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Little is known about the ecology of Indo-Pacific bottlenose dolphins (Tursiops aduncus)
inhabiting the coastal waters of tropical north-western Australia. We used photo-
identification data collected between 2013 and 2015, site fidelity indexes and capture-
recapture models to estimate the abundance and site fidelity patterns of Indo-Pacific
bottlenose dolphins (T. aduncus) inhabiting the coastal waters off the North West Cape
(NWC), Western Australia. A standardized site fidelity index (SSFI) indicated low site
fidelity (SSFI = 0.019) at the population level to the 130 km2 study area. Agglomerative
hierarchical clustering (AHC) of individual re-sight rates classified 58% of individuals as
“non-residents.” Open POPAN modeling estimated a super-population size of 311 (95%
CI: 249–373) individuals over the study period. A maximum likelihood transient model
which considers both resident and non-resident individuals in a population, estimated a
resident population of 141 (95% CI: 121–161) individuals and a super-population of 370
(95% CI: 333–407) individuals. These models indicate that a large population of Indo-
Pacific bottlenose dolphins of relatively high density (an average of 2.4–2.8 bottlenose
dolphins per km2) inhabits the waters off the NWC. The large number of both resident
and non-resident bottlenose dolphins found throughout the coastal waters off the NWC
suggest this area, as well as neighboring waters outside our study area, are of high
importance to this species.

Keywords: abundance, site fidelity, Ningaloo Reef, Exmouth Gulf, Indo-Pacific bottlenose dolphins, Tursiops
aduncus, capture-recapture

INTRODUCTION

The abundance and density of individuals in a population are among the most commonly used
predictors of extinction risk and the conservation status of the world’s land and marine mammals
(Cardillo et al., 2005; Davidson et al., 2009; Lotze et al., 2017). Consequently, conservation and
management decisions with the intention of protecting wildlife require a robust estimation of
population demographic parameters and site fidelity patterns (Williams et al., 2002; Krebs, 2015).
These demographic attributes are variable within and between species and are influenced by
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the survival, rate of movement, and the site fidelity (i.e., tendency
to return to a previously occupied place) patterns of individuals
(Lebreton et al., 1992; Switzer, 1993).

Estimating demographic parameters of species that are highly
mobile and wide ranging can be difficult due to varying
detection probability, unequal sampling effort, and non-random
movement patterns (Thompson et al., 1998; Williams et al.,
2002). Due to varying levels of individual site fidelity within a
population, there is the potential to capture individuals that do
not frequently occur in the study area and are often only present
for short periods of time, often termed “transients” or “non-
residents” (Hines et al., 2003; Clavel et al., 2008). Estimating
demographic parameters of populations can be difficult when
there is considerable spatial overlap of resident and non-
resident individuals (Conn et al., 2011). Failure to account
for the non-resident individuals can lead to biased, incorrect
estimates of survival and abundance. Therefore, it is important
to be aware of both “non-residents” and “residents” (Conn
et al., 2011). Population demographic estimates which ignore
the presence of non-resident individuals can lead to misleading
estimates, incorrect interpretations about ecological relationships
(e.g., predator–prey dynamics, species-habitat relationships),
flawed impact assessments, and inappropriate implementation
of conservation actions and resources, which would all be
detrimental for populations and species that are vulnerable to
human activities (Schaub et al., 2007; Clavel et al., 2008).

Marine mammals are often exposed to cumulative
anthropogenic pressures as a result of increasing human
interaction within their habitats which creates challenges to their
conservation (Maxwell et al., 2013; Avila et al., 2018). Coastal
dolphins in particular, face a variety of threats including habitat
loss and degradation (Jefferson et al., 2009; Cagnazzi et al.,
2013b; Karczmarski et al., 2017), exposure to environmental
contaminants (Storelli and Marcotrigiano, 2000; Balmer et al.,
2011; Cagnazzi et al., 2013a), boat strikes (Wells and Scott,
1997; Ross, 2006; Dwyer et al., 2014), net entanglement (Jones,
1995; Bannister et al., 1996; Shaughnessy et al., 2003), and noise
disturbance (Dolman et al., 2003; Buckstaff, 2004; Bejder et al.,
2006). In Australia, most of the human population growth is
near the coast, with 85% of the population currently living within
50 km of the coastline (Clark and Johnston, 2016). As a result, the
demand for industrial and residential infrastructure, shipping,
aquaculture, and tourism activities has accelerated rapidly and
so too has the pressure on marine mammals inhabiting coastal
waters (Hawkins et al., 2017). This is particularly the case for
north Western Australia (WA), where large-scale coastal habitat
modification to support expansion of mining and petroleum
industries has occurred (and is increasing), and assessment of
the impacts to coastal dolphins continues to be limited due to a
lack of baseline information (Preen et al., 1997; Allen et al., 2012;
Bejder et al., 2012; Brown et al., 2012; Hanf et al., 2016).

Abbreviations: AHC, Agglomerative hierarchical clustering; CPCC, Cophenetic
correlation coefficient; IP, Indo-Pacific; IUCN, International Union for the
Conservation of Nature; MLE, Maximum likelihood estimation; NCWHA,
Ningaloo Coast World Heritage Area; NMP, Ningaloo Marine Park; NWC, North
West Cape; SSFI, Standardized site fidelity index; WA, Western Australia.

The coastal waters of the North West Cape (NWC) experience
variable levels of protection, with waters to the West and North
of the NWC falling within the Ningaloo Coast World Heritage
Area (NCWHA) and the Ningaloo Marine Park (Commonwealth
and State Waters) (NMP). Australia provides a high degree of
protection to its World Heritage properties and marine parks.
Three levels of government (National, State, and Municipal)
work in conjunction with community, indigenous custodians
and the Ningaloo Coast World Heritage Advisory Committee
to manage and maintain the World Heritage values of the area
(DoEWHA, 2010). The NMP is a single marine protected area
with an ecosystem-based management approach managed under
a cooperative arrangement. Only approved commercial and
recreational activities that are consistent with the conservation
and restoration of the natural environment are permitted
in these waters (DoEWHA, 2010). The State waters extend
to three nautical miles from the reef and are divided into
different zones with different restrictions (general use, special
purpose, recreational and sanctuary zones) (DoEH, 2002). The
Commonwealth waters extend to another 3–9 nautical miles
from the State waters and are managed with uniform restrictions
throughout (DoEH, 2002). On the eastern side of the NWC lies
the Exmouth Gulf, which although is recognized as an important
ecosystem, lacks formal protection.

Due to the outstanding natural values of the NCWHA and
NMP, the NWC has been subject to a large magnitude of scientific
research with variable areas of interest (i.e., geomorphology of
the area, benthic ecology, marine flora and fauna, oceanography
and the social impacts of tourism in the area among others).
The area also supports a substantial marine megafauna wildlife
tourism industry (Sanzogni et al., 2015; Raudino et al., 2016),
a major humpback whale (Megaptera novaeangliae) nursery
(Bejder et al., 2019); a high density of threatened Australian
humpback dolphins (Sousa sahulensis) (Hunt et al., 2017)
and WA’s second largest prawn fishery (Kangs et al., 2006;
Pitcher et al., 2016).

The Indo-Pacific bottlenose dolphin (Tursiops aduncus,
hereafter IP bottlenose dolphin) is known to occur in the coastal
waters of the NWC (Allen et al., 2012; Brown et al., 2012).
Australian humpback and IP bottlenose dolphins are recognized
as being of ecological value to the biodiversity of the NMP, the
NCWHA (CALM and MPRA, 2005; DBCA, 2018) and north WA
in general (DoE, 2015), but targeted ecological studies have so far
only focused on the threatened humpback dolphins (Hunt et al.,
2017, 2019). IP bottlenose dolphins are currently listed as Near
Threatened by the International Union for the Conservation of
Nature (IUCN) (Braulik et al., 2019). The lack of information on
the ecology of this species in north WA has prevented an accurate
assessment of their conservation status; hampering management
and conservation decisions.

In this study, we used capture-mark-recapture methods and
population models to investigate site fidelity patterns (i.e., the
tendency of dolphins to remain in, or return to, and reuse the
study area) and estimate abundance of IP bottlenose dolphins
around the NWC whilst taking into account the presence
of non-resident individuals. Results from this study provide
important information on the population demographics of IP
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FIGURE 1 | (Left) Map of Australia, showing the location of the North West Cape (pictured inside box). (Right) The North West Cape study site and opposing
zigzag line transect sampling design (2 × 93 km in length).

bottlenose dolphins at the NWC that will aid their future
conservation and management.

MATERIALS AND METHODS

Study Site
The study area encompasses the coastal waters surrounding the
NWC peninsula located north-west of the Australian mainland
(Figure 1). The NWC study area is located in the northern section
of the Ningaloo Reef (Australia’s largest fringing reef). Two-thirds
of the total study area falls within the protected NMP (State
Waters) (Figure 1).

Data Collection
Boat-based surveys targeting both IP bottlenose dolphins and
Australian humpback dolphins were conducted in favorable
weather conditions (Beaufort Sea State ≤3 and no rain) with
six 3-month long sampling periods conducted over 3 years
(2013–2015) covering the austral seasons of Autumn (April–
June), Winter (July–August), and Spring (September–October).
The 3-month long sampling periods spanned over multiple
austral seasons and for the purpose of examining any seasonal
changes in abundance in this study were classified as either
Autumn/Winter (AW) (April–June) or Winter/Spring (WS)
(July–October). Summer months (November–April) were not
surveyed due to consistently unfavorable wind conditions, the
higher risk of tropical cyclones and extreme temperatures.
Surveys were conducted from 0700 to 1800 h (depending on
suitable conditions) on board a 5.6 m center console aluminum
vessel with a 100 HP outboard motor. Surveys followed a
systematic line transect layout which was developed based on

accessibility and in order to adequately sample the wide range
of habitats, human use areas and environmental variables within
the study area. The transect layout consisted of two 93 km
long opposing zig-zag lines (Figure 1). The study area covered
approximately 130 km2 along 50 km of coastline, and extended
up to five km offshore, encompassing water depths up to 45 m.

During surveys a crew of three to five (mode = four) observers
searched for dolphins forward of the vessel’s beam, alternating
between the naked eye and 7× 50 binoculars. Schools of dolphins
were defined as dolphins with relatively close spatial cohesion
(i.e., each member within 100 m of any other member) involved
in similar (often the same) behavioral activities [modified from
Connor et al. (1998)]. When a dolphin school was sighted, survey
effort was suspended and dolphins were slowly approached to
within 30 m to collect photo-identification images and record
location (using a GPS unit), school size, school age composition
(number of calves, juveniles, and adults) and predominant school
behavior (i.e., behavioral state in which more than 50% of the
animals in a school are involved (Mann, 1999). All dolphins
within a school were photographed regardless of their level of
marking. The three age classes were distinguished based on
behavioral cues and visual assessment using the average adult
size as a reference: (1) adults: individuals >2 m long; (2)
juveniles: individuals between 1/2 and 2/3 the body length of
an adult, usually swimming in close association with an adult,
but sometimes swimming independently; and (3) calves: animals
≤1/2 the length of an adult, in close association with an adult,
and swimming regularly beside or slightly behind an adult. Once
all individuals within a school were photographed or sight of
dolphins was lost, the boat returned to the transect line where
dolphins were first sighted and resumed survey effort. All data
were collected under permit and with ethics approval.
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Photo-Identification
All photographs taken were processed using the DISCOVERY
photo-identification data-management system software
(Gailey and Karczmarski, 2012). Images were examined and
scored according to strict quality and distinctiveness protocols
(see Supplementary Material 1). To develop capture histories of
individuals and for all subsequent analyses, we used only images
of distinctive (D1 and D2) adult individuals deemed to be of
excellent and good quality. Juveniles and calves were excluded
due to their lack of distinctive markings and dependence on their
mothers, violating common model assumptions that captures are
independent (Pollock et al., 1990).

Proportion of Marked Individuals
The proportion of identifiable individuals in the study population
(θ) was determined by dividing the number of recognizable (D1
and D2) individuals by the total number of individuals observed
in each encounter, averaged over all encounters (Silva et al., 2009;
Gore et al., 2016). Abundance estimates and confidence intervals
were adjusted considering the proportion of marked individuals
in the study population using the following formula:

Marked Individuals =
D1 + D2 individuals in a sighting

Total individuals in a sighting

Site Fidelity
We investigated the monthly, sampling period, and yearly
sighting rates of individuals to determine the tendency of
dolphins to return to the study area (Zanardo et al., 2016; Hunt
et al., 2017; Passadore et al., 2018).

1. Monthly sighting rate: the number of months an individual
was identified as a proportion of the total number of study
months. Monthly sighting rates could range between 0.05
(i.e., animals sighted in only 1 month out of the 19 months
surveyed) and 1 for an individual sighted in all months.

2. Sampling period sighting rate: the number of 3-month
long sampling periods an individual was identified as a
proportion of the total number of sampling periods in our
study. Sampling period sighting rates could range between
0.16 (i.e., animals sighted in only one sampling period out
of the six sampling periods) and 1 for an individual sighted
in all sampling periods.

3. Yearly sighting rate: the number of years an individual was
identified as a proportion of the total number of study
years. Yearly sighting rates could range between 0.33 (i.e.,
animals sighted in only 1 year out of the 3 years surveyed)
and 1 for an individual sighted in all years.

We used Pearson’s correlation to quantify the relationship
between the three individual site fidelity measures using R
version 3.4.4 (R Core Team, 2018). The variables with the
lowest level of correlation were analyzed using agglomerative
hierarchical clustering (AHC) (Legendre and Legendre, 2012),
to assess if there were clusters of individual dolphins who
exhibited similar patterns of site fidelity. AHC analysis was
run in Primer/PERMANAOVA + v7 software using Euclidean

distance as the dissimilarity measure. For each cluster identified,
we used Primer to calculate p-values to determine statistical
significance (at 5% significance level), assess the confidence in
the strength of each of the clusters identified and to specify
a dissimilarity threshold to represent the most appropriate
number of clusters. To assess how faithfully clusters in the
dendrogram represented the dissimilarities among observations,
we used the cophenetic correlation coefficient (CPCC), with a
CPCC-value >0.8 indicating a reliable representation of the data
(Sokal and Rohlf, 1962).

Additionally, we calculated a standardized site fidelity index
(SSFI) at the population level using the following formula
(Tschopp et al., 2018):

IT =
IT individual 1+ IT individual 2 . . . .

Total number of individuals
and

It =
It individual 1+ It individual 2 . . . .

Total number of individuals

followed by:
2

1
IT +

1
It

where IT (Permanence) is the amount of time in the study area
expressed as the average number of days between the first and last
capture of each individual as a proportion of the total number of
days from the beginning to the end of sampling (non-constant
effort). It (Periodicity) is the average recurrence of an individual,
expressed as an inverse fraction of the number of days between
an individual’s first, and last capture as a proportion of the
individual’s total number of captures minus one. The SSFI varies
between zero (indicating low site fidelity for the population) and
one (indicating high site fidelity for the population).

Abundance, Density, and Apparent
Survival of Individuals
Estimating demographic parameters of highly mobile and wide-
ranging species is difficult, particularly when dealing with
populations containing a high proportion of “non-resident”
or “transient” individuals. Site fidelity analysis suggested the
population was open to individual movement within and between
sampling periods, and tests of population closure conducted in
CloseTest (Stanley and Burnham, 1999) indicated the population
was not closed (Otis test p-value = 0.99854 and Stanley and
Burnham test p-value = 0.00). To overcome the challenges posed
by the high levels of transience within this population, two
different open population-modeling techniques [POPAN and an
maximum likelihood estimation (MLE) transient model] were
chosen to quantify baseline population demographics of the IP
bottlenose dolphins inhabiting our study area.

Abundance of IP bottlenose dolphins across the six sampling
periods (Table 1) in the study area was estimated using a
POPAN parameterization of the Jolly–Seber model (Schwarz
and Arnason, 1996). This model provides abundance estimates
while allowing entries (i.e., births and immigration) and losses
(i.e., death and permanent emigration) in the population under
study and is suitable for long-term studies where the use of
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TABLE 1 | Summary of survey effort, number of schools of Indo-Pacific bottlenose dolphins sighted and number of marked individuals identified per sampling period
around the North West Cape, Western Australia, between 2013 and 2015.

Sampling period (season) Time period
(dd/mm/yyyy)

Number of survey
days

Survey effort
(hours)

No. of schools
sighted

No. of animals
identified

1 (AW) 28/05/2013–
15/07/2013

17 22.5 18 45

2 (WS) 26/08/2013–
17/10/2013

16 11.7 15 45

3 (AW) 09/04/2014–
06/07/2014

38 70.4 45 93

4 (WS) 31/07/2014–
07/10/2014

39 69.9 44 78

5 (AW) 03/05/2015–
05/07/2015

28 42.6 26 40

6 (WS) 29/07/2015–
26/10/2015

33 65.5 34 46

Total 171 282.6 182 184

AW indicates Autumn/Winter and WS indicates Winter/Spring.

models assuming population closure is not reasonable. POPAN
models were run in Program MARK (White and Burnham,
1999) and estimated super-population size (N) (i.e., the number
of animals that theoretically used the study area during the
course of the study, including those not captured (Schwarz
and Arnason, 1996), apparent survival (phi), capture probability
(p) and the probability of an individual from the super-
population entering the sampled population for that sampling
occasion (pent). Due to the nature of the sampling design
(six 3-month long sampling periods spaced over 3 years) and
weather constraints, time intervals between sampling periods
were uneven. Time intervals were calculated as the number
of days between the last day of the previous period to the
first day of the corresponding period as a yearly proportion
and were accounted for in the models. We ran a total
of eight models allowing for fixed (•) or time-varying (t)
effects on phi, p and pent in the study area throughout
the survey period (see Supplementary Material 2 for model
details). The most parsimonious model was selected based
on the Quasi Akaike Information Criterion (QAICc) values
(Burnham and Anderson, 2002).

We also used a MLE transient model (Conn et al., 2011)
to estimate the abundance of resident individuals (NRes) and
the super-population size (N, combined abundance of resident
and non-residents). The model assumes that individuals sampled
more than once were residents, and individuals only seen
once were either resident individuals that by chance were only
observed once or non-residents, which had entered the study area
and become available for sampling. Four maximum likelihood
transient models were run in R (R Core Team, 2018) using
the package DeRiv [R code obtained from Conn et al. (2011)]
allowing for fixed (•) or time-varying (t) effects on Pit and
πt in the study area throughout the survey period. These
models estimated super-population size (N∗), the probability
that an individual selected at random is a resident (α), capture
probability (Pi), probability of transients entering the study area
and becoming available for sampling (π), and the population
size of residents (Nres). The most parsimonious model was

selected based on AICc values (see Supplementary Material 3
for these models).

Goodness of Fit and Validation of Model
Assumptions
Goodness of fit of the POPAN model was calculated using
program RELEASE in MARK and program U-CARE with
chi−squared tests (and Fisher’s exact tests when needed) for
transients and trap−dependence (Lebreton et al., 1992). First,
T3.SR considered individuals seen in a particular sampling
period, and how many were then seen again and when, essentially
testing for transience in the population. Second, Test 3.SM
tested for a difference in individuals in the time between an
individual’s first capture and its first recapture. Third, Test 2.C
(program RELEASE) and Test 2.CT (program U-CARE), tested
for trap dependence. Fourth, a global test (Test 2 + 3) tests
for homogeneity in individual capture histories. We estimated
the variance inflation factor (c) to quantify over-dispersion in
the data using the chi-square statistic divided by its degrees of
freedom. Goodness of fit tests for the MLE transient model have
not yet been developed.

POPAN and the MLE transient model have a few assumptions,
which if violated can lead to bias in population estimates
(Pollock, 1982; Pollock et al., 1990; Kendall and Bjorkland,
2001; Conn et al., 2011). We used population information
obtained in this study, information on dolphin biology and
ecology and evaluated our study design in combination with a
variety of tests to validate the assumptions of these models (see
Supplementary Material 4).

RESULTS

Survey Effort, Photo-Identification, and
Proportion of Marked Individuals
We completed a total of 283 h of survey effort across the six
sampling periods over the 3 years (2013–2015) of this study
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(Table 1). During this time, we sighted 182 schools of IP
bottlenose dolphins, ranging in size from 1 to 30 individuals
(mean ± SD = 6.42 ± 5.22). The cumulative discovery curve of
identified individuals (Figure 2) continued to gradually increase
over the 3-year study period indicating that new individuals were
continually sighted within the study area. A total of 184 distinctly
marked individuals were photo-identified and included in
statistical analysis. The proportion of marked individuals within
the study population (θ± SE) was estimated at 0.80± 0.36.

Site Fidelity
Of the 184 individuals photo-identified, 73 (40%) were sighted
only once, 62 (34%) individuals were sighted either two
or three times. 49 (27%) were sighted four or more times
(mean ± SD = 3.11 ± 3.11). The average monthly resight rate
(±SD) was 0.13± 0.10 (95% CI: 0.11–0.14) indicating individuals
were typically sighted in two out of 19 months surveyed. Only
four individuals were sighted in more than 50% of the total
months surveyed, and no individual was seen in all 19 months.
The average yearly resight rate was 0.52 ± 0.24 (95% CI: 0.48–
0.55) indicating that individuals were more commonly sighted
in either one or two of the three surveyed years. In total, 107
individuals were sighted in only 1 year, 52 in 2 years and 25
in all 3 years. The average sampling period resight rate (±SD)
was 0.32 ± 0.19 (95% CI: 0.29–0.35) showing that individuals
were typically sighted in two out of the six sampling periods.

Two individuals were seen in all six sampling periods and 94
individuals were only seen in one. Eighteen individuals were seen
in over 50% of sampling periods (four or more sampling periods).
The SSFI estimate was 0.019 indicating very low levels of site
fidelity at the population level in the study area.

The correlation test found that sampling period resight rate
was highly correlated with both the monthly and yearly resight
rates (0.92 and 0.88, respectively). AHC clustering analysis was
run using only the monthly and yearly resight rates which had
a correlation of 0.76. AHC analysis separated individuals into
three main clusters (largest dissimilarity threshold = 0.6). The
cophenetic correlation coefficient (CPCC = 0.94) and p-values
(0.001 at 5% significance level) indicated a strong representation
of the dissimilarities among observations (Figure 3). Cluster 1
contained 25 individuals (14%) that were sighted in all 3 years of
survey; cluster 2 contained 52 individuals (28%) that were sighted
in 2 years of survey and cluster 3 contained 107 individuals (58%)
seen in only 1 year. Thus, cluster 1 individuals are considered
to be “full-time residents,” who display a high level of residency
to the study area, cluster 2 are considered to be “part-time
residents,” who were sampled more than once but display a
lower level of site fidelity to the study area than the full-time
residents and cluster 3 are considered to be “non-residents”
(“transients”) with no site fidelity to the study area. For the
purpose of this study, we consider residents as individuals of
clusters 1 and 2 and non-residents as individuals of cluster 3.
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FIGURE 2 | Cumulative discovery curve of identified Indo-Pacific bottlenose dolphins (n = 184) within the North West Cape (NWC) study in Western Australia (WA)
over the 2013 (May–October) and 2015 (May–October) survey periods (total 171 days). Columns represent the number of survey hours during each month of study.
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FIGURE 3 | Agglomerative hierarchical clustering analysis displaying three main clusters based on the site fidelity patterns of the Indo-Pacific bottlenose dolphins of
the North West Cape (NWC). Western Australia (WA) (“Full-time residents,” “Part-time residents,” and “Non-residents”) with the largest dissimilarity threshold = 0.6.

Average resight rates and standard deviations of the three clusters
are shown in Table 2.

Abundance, Density, and Apparent
Survival of Individuals
Results from POPAN models were averaged (Table 3) to account
for model selection uncertainty (see Supplementary Table 2.1
for unadjusted unaveraged AICc models, Supplementary
Table 2.2 for unaveraged QAICc models). Certain parameters are
inestimable for sampling periods one and six so only sampling
periods two, three, four and five are displayed in Table 3.

Model averaged results estimated that the total super-
population size across the study period was N = 311
(95% CI: 249–373), average apparent survival (phi) = 0.62
(95% CI: 0.55–1.05), average recapture probability (p) = 0.44
(95% CI: 0.33–0.55), and the average probability of entry
(pent) = 0.09 (95% CI: 0.01–0.18) (Table 3).

TABLE 2 | Average monthly and yearly resight rates of the three clusters
(“Full-time residents,” “Part-time residents,” and “Non-residents”) of Indo-Pacific
bottlenose dolphins identified through agglomerative hierarchical clustering
analysis at the North West Cape, Western Australia.

Cluster Average monthly
resight rate (SD)

Average yearly
resight rate (SD)

1. “Full-time residents” 0.29 (±0.14) 1 (±0.00)

2. “Part-time residents” 0.17 (±0.07) 0.67 (±0.00)

3. “Non-residents” 0.07 (±0.03) 0.33 (±0.00)

The transient MLE model with the lowest AICc
(AICc = 1234.001) was the one with time varying capture
probability (p) and constant entry probabilities (π) (see
Supplementary Material 3). The super-population size of
marked individuals was estimated at 296 (95% CI: 259–333)
and resident population size at 113 (95% CI: 93–133). The total
super-population and resident population size after accounting
for both unmarked and marked individuals was 370 (95%
CI: 333–407) and 141 (95% CI: 121–161), respectively. The
probability that an individual selected at random is a resident
(α) was 0.38.

Density of IP bottlenose dolphins within the 130 km2 NWC
study area using the abundance estimates from POPAN and
transient MLE models (taking into account the proportion of
marked individuals) was estimated at an average of 2.4 and 2.8
dolphins per km2, respectively.

Goodness of Fit
Test 3.SR from RELEASE and U-CARE for the POPAN model
indicated a transient effect in the population, which was expected
after visual inspection of individual capture histories, site fidelity
analyses and the results of the CloseTest. Test 3.SM showed
no strong evidence to reject temporal heterogeneity in capture
probabilities; Test 2.C (RELEASE) and Test 2.CT (U-CARE)
showed no strong evidence to reject the null-hypothesis of no trap
dependence. The global test (Test 2+ 3) showed no homogeneity
in individual capture histories with 42 unique capture histories
indicating that there is a large amount of variation in detection
of individuals, likely due to the high proportion of non-residents.
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TABLE 3 | Estimates of population size (N), apparent survival (Phi), capture probability (p), and probability of entry into the population (pent) of Indo-Pacific bottlenose
dolphins around the North West Cape in Western Australia for each sampling period.

Sampling period (season)* Nm (95% CI) NSuper (95% CI) Survival (Phi)
(95% CI)

Recapture probability
(p) (95% CI)

Probability of entry
(pent) (95% CI)

2 (AW) 132 (59–205) 165 (74–256) 0.77 (0.15–0.98) 0.37 (0.19–0.60) 0.23 (0.04–0.70)

3 (WS) 170 (116–223) 213 (145–279) 0.25 (0.02–0.87) 0.57 (0.33–0.78) 0.05 (0.00–0.51)

4 (AW) 154 (103–206) 193 (129–258) 0.65 (0.07–0.98) 0.50 (0.32–0.68) 0.07 (0.01–0.35)

5 (WS) 135 (58–212) 169 (73–265) 0.80 (0.12–0.99) 0.33 (0.14–0.60) 0.04 (0.00–0.35)

Averageˆ 249 (199–298) 311 (249–373) 0.62 (0.55–1.05) 0.44 (0.33–0.55) 0.09 (0.01–0.18)

Nm: estimate of number of marked animals in the population; NSuper: estimate of total population size over the study period after correcting for the proportion of identifiable
individuals (θ = 0.80). AW indicates Autumn/Winter and WS indicates Winter/Spring. The average of each variable was calculated. 95% confidence intervals (95%CI) are
listed in brackets. *The first and last sampling period parameters are not listed here due to the confounding that arises from not being able to estimate all parameters
before an individual’s first capture and after their last capture. ˆAverages are displayed for Phi, p, and pent parameters. Nm and Nsuper are displayed as total estimates for
the entire sampling period.

TABLE 4 | Results from goodness of fit tests run in Program RELEASE and
U-CARE for the sampling periods of Indo-Pacific bottlenose dolphin surveys
conducted during 2013–2015 around the North West Cape, Western Australia.

Program Parameters Test 3.SR Test 3.SM Test 2.CTa Global Test Ĉ

RELEASE χ2 17.12 2.50 3.18 22.80 2.28

df 4 3 3 10

p-value 0.0018 0.4752 0.3654 0.0115

U-CARE Statistic 4.30 N/A 0.89 N/A 2.37

χ2 19.31 5.41 3.72 28.44

df 4 4 3 13

p-value 0.0006838 0.24746 0.29377 0.0078605

χ2 = chi squared, df = degrees of freedom and N/A = statistic was not available for
this test. aThis test is referred to as Test 2.C in RELEASE.

RELEASE and U-CARE estimated the variance inflation factor
(c) as 2.28 and 2.37, respectively, indicating over dispersion of
the data. In response to this, AICc values were adjusted to QAICc
values (Richards, 2008). RELEASE and U-CARE goodness of fit
test results are displayed in Table 4.

DISCUSSION

In this study, we provide the first assessment of baseline
population demographic parameters (site fidelity, abundance,
and survival) of IP bottlenose dolphins in the coastal waters
of the NWC, WA. We provide relevant information to aid the
management of a large population inhabiting an area of multiple
use (wildlife tourism, scientific research, recreational activities,
fisheries and resource extraction in neighboring waters) with
mixed levels of protection. Site fidelity and abundance estimates
indicated that the population of IP bottlenose dolphins using the
coastal waters of the NWC is composed of a large proportion of
animals that use the area occasionally, and a smaller proportion
of animals that use the area regularly. An average of 2.4–2.8
dolphins per km2 reside in the coastal waters of the NWC, with a
resident population of 141 individuals using the area year round.
The low site fidelity displayed by a large proportion of individual
dolphins, and slight variation in abundance estimates across
sampling periods indicated that animals range beyond the limits
of the study area. Despite the low levels of site fidelity observed,

the high number of animals (both residents and non-residents)
using the study area over time suggests that the NWC represents
an important habitat within the home range of this species.

Site Fidelity
Worldwide, bottlenose dolphin populations (Tursiops sp.) display
variation in their patterns of occurrence, distribution and site
fidelity. Within a population, individuals have been observed
showing varying levels of residency with individuals typically
characterized as residents, migratory (semi-resident) or transient
(non-resident). High levels of site fidelity and residency are
characteristic of bottlenose dolphins in protected coastal areas
with high prey availability and low predation risk (Gowans et al.,
2007; Fury and Harrison, 2008; Chabanne et al., 2012; Webster
et al., 2014; Brown et al., 2016; Zanardo et al., 2016; Dulau et al.,
2017; Passadore et al., 2018). In contrast, low levels of site fidelity
is often typical of individuals inhabiting lower productivity areas
where prey availability is highly variable in space and time
(Gowans et al., 2007; Silva et al., 2008; Edwards et al., 2009;
Lafontaine et al., 2017).

The distribution of prey has been identified as one of the key
factors influencing species distribution and movement (Shane
et al., 1986; Hanson and Defran, 1993; Hart, 1997; Browning
et al., 2014). The large proportion of non-resident individuals
found at the NWC likely reflects high spatial and temporal
variability in their prey resources. The coastal lagoon waters to
the west of the Cape are influenced by two opposing current
systems. The southward Leeuwin current is prevalent from April
to September moving warm, low nutrient waters down the coast
(Sleeman et al., 2007; Hanson and McKinnon, 2009). From
September to April, strong southerly winds generate a northward
current (Ningaloo Current) which creates an upwelling of cooler,
higher nutrient waters from below the Leeuwin current (Sleeman
et al., 2007; Hanson and McKinnon, 2009). The change in
oceanographic conditions between seasons could potentially
drive a shift in prey availability or preferable environmental
conditions. A similar environment in North Central Chile which
experiences productive upwelling driven by southward winds
in summer and a down welling of less productive waters in
winter is also home to a population with a large proportion
of transient individuals (Santos-Carvallo et al., 2018). Transient
individuals tended not to be present during unproductive winter
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months, likely as a result of a decrease in food supply (Santos-
Carvallo et al., 2018). The diet of the IP bottlenose dolphins at
the NWC is currently unknown and should be a topic of future
research to further understand the distribution of IP bottlenose
dolphins around the NWC.

Dietary divergence, differential use of space and habitat
selection have been proposed as some of the major resource
partitioning mechanisms promoting the coexistence of sympatric
delphinids (Bearzi, 2005; Parra, 2006). The NWC apart from
holding a large population of IP bottlenose dolphins is also
home to a dense and sizeable population of Australian humpback
dolphins (129 individuals 95% CI: 117–141, 0.90–1.09 individuals
per km2) (Hunt et al., 2017). In contrast to the IP bottlenose
dolphins, Australian humpback dolphins have high levels of site
fidelity and high residency to the NWC (Hunt et al., 2017).
Australian humpback dolphins at the NWC showed a preference
for shallow waters (5–15 m deep) up to 2 km from the coast
(Hunt, 2018). Habitat preferences of the IP bottlenose dolphins
in these waters is a topic of current research. Differences in space
use and habitat selection between humpback and IP bottlenose
dolphins may be the principal mechanisms promoting their
coexistence, which could be a possible explanation for low site
fidelity of the IP bottlenose dolphins to the NWC.

In a number of bottlenose dolphin (Tursiops sp.) populations,
individuals have segregated into different communities to cope
with intraspecific competition (Wells, 1986; Rossbach and
Herzing, 1999; Chilvers and Corkeron, 2001; Urian et al., 2009).
These distinct communities may overlap in diet and home
range and live in direct sympatry (Chilvers and Corkeron, 2001;
Lusseau et al., 2006) or they may show different ranging patterns
(Urian et al., 2009; Kiszka et al., 2012). It has been hypothesized
that these communities have formed in order to optimize space
and resource sharing (Kiszka et al., 2012). It is possible that the IP
bottlenose dolphin population in the NWC consists of multiple
communities that have formed to reduce space and resource
competition. Studies involving stable isotope analysis, home
range patterns and genetic sampling of the “resident” and “non-
resident” individuals could be used to investigate this further.

Predation risk is also known to influence dolphin distribution
and habitat use, which could influence the site fidelity of
individuals to a particular area (Wirsing et al., 2008; Kiszka
et al., 2015). Killer whales as well as tiger sharks, well−known
predators of marine mammals including dolphins, are known to
inhabit the waters of the NWC (Pitman et al., 2015). Successful
predation attempts from killer whales on IP bottlenose dolphins
have been reported by ecotourism charters in Coral Bay (100 km
south) and several individuals of the NWC population exhibit
scars and fresh wounds as a result of shark bites (Haughey,
personal observations). Therefore, a high predation risk could
be a possible explanation for low site fidelity of IP bottlenose
dolphins to the NWC.

Movements of bottlenose dolphins along the northwest coast
of WA are poorly understood. The large number of non-resident
individuals within NWC waters suggests IP bottlenose dolphins
frequently use areas beyond the study area. The presence of
IP bottlenose dolphins in coastal waters adjacent to the NWC
(Haughey, personal observations), and further offshore within

the central and eastern parts of the Exmouth Gulf (Preen
et al., 1997; Sleeman et al., 2007; Hanf, 2015), as well as in
Coral Bay to the south and Onslow to the north (approx.
100 km either direction) (Allen et al., 2012; Raudino et al.,
2018) suggest that movements beyond the study area are
likely. Future monitoring of IP bottlenose dolphins integrating
photo-identification, genetics, and telemetry in NWC and
adjacent waters would shed further insight into their population
boundaries, site fidelity and home range.

Abundance of Individuals
Dolphin abundance is typically influenced by the abundance
and distribution of their prey and predators and habitat type,
with protected and enclosed areas containing typically smaller
populations than those that occupy semi-open habitats (Shane
et al., 1986; Wells et al., 1987; Ballance, 1992). Differences in the
methodologies used and sizes of study areas makes comparison
of abundance estimates amongst studies difficult. Most estimates
of abundance for other areas in Australia of similar size to our
study area (130 km2) and generated using similar methodologies
(photo-identification and capture-recapture models) range in
size from 63 individuals to 160 individuals (Möller et al.,
2002; Smith et al., 2013; Brown et al., 2016; Raudino et al.,
2018) with the exception of Point Lookout, Australia, with
estimates of 861–895 individuals (Chilvers et al., 2003). The
NWC abundance estimates of 311–370 individuals are larger
than most of these studies and thus indicate a moderately
large population inhabits these waters. The NWC study area
offers both protected and enclosed waters to the east in the
Gulf, and semi open oceanic waters with lagoons on the inner
side of the Ningaloo Reef to the west. Access to both open
and enclosed habitats within our study area may explain the
relatively large mix of resident and non-resident individuals
inhabiting the NWC, further highlighting the need to study
the adjacent waters of the Exmouth Gulf. The high abundance
of both resident and non-resident individuals in NWC across
seasons also suggests this area offers highly favorable year−round
habitat conditions.

Apparent Survival and Permanent
Emigration of Individuals
Due to the high longevity of IP bottlenose dolphins, we
acknowledge that a 3-year study may not fully encapsulate the
population processes of emigration and mortality and suggest
that long-term monitoring of this population is needed to get
a better baseline estimate of apparent survival. Survival is a
key demographic parameter that is difficult to estimate from
capture-recapture data, as models cannot separate mortality from
permanent emigration (Ergon and Gardner, 2014). This difficulty
is heightened when looking at species with high longevity and
low levels of site fidelity. Unless site fidelity to a particular study
area is very high, apparent survival is usually under estimated
(Schaub and Royle, 2014). The level of underestimation depends
on the size of the study area and the ranging patterns of the
species (Zimmerman et al., 2007). If the geographical limits
of a study area correspond perfectly with the ranges of the
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population of interest, treating both permanent emigration and
survival as one parameter may be appropriate (Gilroy et al., 2012).
However, if the study area falls within a wider area of interest,
permanent emigrants surviving outside the study area may still
have the potential to contribute to population processes (Gilroy
et al., 2012). As discussed above, the low levels of site fidelity
observed in this study and the presence of IP bottlenose dolphin
in adjacent waters indicates that individuals range beyond the
limits of our 130 km2 study area. The low average estimate
of survival presented in this study (0.62, 95% CI: 0.55–1.05)
that supports our site fidelity analysis, is likely a result of the
high proportion of individuals only seen once and is therefore
more likely to be representative of permanent emigration and
transience than survival.

Model Selection and Evaluation of Model
Reliability and Performance
Both POPAN and the MLE transient models have their
advantages and limitations, with the only mutually estimable
parameter being abundance (see sections “Abundance,
Density, and Apparent Survival of Individuals,” “Goodness
of Fit and Validation of Model Assumptions,” and
Supplementary Material 4). The two models produced
abundance estimates with a difference of 59 individuals,
with POPAN producing the lower estimate (311) and MLE the
larger estimate (370). The upper and lower confidence intervals
of both models overlap at 333–373 individuals. The size of
confidence intervals varied but the MLE models have smaller
CI’s than POPAN.

POPAN was selected for its suitability for open populations
and its widely accepted use for modeling open population
demographics. In a simulation study by Gupta et al. (2017)
POPAN’s ability to model population size for a wide-ranging
species was investigated. Although the modeling technique was
found to underestimate population size, bias levels were small.
The least biased estimates occurred when there was a random
trap arrangement, high trap density and high population density.
In this study, our “trap arrangement” were non-random transects
with an opposing zig-zag layout which remained constant and
uniform throughout the study and had an average density of 0.8
transects per km2. Population density estimated from the POPAN
abundance estimate was an average of 2.4 IP bottlenose dolphins
per km2, which is relatively high compared with populations in
similar sized study areas (Möller et al., 2002; Nicholson et al.,
2012; Smith et al., 2013; Brown et al., 2016; Raudino et al.,
2018). POPAN estimated capture probabilities at an average
of 0.44 (0.33–0.55) with less than 50% of individuals likely to
be recaptured in each sampling period suggesting individual
heterogeneity and transience, violating the model assumption
that individuals were equally likely to be captured. Goodness of fit
testing supported this [Test 3.SR, Test 3.SM and global test (Test
2 + 3)]. Models were averaged to account for model selection
uncertainty and AICc values were adjusted after the variance
inflation factor indicated over dispersion of the data, suggesting
that this model might have underestimated population size and
may not be the most appropriate for estimating abundance of

this population due to the high level of transience and non-
resident individuals.

The MLE transient model which was primarily developed for
dolphins, was selected in this study for its ability to account for
individual heterogeneity in populations in which there is a spatial
overlap of resident and non-resident individuals (Conn et al.,
2011). The model assumes a strict dichotomy of two groups:
residents and transients, which may not be appropriate for all
study populations, but was deemed a suitable assumption for this
population due to the high proportion of individuals only seen
once. Although the model employs a “one sample availability,”
Conn et al. (2011) simulated the effect of violations in the model
assumptions if transients were to remain in the study area longer
than one sampling period. If transients remained in the study
area and were sampled on more than one occasion, resident
abundance estimates exhibited an overall positive bias of less
than 5%. In our study, 18% of individuals in the non-resident
cluster were sampled more than once which we acknowledge
may have created some bias in abundance estimates. However,
the MLE model generates α which is the probability that a
randomly encountered individual is a resident. This value was
estimated at 38%, which is very similar to the proportion of
residents produced in our AHC analysis (42%). As it is not
higher than what was estimated in our site fidelity analysis and
due to the high proportion of individuals only seen once (40%),
we assume that overestimation of the resident population size
has not occurred. Although goodness of fit testing has not been
developed for this model we are confident in its estimates of
population size.

CONSERVATION IMPLICATIONS

Determining and monitoring the effect of coastal development
on inshore dolphins is challenging in great part because of the
lack of adequate baseline studies. This study provides the first
demographic assessment of IP bottlenose dolphins inhabiting
the coastal waters of the NWC, within the NCWHA, NMP and
Exmouth Gulf and should aid wildlife agencies and future impact
studies by serving as a point of reference to compare and evaluate
changes over time and develop appropriate management and
mitigation strategies.

Our results show that a large population inhabits the waters
of the NWC and highlights the importance of the NWC for
IP bottlenose dolphins. As large populations of megafauna
are becoming increasingly rare in coastal habitats that are
subject to increasing human activities (Jackson et al., 2001),
this population is of high conservation value. Marine Parks
are often established in order to protect vulnerable species
and ecosystems, to conserve biodiversity and to minimize the
risk of extinction (Holt, 2009). The NMP offers a regulatory
framework for conservation and manages human activities (e.g.,
fishing) that are recognized as potential threats to the species
inhabiting these waters (DoEH, 2002). Once outside the marine
park boundaries, individuals are at risk from all the threats
the established park aims to protect them from Holt (2009),
Hartel et al. (2015). The low site fidelity to the NWC indicates
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that individuals of the IP bottlenose dolphin rely on and use
habitat outside the 130 km2 study area and more importantly,
move from the boundaries of the protected NMP and NCWHA
and into the unprotected waters of Exmouth Gulf or other
adjacent waters. Future management plans for the NMP and
NCWHA should consider extending these boundaries so that the
Exmouth Gulf is included. Future surveys should be completed
in the Gulf to determine the true importance of this area
to the population.
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