across years
(see Supplementary Material 4), we pooled data (i.e., all 5 years
combined) to examine the overall distribution and habitat
preferences for IP bottlenose dolphins. After pooling all yearly
data together, most of the single SDM algorithms performed
well (AUC range = 0.51-0.89, median = 0.81) (Figure 4).
Any poor performing algorithm runs were excluded from
the ensemble. The ensemble model outperformed all single
SDMs with an AUC value of 0.92 indicating excellent model
performance (Figure 4).

The ensemble model using all 5 years of study identified
distance to coast (0.44) and distance to boat ramp (0.27) as
the two most influential variables driving IP bottlenose dolphin
distribution (Table 3). All single SDM algorithms except GLM,
agreed that distance to coast was the biggest driver of dolphin
distribution. GLM alone suggested marine park zone as an
important variable explaining dolphin distribution (Table 3).
Response curves indicated that the probability of dolphin
occurrence was highest in areas 1,000-2,000 m from the coast,
up to 7,000 m from the nearest boat ramp and in marine park
zone 6 (i.e., outside the NMP) (Supplementary Material 6).

The combined ensemble model showed a continuous stretch
of moderate to high probability of occurrence for IP bottlenose
dolphins from the tip and down the eastern side of the
NWC (Figure 5). Also, IP bottlenose dolphins had a moderate
probability of occurrence (0.61-0.80) in coastal lagoons on the
west side of the NWC. Areas with high probability of dolphin
occurrence (>0.81) were approximately 50:50 in and out of the
NMP, with 51% of high probability of occurrence cells within

TABLE 2 | Summary of boat survey effort, number of dolphin schools encountered and number of 500 x 500 m grid cells with dolphin presences and absences used to
model Indo-Pacific bottlenose dolphin distribution per season across the entire North West Cape study area.

Time period Survey effort Survey effort Number of Probability of Number of grid Number of grid
(hours) (km) dolphin schools encounter per cells with cells with
sighted hour of survey presences absences
effort (%)
2013 118.83 1237 89 75 69 320
2014 158.95 1663 83 52 69 344
2015 127.03 1310 61 48 47 367
2018 154.67 1279 39 25 35 367
2019 163.30 1396 51 31 47 354
Autumn (Apri-May) 217.53 1917 70 32 53 311
Winter (June-August) 356.15 3538 184 52 123 259
Spring (September—October) 149.10 1430 69 46 56 327
Total 722.78 6885 323 45 175 217

Data collected between 2013-2015 and 2018-2019.

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 617518


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Haughey et al.

Tursiops aduncus Distribution at NWC

A Overall

<)

o

< —_— e ——— =

_— e —— -

- Bl - = | — e ST
8 = —— — ° —_—
261 J . e

© J :

o :

© -

<L

< J

© 1 4 T T T T T

GAM  GBM RF MARS ANN FDA GLM
Model Algorithms

c Winter

o J

O ]

o

31 == = = —

— —_——= e
8~ ’ vy - =
<@ 1 —

o
o .
o

<3

< | —

o T Y Y

GAM  GBM RF MARS ANN FDA GWM

Model Algorithms

FIGURE 4 | Performance of the overall (A) and seasonal (B-D) species distribution models of Indo-Pacific bottlenose dolphins at the North West Cape, Western
Australia. Boxplots for the AUC (area under the curve of the receiver-operating characteristic) of the 10-cross validation runs of each modelling algorithm (GAM,
generalised additive model; GBM, generalised boosted model; RF, random forest; MARS, multivariate adaptive regression splines; ANN, artificial neural network;
FDA, flexible discriminant analysis; GLM, generalised linear model). The red line shows the AUC of the ensemble model Values of AUC 0.7 indicate that the model

predictive performance is moderate to excellent.

B Autumn
o
b
=3
2 e el rud
R I i [ B s N
e Y ——— TP S mmm e
3| = ey
© | Y ——
-3
el
2 A =
X
© T T T T T
GAM  GBM RF MARS ANN FOA GUM
Model Algorithms
D Spring
o J
b
O .
° |
o | 5
=) ’! S | —e A e
Q| ] —y — ‘~i~, Y EREES (S
4 —— ——
< : ‘ L 5= e — »'_'l _ — :
©. L—‘__ —y B3
\ —
ol =3
o ‘ -
. |
° g T T T
GAM  GBM RF MARS ANN FDA GM
Model Algorithms

the NMP and 49% outside these boundaries (Table 4). A small
proportion (10%) of high probability of dolphin occurrence cells
overlapped with three designated sanctuary zones: Lighthouse
Bay, Point Murat and Bundegi Reef (Figure 5).

Seasonal Ensemble Models of IP

Bottlenose Dolphin Distribution

Most of the single seasonal SDMs performed well, with the
exception of several runs primarily from the ANN algorithm
(autumn, AUC range = 0.50-0.87, median = 0.73; winter, AUC
range = 0.40-0.84, median = 0.78 and; spring, AUC range = 0.49-
0.80, median = 0.68). These poor performing runs were excluded
from the final ensembles. Ensemble models outperformed all
single SDMs with AUC values above 0.9 indicating excellent
model performance (autumn = 0.95, winter = 0.93, and
spring = 0.93) (Figure 4).

The autumn ensemble model identified distance to coast
(0.36) and water depth (0.30) as the most important variables
influencing IP bottlenose dolphin distribution (Table 3). All
single SDM algorithms except GLM, agreed that distance to
coast was the biggest driver of dolphin distribution. GLM
indicated marine park zone was an important variable explaining

dolphin distribution (Table 3). Response curves indicated that
the probability of dolphin occurrence was highest in areas 1,000-
2,000 m from the coast, in water depths of 7-10 m and outside
the NMP, in marine park zone 6 (see Supplementary Material
7). In autumn, only two high probability of occurrence (>0.81)
cells were modelled (one inside the NMP, in the Lighthouse Bay
Sanctuary Zone and one outside the marine park boundaries)
(Table 4). Moderate probability of occurrence (0.61-0.80) was
predicted in the Mangrove Bay, Tantabiddi and Jurabi Sanctuary
Zones on the west side of the NWC and almost continuously from
the Lighthouse Bay Sanctuary Zone at the tip of the NWC to the
south-eastern boundary of our study area (Figure 5).

The winter ensemble model identified that the most important
variables influencing IP bottlenose dolphin distribution were
distance to coast (0.36) and SST (0.24). All individual algorithms,
except GLM supported the importance of either of these
two variables, with GLM only identifying marine park zone
as important (Table 3). Response curves indicated that the
probability of dolphin occurrence was higher in areas 1,000-
2,000 m from the coast, in water temperatures of 21.5-23.5°C,
in marine park zones 3, 5, and 6 (Sanctuary, Naval Waters,
and outside the NMP) (Supplementary Material 7). During
winter months, high probability of occurrence cells (>0.81)
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TABLE 3 | Importance of predictor variables used in the overall and seasonal species distribution models (SDMs) of Indo-Pacific bottlenose dolphins (Tursiops aduncus)
at the North West Cape (NWC), Western Australia (WA).

Model Explanatory variables
Distance to boat ramp Distance to coast MP zone Seabed slope SST Water depth
Overall ANN7 0.70 0.81 0.13 0.01 0.01 0.16
FDA® 0.22 0.43 0.09 0.08 0.01 0.23
GAM10 0.24 0.45 0.21 0.04 0.01 0.25
GBM'0 0.18 0.37 0.08 0.18 0.10 0.15
GLM? 0.21 0.25 0.49 017 0.01 0.05
MARS'0 0.28 0.53 0.05 0.07 0.02 0.18
RF10 0.15 0.32 0.07 0.17 0.16 0.17
Mean of means 0.28 0.45 0.16 0.10 0.04 0.17
Ensemble 0.27 0.44 0.17 0.10 0.04 0.16
Autumn ANNS 0.71 0.82 0.03 0.00 0.01 0.24
FDA8 0.08 0.16 0.29 0.00 017 0.67
GAM® 0.16 0.38 0.32 0.03 0.21 0.34
GBM10 0.10 0.27 0.17 0.12 0.16 0.30
GLM* 0.14 0.21 0.57 0.15 0.04 0.00
MARS'0 0.15 0.42 0.10 0.02 0.21 0.35
RFY 0.11 0.22 0.16 0.11 0.20 0.23
Mean of means 0.21 0.35 0.24 0.06 0.14 0.30
Ensemble 0.22 0.36 0.24 0.07 0.14 0.30
Winter ANN® 0.76 0.77 0.10 0.00 0.02 0.15
FDA™0 017 0.42 0.21 0.08 0.28 0.16
GAM10 0.11 0.35 0.26 0.05 0.21 0.22
GBM™ 0.08 0.22 0.04 0.23 0.41 0.14
GLM? 0.15 0.08 0.53 0.14 0.14 0.01
MARS'0 0.19 0.41 0.08 0.06 0.24 0.16
RF10 0.12 0.24 0.05 0.18 0.36 0.17
Mean of means 0.22 0.36 0.18 0.11 0.24 0.14
Ensemble 0.22 0.35 0.19 0.10 0.23 0.15
Spring ANNC 0.85 0.81 0.05 0.00 0.02 0.12
FDA* 0.02 0.14 0.29 0.02 0.06 0.76
GAM’ 0.05 0.34 0.46 0.04 0.06 0.22
GBM® 0.06 0.14 0.33 017 0.19 0.26
GLM?* 0.00 0.12 0.82 017 0.06 0.00
MARS* 0.11 0.40 0.20 0.02 0.05 0.43
RF® 0.09 0.15 0.25 0.14 0.19 0.19
Mean of means 017 0.30 0.34 0.08 0.09 0.28
Ensemble 0.04 0.26 0.41 0.07 0.09 0.28

Eight SDM algorithms were used: artificial neural network (ANN), flexible discriminant analysis (FDA), generalised additive model (GAM), generalised boosted model (GBM),

generalised linear model (GLM), maximum entropy (MaxEnt), multivariate adaptive regression splines (MARS), and random forest (RF). Variable importance is presented
as the mean value over the 10 runs of each algorithm, the mean of means amongst them and as the ensemble value calculated using only the runs that met the AUC (area
under the curve of the receiver operating characteristic) evaluation criteria of =0.7. The number of runs of each algorithm that was included in the ensemble is indicated

in subscript. The two variables of greatest influence are highlighted in bold.

were heavily concentrated around the north-eastern tip of
the NWC, with multiple cells extending from Bundegi Reef
Sanctuary Zone to outside the NMP (Figure 5). In total
75% of these high probability of occurrence cells fell inside
the NMP and 25% outside the boundaries, with 30% within
designated Sanctuary Zones (Table 4). Moderate probability of
occurrence (0.61-0.80) was predicted in the coastal lagoons
on the west side of the NWC and continuously from the
Lighthouse Bay Sanctuary Zone to just north of the Exmouth boat
ramp (Figure 5).

In spring, the ensemble model predicted the most important
variables influencing IP bottlenose dolphin distribution to be
marine park zone (0.41) and water depth (0.28) (Table 3).
However, the mean of means value indicated that distance to
coast was more influential than water depth. All individual
algorithms except ANN, agreed with the ensemble, supporting
the importance of marine park zone and water depth, with
ANN indicating distance to boat ramp (Table 3). Response
curves indicated that the probability of dolphin occurrence was
higher in water depths of 7-13 m and in marine park zones
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TABLE 4 | Number and proportion (%) of cells with high (>0.81), moderate (0.41-0.80), and low (<0.40) probability of Indo-Pacific bottlenose dolphin occurrence inside
and outside the Ningaloo Marine Park (NMP), as well as those cells inside the marine park that fell within designated sanctuary zones (S2).

Time Period Total number of cells Cells inside the NMP Cells in SZ within the NMP Cells outside the NMP
Number Proportion (%) Number Proportion (%) Number Proportion (%)
High probability of dolphin occurrence (>0.81)
Overall 39 20 51 4 10 19 49
Autumn 2 1 50 1 50 1 50
Winter 20 15 75 1 5 5 25
Spring i 1 9 1 9 10 91
Moderate probability of dolphin occurrence (0.41-0.80)
Overall 174 121 70 47 27 53 30
Autumn 74 50 68 31 42 24 32
Winter 148 96 65 34 23 52 35
Spring 4l 36 51 21 30 35 49
Low probability of dolphin occurrence (0.00-0.40)
Overall 721 609 84 95 13 112 16
Autumn 858 699 81 114 13 159 19
Winter 766 639 83 111 14 127 17
Spring 852 713 84 124 15 139 16
Total study area
Total 934 750 80 146 16 184 20

3 and 6 (Sanctuary and outside the NMP) (Supplementary
Material 7). In spring, majority of the highest probability of
occurrence (>0.81) cells were outside the marine park boundary,
with 91% outside and 9% inside, in the Jurabi Sanctuary Zone
(Table 4). Moderate probability of occurrence (0.61-0.80) fell
within the Mangrove Bay, Jurabi, Lighthouse Bay, and Bundegi
Reef Sanctuary Zones. During spring, a smaller section of the
study area (compared to the other seasonal distribution maps),
from Bundegi Reef Sanctuary zone to the south-eastern boundary
of the study area had a consistent moderate probability of
occurrence (Figure 5).

DISCUSSION

The results of ensemble models revealed that IP bottlenose
dolphin distribution at the NWC was primarily influenced
by distance to coast (with important habitat occurring within
2,000 m from the coast). Areas of high probability of dolphin
occurrence were also influenced by other environmental (i.e.,
water depth and SST) and anthropogenic variables (i.e., distance
to the nearest boat ramp and marine park zone) depending on
the year and season, indicating spatially and temporally complex
habitat preferences of the IP bottlenose dolphins using the area.
Areas of moderate to high probability of occurrence were found
to overlap with multiple designated sanctuary zones (subject to
the highest level of protection by government), but also occurred
in waters outside the boundaries of the NMP (with no formal
protection). The seasonal results suggest that there are some
slight shifts in the distribution and probability of occurrence of
IP bottlenose dolphins at the NWC across seasons, with higher
probability of occurrence (>0.81) during winter and spring.
Despite these seasonal changes, waters to the north and east

of the NWC consistently featured as areas of high probability
of dolphin occurrence. This study revealed the importance of
coastal waters of the NWC to IP bottlenose dolphins, highlighting
the vulnerability of the species to threats associated with human
activities occurring in these areas.

The species distribution models presented here have some
limitations as they only involved autumn, spring, and winter
seasonal data, and thus should not be interpreted in regards to
summer distribution, as this is unknown. SDMs lacked individual
characteristics (e.g., sex and age) and behavioural data that may
influence IP bottlenose dolphin distribution. Also, due to small
sample sizes, data pooling of seasonal data across years was
required, and thus any annual seasonal variability in species
distribution is not represented. Based on the similarities of yearly
model outputs (Supplementary Material 3), we expect that these
differences would be negligible. Future SDMs would benefit from
inclusion of survey data covering all seasons and areas adjacent
to the study area, biotic variables such as prey and predator
availability, and individual parameters (i.e., age, sex, reproductive
status and behaviour).

Potential Drivers of Coastal Dolphin
Distribution in Coastal Waters at the
North West Cape

Ecological Drivers (i.e., Prey Availability and
Predation Risk)

Both prey availability and predation risk are known to influence
dolphin distribution and habitat use (Heithaus and Dill,
2002, 2006; Wirsing et al., 2008). Predictor variables used
in ensemble models in our study (ie., water depth, seabed
slope, and SST) often represent proxies for prey distribution
and predation risk, influencing dolphin distribution elsewhere
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(Heithaus and Dill, 2002; Ingram and Rogan, 2002; Zanardo
et al., 2017; Sprogis et al., 2018a). Occurrence is often a tradeoft
between prey availability and predation pressure, and future
studies looking further into diet, associated prey availability, and
predation pressure are needed to assess the degree of influence
these have on dolphin distribution at the NWC, as has been
explored in other areas of Western Australia (WA) (Heithaus,
2001; Heithaus and Dill, 2002; McCluskey et al., 2016; Smith et al.,
2018; Sprogis et al., 2018b).

Studies have found IP bottlenose dolphins feed on a large
variety of prey, mainly comprising teleost fishes and cephalopods
(Cockceroft and Ross, 1990; Amir et al.,, 2005; Yamazaki et al.,
2008; Kaiser, 2012; Kiszka et al., 2014). The coastal waters of
the NWC contain a rich biodiversity of teleost fish species with
550 species recorded along the Ningaloo Coast and more than
780 species in the Exmouth Gulf (Hutchins et al., 1996; McLean
et al., 2016; Fitzpatrick et al., 2019). Many fish species (i.e.,
mackerel, mullet, trevally, emperor, snapper) and cephalopods
recorded at the NWC (Fitzpatrick et al., 2019) have been
found to be important in the diets of IP bottlenose dolphins
elsewhere (Amir et al., 2005; Kiszka et al., 2014). Many additional
fish species present in the NWC coastal waters are also likely
prey sources for these dolphins (e.g., bream, flounder, flathead,
whiting and herring; Fitzpatrick et al., 2019). The diet of IP
bottlenose dolphins at the NWC is not currently known but
individuals have been observed preying on trevally and mullet
species (Zachary Bald, personal communication and Haughey,
Hunt, personal observations). At the NWC, the continental
shelf falls within close proximity to the coast, subjecting the
area to strong localised currents, with enhanced productivity
expected at the mouth of the Exmouth Gulf (e.g., Point Murat)
as a result of deeper stratified waters mixing with vertically
mixed waters from within the Gulf (Verspecht, 2002). It is
plausible that the oceanography in this section of the Cape,
likely influences aggregations or distribution of important dietary
species of IP bottlenose dolphins. Therefore, it is likely that
aggregations of these prey species influence dolphin distribution
patterns at the NWC.

Killer whales (Orcinus orca) and tiger sharks (Galeocerdo
cuvier) are the most likely predators of IP bottlenose dolphins at
the NWC (Pitman et al., 2015; Ferreira et al., 2017; Andrzejacek
et al,, 2019). Ecotourism charters have reported predation on IP
bottlenose dolphins by killer whales within the NMP and several
photo-identified individuals bear fresh wounds and scars as a
result of shark bites (Haughey et al., 2020). Killer whale families
are often observed in waters beyond the fringing Ningaloo Reef
on the western side of the NWC during June to November
(Pitman et al,, 2015), potentially influencing the high probability
of IP bottlenose dolphin occurrence less than 2,000 m from
the coast at the NWC. However, inshore habitats are likely to
contain tiger sharks (Andrzejacek et al., 2019). Information on
the likelihood of encountering a predator and how this may
influence IP bottlenose dolphin occurrence should be a topic
of future research at the NWC and could be obtained through
Baited Remote Underwater Video Surveys (BRUVS) in shallow
coastal lagoons (e.g., Espinoza et al., 2014), or through acoustic
monitoring (e.g., Braccini et al., 2017; Riera et al., 2019).

Boat Traffic

Boat presence in other areas has been linked to behavioural
changes in bottlenose dolphin populations including, increased
dive times, active avoidance and displacement from preferred
habitats (Nowacek et al,, 2001; Lusseau, 2003; Bejder et al.,
20065 Steckenreuter et al., 2012). Additionally, risk of boat strike
increases as boat numbers and traffic overlaps with dolphins
core areas of use (Wells and Scott, 1997; Parks et al., 2012;
Schoeman et al.,, 2020). Distance to boat ramp was identified
among the top two most influential variable of IP bottlenose
distribution in this study, with dolphins more likely to occur in
waters within 7,000 m from a boat ramp. One of the key boat
launch sites at the NWC and where ecotourism often takes place,
the Tantabiddi area and surrounding lagoons, experienced low to
moderate probability of IP bottlenose dolphin occurrence year-
to-year and seasonally. In contrast, many areas of high probability
of occurrence on the eastern side of the Cape were situated in
close proximity to Bundegi boat ramp, another key boat launch
site. Boat density is highest within coastal lagoons to the west of
the NWC, and within waters to the tip and down the east side
of the NWC (Smallwood and Beckley, 2012). Thus, the lower
probability of occurrence of IP dolphins in the Tantabiddi area
may in fact be more indicative of a lack of prey availability in these
lagoons, rather than boat presence and should be a topic of future
research. Furthermore, given the high degree of overlap between
areas of high probability of IP bottlenose dolphin occurrence
and high boat density in waters at the tip and east of the NWC
(Smallwood and Beckley, 2012; Mitchell et al., 2018), future
research should investigate the relationship between density of
vessels and IP bottlenose dolphin distribution. The Bundegi
Reef/Point Murat area has also been identified as important
habitat for Australian humpback dolphins (Sousa sahulensis)
(Hunt et al., 2020). With currently high levels of recreational boat
use and forecasted increases in human activities in these waters
(Bejder et al., 2012; Hanf et al., 2016), it has been previously
suggested that this area receive prioritisation to mitigate impacts
from increasing human activities faced by dolphins (Hunt et al,,
2020). We suggest that managers implement “go slow” zones
in areas of high probability of occurrence, particularly those
in close proximity to boat ramps and, consider information
presented here in future rezoning of the NMP. Such rezoning
should include the designation of additional sanctuary zones
and extension of the marine park boundary into the Exmouth
Gulf to fully encompass key habitats and manage the impacts of
anthropogenic influence in this region.

Space and Resource Competition

Given the high density of Australian humpback dolphins
(Sousa sahulensis) also occurring in the coastal waters of the
NWC, Haughey et al. (2020) suggested that the inter-specific
competition with Australian humpback dolphins or intra-
specific competition with other IP bottlenose dolphins might be
contributing to the low site fidelity of IP bottlenose dolphins
at the NWC. Competition for space and resources may also
influence habitat use as has been recorded in other studies (Parra,
2006; Kiszka et al., 2012; Ansmann et al., 2015). In the broad
scale SDM study by Hanf (2015), a clear distinction in humpback
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dolphin and bottlenose dolphin distribution was observed, with
north-eastern coastal waters of the NWC identified as an area of
overlap for high habitat suitability for both species. This study did
not model the influence of humpback dolphin occurrence on IP
bottlenose dolphin distribution or examine ranging patterns of
individual bottlenose dolphins. However, distribution modelling
using locational data of Australian humpback dolphin groups
within the northern NMP, revealed areas of high probability
of occurrence from the boundary of the NMP and around the
tip of the Cape to Jurabi Sanctuary Zone (Hunt et al., 2020).
Given the degree of overlap in distribution of the two species
and potential for dietary overlap as a result of the opportunistic
generalist feeding nature of humpback dolphins and unknown
dietary preferences in the region (Parra and Jedensjo, 2014), it
can be inferred that space and resource competition is likely
not influencing the distribution of IP bottlenose dolphins within
our study area. Mixed species groups do occur in this area,
however, the interaction between these two species and how the
distribution of one may affect the other at the NWC is a subject
of current, ongoing research outside the scope of this study.

Implications for Conservation and

Management

Incorporating the extent of spatial and temporal movement
patterns of populations in marine park planning aids managers in
identifying particular sites of high management value and thus,
determining which sites should be delineated for management
in MPAs (Hooker et al, 1999; Hoyt, 2011; Schofield et al,
2013). Without the inclusion of adequate spatial and biological
information, habitats can be under-protected and managers
should account for species who exhibit seasonal variations to
their distribution, movement patterns and habitat use when
designating Marine Protected Area (MPA) boundaries and when
establishing zoning arrangements (Hooker et al., 2011; Guisan
et al,, 2013; Hartel et al., 2015; Dwyer et al., 2020).

This study has highlighted the importance of the north-
western coastal waters of the Exmouth Gulf to Near Threatened
IP bottlenose dolphins and as such, their relevance for
conservation and management of this species. Dolphins with
nearshore distributions are potentially vulnerable to increasing
and cumulative anthropogenic stressors connected with
increased use of coastal areas, particularly those experiencing low
levels of protection (Cardillo et al., 2005; Davidson et al., 2012;
Karczmarski et al.,, 2017; Cagnazzi et al., 2020). In this study,
areas of moderate to high probability of occurrence overlapped
moderately with designated Sanctuary Zones within the NMP,
but also occurred in waters outside the boundaries of the NMP.
Designated sanctuary zones prohibit extractive activities (i.e.,
fishing), and provide potential aggregations of prey. However, in
multiple use zones and outside the NMP, IP bottlenose dolphins
are exposed to a variety of anthropogenic threats such as fishing;
recreational and commercial (although commercial fishing is not
permitted in Recreational zones) and boat traffic.

We have no evidence to reject the idea that the NMP is already
providing conservation benefits to the species, considering the
NMP is likely contributing to the conservation of other species

that interact with individuals of the population (i.e., prey
species in no-take zones), and does already encompass a large
proportion of key IP bottlenose dolphin habitat. However, the
NMP establishment and zoning did not consider the distribution
and abundance of marine top predators such as IP bottlenose
dolphins. Given the regions recent designation as an IMMA,
the data presented here should be taken into account in future
zoning reviews and adaptive management efforts of the NMP
given the high abundance of IP bottlenose dolphins in the NWC
region (Haughey et al., 2020), their apparent reliance on the
coastal waters of the NWC (along with sympatric humpback
dolphins (Hunt et al, 2020), and their potential important
ecological role as one of the main top predators in these coastal
waters. Such adaptive management efforts have proven beneficial
for the protection of apex and meso-predators in the Great
Barrier Reef Marine Park (GBRMP; Fraser et al., 2019), where
preceding management and results of research and monitoring
were combined, to increase the protection of biodiversity in the
GBRMP (Kenchington and Day, 2011).

In addition, our results show that IP bottlenose dolphins
use waters outside the NMP, where dolphins are at risk of
extractive activities that occur in the Exmouth Gulf. The extent
of IP bottlenose dolphin distribution in Exmouth Gulf, associated
population structure and impacts of anthropogenic activities on
IP bottlenose dolphins are unknown. We suggest that managers
implement “go slow” zones in areas of high probability of
occurrence, particularly those in close proximity to boat ramps
and, consider information presented here in future rezoning
of the NMP. Such rezoning should include the designation
of additional sanctuary zones and extension of the marine
park boundary into the Exmouth Gulf to fully encompass key
habitats and manage the impacts of anthropogenic influence
in this region. Future research directed at assessing the spatial
distribution, abundance, habitat use and population genetic
structure of IP bottlenose dolphins in Exmouth Gulf would allow
management to determine the importance of Gulf waters to this
species. Such studies in conjunction with environmental impact
assessments should facilitate the development of management
efforts to reduce threats to species, whilst being able to continue
economically important anthropogenic activities (i.e., tourism
related activities) (Schofield et al, 2013). In future, the key
information presented here, can be built on with additional
research and monitoring at the NWC to assess any reductions in
range which may be indicative of a more vulnerable conservation
status (IUCN Standards and Petitions Committee, 2019).
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