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Monitoring variation in populations of coastal dolphins presents a range of challenges.

Many species occur at low local population levels, are cryptic and appear to range over

larger areas than presumed. Here we present the results of a three and half year intensive

monitoring study undertaken in Darwin Harbor and two neighboring sites (1086 km2).

The study comprised multi-site robust design capture-recapture models that yielded

estimates of abundance, apparent survival and temporary emigration on three species of

coastal dolphins: Australian humpback (Sousa sahulensis), bottlenose (Tursiops sp.) and

Australian snubfin (Orcaella heinsohni). Combining all three sites, abundance estimates

varied between species. The Australian humpback was the most abundant with a

mean of 90, bottlenose were stable at mean of 27 and the Australian snubfin varied

widely from 19 to 70 with a mean of 41. Overtime, Australian humpback abundance

estimates showed a steady decline in Darwin Harbor but a population increase in the two

neighboring sites was recorded, suggesting there weremovements out of Darwin Harbor.

However, the estimates of movement rates were not sufficiently sensitive to demonstrate

this, due to the relatively small size of the local population and consequent low rates

of observed movement. The multi-state robust design model offers the potential for

assessing abundance estimates and population trends. It is able to distinguish between

movements to and from a site from demographic changes on the site that otherwise

might be attributed to other factors (i.e., decrease in survival). The study highlights the

substantial effort and time required to detect population trends for coastal dolphins by

needing to account for movement among sites. However, the reality of assessing the

conservation status for coastal dolphins is challenging. Moreover, to enact conservation

measures a reassessment at both global and nationals levels of the IUCN Red List

categories (A and C) is required.

Keywords: dolphin, Sousa sahulensis, Tursiops sp., Orcaella heinsohni, capture-recapture, multistate robust

design, monitoring, photo-identification

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
https://doi.org/10.3389/fmars.2017.00094
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2017.00094&domain=pdf&date_stamp=2017-04-13
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:caroll.palmer@nt.gov.au
https://doi.org/10.3389/fmars.2017.00094
http://journal.frontiersin.org/article/10.3389/fmars.2017.00094/abstract
http://loop.frontiersin.org/people/355076/overview
http://loop.frontiersin.org/people/356472/overview
http://loop.frontiersin.org/people/408219/overview
http://loop.frontiersin.org/people/224311/overview


Brooks et al. Monitoring Small Coastal Dolphin Populations

INTRODUCTION

By global standards, the coastal waters of northern Australia
are relatively undisturbed (Halpern et al., 2008; Edyvane and
Dethmers, 2010; Palmer, 2014). However, with increasing
prospects and proposals for development in coastal waters
around Australia’s northern coastline there are concerns about
the conservation status and management of three coastal
dolphin species occurring in these waters (Allen et al.,
2012; Bejder et al., 2012; Palmer, 2014; Palmer et al.,
2014a), the Australian humpback (Sousa sahulensis; hereafter
referred to as “humpback”) (Jefferson and Rosenbaum, 2014),
Australian snubfin (Orcaella heinsohni, hereafter referred to
as “snubfin”) (Beasley et al., 2005; Palmer et al., 2011),
and the bottlenose (Tursiops sp., hereafter referred to as
“bottlenose”), whose taxonomic status in monsoonal northern
Australia remains uncertain (Krützen et al., 2004; Palmer et al.,
2014a).

Coastal dolphins are highly susceptible to anthropogenic
activities and environmental change due to their dependency
on estuarine and nearshore environments, specific habitat
requirements and residency patterns (Parra et al., 2006; Ross,
2006; Allen et al., 2012; Palmer et al., 2014a,b; Hanf et al., 2016).
Additionally, they are distributed across large remote areas in
small and potentially isolated subpopulations (Frère et al., 2008,
2011; Cagnazzi et al., 2013; Palmer et al., 2014a; Brown et al.,
2016). Studying coastal dolphins is challenging, expensive and
time consuming (Dhandapani, 1992; Parra and Corkeron, 2001;
Kreb, 2004; Palmer et al., 2011) particularly for the snubfin
and humpback dolphins, which can be boat shy and have
unpredictable surfacing patterns (Parra and Arnold, 2008; Parra
and Ross, 2009; Palmer et al., 2011). Many occur at low densities
and are cryptic, so the ability to detect change in populations
becomes especially difficult and problematic (Thompson et al.,
2000).

Assessment of the conservation status of coastal dolphins
is constrained by information deficiencies on population size
and trends, and area of occupancy which causes difficulties
to implement conservation management actions (Taylor and
Gerrodette, 1993; Peel et al., 2015). For snubfin and humpback
dolphins, there are abundance estimates for a small number
of local populations and no estimates of population trends
at any site or across their Australian distribution (Corkeron
et al., 1997; Hale, 1997; Parra et al., 2002, 2004; Palmer
et al., 2014b; Brown et al., 2016; Hanf et al., 2016). In
relation to the estuarine bottlenose dolphin, prior to this
study, there was only one other estimate of the abundance
across the entire monsoonal northern Australia (Palmer et al.,
2014b).

The objectives of this study were to monitor changes

in abundance, distribution and movement patterns of

three coastal dolphin species in Darwin Harbor and two
neighboring sites. A statistically robust monitoring design
was developed which used photo-identification, and Pollock’s
robust capture-recapture models to provide estimates of
abundance, apparent survival and movements between sites over
time.

METHODS

Sampling
The sampling design for the Darwin Harbor DolphinMonitoring
Program was based on a “robust design” sampling structure
(Pollock et al., 1990; Williams et al., 2002; Brooks and Pollock,
2011), consisting of two primary samples per year (March/April
and October), with nine secondary sample days in each primary
period. The nine secondary sample days are divided into
three sampling blocks, with surveys alternating between Darwin
Harbor (DH) and Bynoe Harbor (BH) /Shoal Bay (SB) (Figure 1,
Table 1). Secondary sampling is defined as a complete set of
transects per day (DH-200, BH-150, and SB-50 km; Brooks and
Pollock, 2011). Surveys were undertaken over an 18 day period,
to align the sampling dates on the sites as much as possible for
fittingmultistate models which assume that all sites were sampled
simultaneously (Table 1). Surveys followed a transect design in
which similar transects were followed although varied somewhat
depending on tide state. Figure 1 shows a set of typical transect
lines on the three sites.

Primary survey data consisted of recording GPS location,
species and photographing the dorsal fin which were used
to identify an individual dolphin from the nicks, scars and
pigmentation and to yield capture-recapture data to model
abundance, apparent survival and movements.

The Northern Territory is defined by a strongly monsoonal
climate and is exposed to an orderly procession of climatic
extremes (Woinarski et al., 2007). The three sites were surveyed
during the late wet season (March/April) and the late dry and
build-up seasons (September/October) (Palmer et al., 2014b).

Sampling was completed for eight primary samples at all sites
between 20th October 2011 and 19th April 2015. The dates of
sampling in each primary sample are listed in Table 2.

Surveys followed a transect design in which similar transects
were followed in each secondary sample, although their exact
paths varied somewhat depending on tides and other factors.
Figure 1 shows a set of typical transect lines on the three sites,
Bynoe Harbor, Darwin Harbor and Shoal Bay.

Photo-ID Methods
Capture-recapture methods have been widely used to estimate
demographic parameters for a number of dolphin species
including snubfin, humpback and bottlenose dolphins (Würsig
and Jefferson, 1990; Parra et al., 2006; Nicholson et al., 2012;
Palmer et al., 2014b). A general overview of capture-recapture
models is found in Amstrup et al. (2005) while more detailed
coverage is found in Williams et al. (2002).

Many cetaceans bear nicks and marks that allow identification
of individuals from photographs, and such identifiers provide
a mechanism for population estimation based on capture-
recapture methods, where re-sightings of individuals with
distinctive natural marks constitute re-captures (Hammond and
Thompson, 1990). Here images of dorsal fins showing nicks and
scars on the leading and trailing edges and overall fin shape
were employed as the primary means of individual identification
while pigmentation patterns were sometimes used as secondary
identifiers (See Figure S1).
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FIGURE 1 | Map of transect lines in Bynoe Harbor, Darwin Harbor and Shoal Bay.

TABLE 1 | Secondary sampling routine across the three sites (DH, Darwin Harbor; BH, Bynoe Harbor; SB, Shoal Bay) and including number of vessels

undertaking the surveys at each site.

Secondary sample days

Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

DH-4 boats 1 2 3 4 5 6 7 8 9

BH-3 boats 1 2 3 4 5 6 7 8 9

SB-1 boat 1 2 3 4 5 6 7 8 9

It was initially intended that when a local group was sighted,
an attempt would be made to estimate the number of individuals
upon approach and keep track of their positions during photo-
identification and take an equal number of photographs of each
individual. This proved impossible in the field with such highly
mobile animals that frequently move out of view below the water.
Instead, approximately 50–100 photographs were taken during
each sighting session, attempting to capture all individuals an
approximately equal number of times, while recognizing that this
was likely to be achieved only occasionally.

The images taken of each individual were graded on quality
of the image (poor, average, good, excellent) based on focus,
contrast, clarity, and angle of dorsal fin. Only images graded
as good or excellent were retained for further processing.

The individuals depicted in the good and excellent quality
images were then graded for the distinctiveness of their marks
(uniquely identifiable, not uniquely identifiable) (Urian et al.,
1999).

Statistical Methods
Models for the Marked Population
Only distinctively marked individuals may be considered to
be captured in photographs and therefore capture-recapture
models can only be applied to distinctively marked members in
a population. Where there were sufficient data the Multistate
Closed Robust Design Model (MSCRD, Brownie et al., 1993;
Nichols and Coffman, 1999; Kendall and Nichols, 2002; Kendall,
2013) was employed for analysis of the capture-recapture data to

Frontiers in Marine Science | www.frontiersin.org 3 April 2017 | Volume 4 | Article 94

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


Brooks et al. Monitoring Small Coastal Dolphin Populations

TABLE 2 | Primary sample survey dates.

Primary sample Begin date End date

1 20th October 2011 18th November 2011

2 26th March 2012 15th April 2012

3 8th October 2012 27th October 2012

4 13th March 2013 2nd April 2013

5 21st October 2013 30th November 2013

6 12th March 2014 31st March 2014

7 29th September 2014 18th October 2014

8 17th March 2015 19th April 2015

estimate abundance, apparent survival, and movements between
sites and temporary emigration between primary samples. The
MSCRD extends the Closed Robust Designmodel (CRD, Pollock,
1982; Kendall et al., 1995, 1997; Kendall and Nichols, 1995)
to include multiple states following the multistate model for
recapture data (Arnason, 1972, 1973; Brownie et al., 1993;
Schwarz et al., 1993).

The MSCRD model provides estimates of:

1. Apparent survival between primary samples (probabilities of
being alive and present in the sample area, S parameters),

2. Movements between sites and temporary emigration between
primary samples (probabilities, ψ parameters). Whereas,
temporary emigration is modeled in terms of ϒ ′′ and ϒ ′

parameters in the CRD, temporary emigration is included
among the movements (ψ parameters) in the MSCRD
by defining an ‘unobservable’ state for dolphins that are
temporarily absent during a primary sample,

3. Abundance at each primary sample (number present on a site,
N parameters).

Whereas the CRD model deals with only one site at a time
(BH, DH, and SB) each considered separately or all considered
together as one site), the MSCRD model can simultaneously
provide these estimates for multiple states (here multiple sites,
BH, DH, and SB).

With three sites, four states were defined: three observable
states on the three sites (A = BH, DH, or SB) and one
unobservable state (U) for temporary absence from all three sites.
Dolphins may move between all four states (or stay where they
were) between consecutive pairs of primary samples, with such
movements being modeled as transition probabilities. With all
sites considered together as one, the CRD model may be thought
of as having only two states, the observable state A and the
unobservable state U.

The parameters of the MSCRDmodel are described in Table 3
and the set of transitions between states is listed in Table S1.

Different patterns or structures of temporary emigration
may be estimated by applying constraints to the corresponding
temporary emigration (9A.U

i ) and (re) immigration (9U.A
i )

parameters. An implication of estimating these separately is
that the probability of emigration in an interval is related
to the probability of emigration in the previous interval or
has a Markovian temporal structure. When the probability of

emigration in an interval is equal to the probability of staying
away after a previous absence, whether an animal comes or goes
is a random process and the temporary emigration structure is
referred to as “random.” When the probability of emigration
in an interval is equal to the probability of immigration after
a previous absence there is an even flow of animals into and
out of the sample area and the temporary emigration structure
is referred to as “even flow.” Kendall (2013) may be the most
accessible account of these temporary emigration structures.
Table S2 specifies the parameter constraints that define these
structures.

In most cases it was necessary to use CRD models by
pooling the data over all three sites because the data from
each site were too sparse to fit the MSCRD. While CRD
models may be fitted with MSCRD software by limiting the
number of states to two (A, U), it is more straightforward
to fit CRD models with CRD software. As described above,
temporary emigration is modeled in terms of gamma" and
gamma’ parameters in the CRD, while in the MSCRD temporary
emigration is included among the movements (ψ parameters).
There is a direct relationship between the γ parameters of
the CRD and the ψ parameters of the MSCRD, as follows:
γ ′′ = 9A.U and γ ′ = 1 − 9U.A (i.e., the probability
of staying away is the complement of the probability of
returning).

Capture-recapture studies typically yield an estimate of
apparent survival or the probability of both remaining alive
and available for recapture in the sample area. Estimates of
the probability of remaining alive (biological survival) must
be made by other means. If estimates of both apparent and
biological survival are available however, an estimate may be
made of the probability of permanent emigration from the
sample area. More formally, an estimate of the probability
of permanent emigration Ê may be derived as Ê = 1 −

φ̂/Ŝ where φ̂ is an estimate of the probability of apparent
survival and Ŝ is an estimate of the probability of biological
survival.

Life history data on Australian inshore dolphins that might
support an estimate of the rate of biological survival for a species
are extremely limited. Studies on the Indo-Pacific humpback
dolphin (Sousa chinensis) in the Pearl River Estuary in southern
China (Huang et al., 2012) yielded an estimate of biological
survival of 0.975 (95% CI = 0.96–0.99) per annum. The Indo-
Pacific humpback dolphin is a close relative of the newly
described Australian humpback dolphin studied here and the
biological survival rates of the two species may be expected to
be similar. The adult survival rates for the Australian snubfin
dolphin (Orcaella heinsohni) and for the Indo-Pacific bottlenose
dolphin (Tursiops aduncus) were both reported as 0.95 per
annum by Taylor et al. (2007). Although the taxonomic status
of the bottlenose dolphin studied here is uncertain (Palmer
et al., 2014b), its morphological and behavioral similarity to the
Indo-Pacific bottlenose dolphin found elsewhere in Australia
suggest that it may have a similar biological survival rate. These
estimates are used together with capture-recapture estimates of
apparent survival to estimate approximate rates of permanent
emigration.
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TABLE 3 | Parameters of the MSCRD model.

Parameter name Notation Interpretation

Probability of apparent survival SA
i

Probability of remaining alive and present in state A between primary samples i and i + 1

A indicates states BH, DH, SB, U

SU
i
must be fixed equal to SBH

i
, SDH

i
or SSB

i
(SU
i
= SDH

i
in models reported below)

Probability of transition between statesa 9A.B
i

Probability that an individual in state A in primary sample i moves to state B by primary sample i + 1

Probability of capture pA
ji

Probability that an individual is captured in secondary sample j of primary sample i in state A

Individuals cannot be captured in state U and pU
ji
is fixed to zero

Probability of recapture cA
ji

Probability that a previously captured individual is recaptured in secondary sample j of primary sample i in state A

(cA
ji
fixed equal to pA

ji
in all models considered here)

Abundance NA
i

Abundance in state A during primary sample i

Abundance is not estimated for state U

aTransition parameters that do not involve state U describe probabilities of movement between sites (MS) and transition parameters that involve state U describe probabilities of

temporary emigration (TE).

Model Fitting
Whole sample (all sites combined) results from CRD models are
reported for all species and additional site by site results from
MSCRD models are reported for the most abundant and widely
distributed humpback dolphin.

The modeling process involves fitting a set of models with
alternative parameter structures and comparing them for fit to
data and parsimony. Models were compared with the Akaike
Information Criterion corrected for small sample sizes (AICc,
Burnham and Anderson, 2002), with smaller values of AICc

indicating better fitting models, and with AICc weights, which
measure the relative likelihoods of the models in the set. When
one model in the set had a clearly lower AICc than all others
and attracted the major proportion of the AICc weight, the
parameter estimates from this “best” model are reported; when
several models have similar AICc values and shared the AICc

weight, model-averaging may be applied (Buckland et al., 1997)
whereby a weighted average of the parameter estimates from
several models are reported.

We used program U-CARE (Choquet et al., 2005) for
goodness of fit tests. The tests were performed on data collapsed
to primary samples; for CRDmodels the tests assume a Cormack-
Jolly-Seber (CJS; Lebreton et al., 1992) type of model and for
MSCRD models they assume a multistate version of the model
that allows for transitions between states (JollyMove; Brownie
et al., 1993). In some cases there was significant lack of fit making
it necessary to adjust the estimates using an estimate of the
variance inflation factor ĉ and a version of AICc for overdispersed
data (not to be confused with the probability of recapture in the
models) (QAICc; Burnham and Anderson, 2002). The variance
inflation factor ĉ was estimated as the ratio of the overall test
statistic for the model from U-CARE and the model degrees of
freedom.

For CRD models, models were fitted with apparent survival
varying by primary sample, by season (i.e., constant for the
same seasons) or constant over time. Temporary emigration

varied as none (no TE), random, even flow or Markovian
and by primary sample, season or constant (12 alternatives).
Capture probability varied by primary sample, secondary
sample or both. In particular, capture probability varied
interactively by primary and secondary sample or by primary
sample only. Temporal variation for apparent survival
and temporary emigration refers to the intervals between
consecutive primary samples, while temporal variation in
capture probability refers to secondary sample. Consecutive
seasonal intervals alternated between dry to wet and wet to dry
seasons.

Multistate Closed Robust Design Model (MSCRD) models
included the above for each site with additional parameters
for movement between sites. As for temporary emigration,
these varied by primary sample, by season or constant over
time. Movements between sites can only be estimated when
movements were observed. For movements by primary sample,
this means that estimates can be made only between the sites
and for the intervals when movements were observed. Having
not observed a movement does not mean that no movement
occurred: these are small populations and an animal must have
been captured in both sites in consecutive primary samples for
its movement to have been observed. For movements by season,
if movement was observed between a pair of sites for at least one
seasonal interval, estimates may be made for all corresponding
intervals. Similarly, for constant movement models, at least one
movement between the pair of sites must have been observed.
Movements between pairs of sites might also be assumed to be
symmetric, with the same rate of flow in both directions. In
that case, movements need to be observed only in one direction
for the rate in both directions to be estimated. Consequently,
it is possible to estimate symmetric flow between Shoal Bay
and the other sites although no movements from Shoal Bay
were observed. Where there were no observed movements to
support estimates, the affected parameters were fixed to zero. It
is unlikely that models with complex structures on movement
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parameters will be found to fit well as relatively few movements
were observed.

For the MSCRD models, capture probability varied by site,
primary sample, secondary sample or combinations of these.
In particular, models were fitted for capture probability varying
interactively by site, primary sample and secondary sample or
varying interactively by site and primary sample.

With apparent survival, movement, temporary emigration,
capture probability and abundance parameters on three sites over
eight primary samples each with nine secondary samples there
are a very large number of parameters to be estimated, even
in reduced parameter models (i.e., not fully time varying on all
parameters). Attempts to fitMSCRDmodels to the complete data
caused catastrophic estimation problems with more complex
models and generated estimates after up to 10 million iterations
that were accompanied by warnings that numeric convergence
was suspect. The complexity of the problem was greatly reduced
by collapsing over the nine secondary samples on each site in
each primary sample to three. This data structure effectively re-
defines a secondary sample as three complete sets of transects.
This structure fits well with the sampling regime, with the re-
defined secondary samples corresponding to the alternating 3
day sessions on the sites. With this new data structure, although
there were still many parameters to be estimated, estimates were
produced without warnings.

Model Assumptions
Robust Design capture-recapture models make the following
important assumptions:

1) Natural marks are distinct enough for individual
identification without error,

2) Homogeneous capture probabilities between individuals
within a sampling event i.e., no heterogeneity and no trap
response,

3) Homogeneous survival probabilities between primary
periods,

4) Instantaneous sampling for secondary periods,
5) Population is closed within primary periods,
6) Captures are independent between individuals (clustering

causes over dispersion), and,
7) For the MSCRD we also made the assumption of no

movement between states within a primary period.

Unlike for standard open models, temporary emigration is
allowed (both random and Markovian, Kendall et al., 1997).
We attempted to minimize assumption violations as much as
possible.

For assumption 1, to ensure correct identification, we followed
the approach of recent papers (Sprogis et al., 2016) and used high
quality photographs and only distinctive marks. (An adjustment
to account for non-uniquely marked animals is described in
the next section). For assumption 2, no trap response was
expected because animals were not captured or recaptured in
the traditional sense. Heterogeneity of capture probabilities can
be reduced by using only distinct photographs and closely
following image selection and matching protocols. Remaining
heterogeneity can be accounted for bymodeling or by accounting

for lack of fit using the variance inflation factor. For assumption
3, we reduced differences in survival by using only adult animals.
For assumption 4, we ran the individual secondary samples
over a 1 day period. For assumption 5, we ran the secondary
samples within a primary period as close together as possible.
Assumption 6, the independence assumption, is always violated
for dolphins because they occur in clusters or local populations.
We adjusted for the resulting overdispersion using the variance
inflation factor. For assumption 7, there was some movement
within primary periods despite making the secondary periods as
close together as possible. When this occurred we used the first
location during the primary sample.

Marked Proportion and Total Population
Size
Not all individuals have sufficiently distinctive marks to
support unambiguous identification. Only distinctively marked
individuals may be considered to be captured in photographs and
capture-recapture models can only yield estimates of the number
of distinctively marked members in a population. Therefore, this
estimate may be adjusted to yield an estimate of total population
size by dividing by an estimate of the proportion of distinctively
marked individuals in the population as described below.

For each species, the number of good quality photographs
(Pt) and, of those, the number that depicted a distinctively
marked individual (Pm) was recorded for each local population
encounter. A mixed effects binary logistic model was fitted to
the distinctiveness data on individual good quality photographs
(1 = distinctively marked, 0 = not distinctively marked) with
local population and individual within local population as
random factors to estimate the marked proportion (Mp) of
the population. Between-local population variation may arise
with natural variation in the proportion of distinctive to non-
distinctive individuals or with the number of good quality
photographs taken of distinctive and non-distinctive individuals.
The model separates this variance from the variance associated
with the estimated population proportion.

The total abundance (Ntotal) of each population for any
sampling period and site may be estimated by dividing the
estimated abundance of marked dolphins (N̂marked) by the
estimated marked proportion (M̂p):

N̂total = N̂marked/M̂p, with ŜE(N̂total)

= N̂total

√

Var(N̂marked)/
(

N̂marked

)2
+ Var(M̂p)/

(

M̂p

)2

Log-normal confidence intervals for abundance estimates may be
calculated following Burnham et al. (1987):

N̂lower = N̂/C and N̂upper = N̂ · C, where

C = exp

(

zα/2

√

loge

[

1+
(

ŜE(N̂)/N̂
)2
]

)

Research protocol was approved by the Charles Darwin
University Animal Ethics Committee and all procedures were
carried out in accordance with the recommendations of the
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TABLE 4 | Total number of individuals and number of times captured across three sites and movements between sites.

Species Total no. captured

and no. of times

(three sites)

Total no.

DH

Total no.

BH

Total no.

SB

Movement

between

DH–BH

Movement

between

BH–DH

Movement

between

BH–SB

Movement

between

DH–SB

Humpback 159 (1,128) 64 74 46 17 11 1 3

#Bottlenose 40 (387) 31 16 16 10 10 0 7

*Snubfin 80 (286) 21 56 7 – – – –

#Bottlenose dolphins were quite mobile throughout the total sample area but the relatively small populations on each site in each primary sample do not justify the complexity of the

MSCRD model. *The relatively small number of snubfin individuals captured on each of the three sites and the rates of movement between sites does not justify a MSCRD model.

Data were analyzed with the MSCRD model.

Committee (A06018 and A13005). Research was carried out
under Permits from the Parks and Wildlife Service of the
Northern Territory, Australia (47915).

RESULTS

Overall a total of 60,000 km of transects were run, 96,588 images
taken and 279 individual dolphins of all three species identified.
Over eight primary samples, 159 individual humpback dolphins
were captured a total of 1,128 times and movements recorded
between sites. These data were analyzed with the MSCRDmodel;
Forty individual bottlenose dolphins were captured a total of
387 times and bottlenose dolphins were quite mobile throughout
the total sample area but the relatively small populations on
each site in each primary sample do not justify the complexity
of the MSCRD model; Eighty individual snubfin dolphins were
captured a total of 286 times. The relatively small number of
snubfin individuals captured on each of the three sites and the
rates of movement between sites does not justify aMSCRDmodel
(Table 4).

Humpback Dolphin
Closed Robust Design Model
The tests indicated significant lack of fit of the data to the model
(χ2 = 91.92, df = 20, p= 0.000) and ĉ was estimated at 4.6. This
was adjusted in program Mark (White and Burnham, 1999) and
QAICc used for model comparisons.

No even flow model or any model with temporary emigration
varying by primary sample accounted for as much as 1% of
the QAICc weight and these models are not further considered.
The four models with the lowest QAICc accounted for 94% of
the QAICc weight. All of these models had capture probability
varying by both primary and secondary sample, apparent survival
varying by season, and temporary emigration either random or
Markovian and either constant or varying by season. Table S3
reports model comparison statistics for the four lowest QAICc

CRD models.
The marked proportion of the humpback population

was estimated as 0.97 with SE = 0.004. The number of
humpback dolphins present on the total sample area during the
approximately 3 weeks in each primary sample was reasonably
stable around amean of 90 (withmeanCV = 0.12) (Table 3). The
number of dolphins present was relatively low (77) in primary
sample five and relatively high (99) in primary sample six. The

estimated total number of dolphins present in each primary
sample is plotted with its 95% confidence interval in Figure 2.

The estimates for apparent survival displayed a seasonal
pattern (Table 5). If biological survival is assumed to be constant,
humpback dolphins present in a dry season were more likely
to permanently emigrate than those present in a wet season..
If a biological survival rate of 0.975 (Huang et al., 2012) is
assumed, while there was very little permanent emigration for
humpback dolphins present in a wet season (about 8%), the rate
of permanent emigration for dolphins present in a dry season was
substantial (about 27%).

In contrast to the apparent survival pattern, humpback
dolphins present in a dry season were less likely to emigrate
temporarily during the following wet season than dolphins
present in a wet season were to temporarily emigrate during the
following dry season (Table 5). Humpback dolphins temporarily
absent in a wet season were more likely to stay away in
the following dry season than dolphins absent in a dry
season were to stay away in the following wet season.
Taken together, the estimates for temporary emigrating and of
staying away indicate that a higher proportion of humpback
dolphins were temporarily absent from the sampling area
in dry than wet seasons. Overall however, the confidence
intervals on the temporary emigration parameters were quite
wide and, although the seasonal pattern was well established
by the QAICc statistics, the true sizes of the estimates are
uncertain.

Considering both the apparent survival and temporary
emigration estimates, humpback dolphins that emigrated
between a dry and a wet season were more likely to emigrate
permanently and less likely to emigrate temporarily than
dolphins that emigrated between a wet and a dry season. In other
words, humpback dolphins that were absent from the sample
area during a wet season were more likely to have permanently
emigrated and less likely to have temporarily emigrated than
humpback dolphins that were absent from the sample area
during a dry season.

Although the estimated variation in the total number of
humpback dolphins present in the sample area over the primary
samples was reasonably consistent, there was more variation
in the last four primary samples (October/November 2013
to March/April 2015) than the first four primary samples
(October/November 2011 to March/April 2013). Neither the
relatively large reduction in the number of humpback dolphins
present between primary samples four (March/April 2013) and
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FIGURE 2 | Estimated number of humpback dolphins present in each primary sample (all sites combined) (CRD model) and on each site (Bynoe

Harbor, Darwin Harbor and Shoal Bay) (MSCRD model).

TABLE 5 | Humpback dolphin: Model averaged parameter estimates from

the four lowest AICc CRD models (all sites combined).

Parameter Primary samples Estimate SE LCI UCI

S Dry to wet season 0.71 0.11 0.47 0.87

S Wet to dry season 0.90 0.09 0.58 0.98

ϒ ′′ emigrate Dry to wet season 0.11 0.07 0.03 0.34

ϒ ′′ emigrate Wet to dry season 0.14 0.07 0.05 0.36

ϒ ′′ stay away Wet to dry season 0.18 0.18 0.02 0.70

ϒ ′′ stay away Dry to wet season 0.15 0.16 0.01 0.68

N marked 1 88 11 67 110

N marked 2 88 10 68 107

N marked 3 90 14 63 117

N marked 4 87 9 70 104

N marked 5 75 7 61 89

N marked 6 96 12 73 119

N marked 7 93 12 68 117

N marked 8 83 15 54 112

N total 1 91 11 71 116

N total 2 90 10 73 113

N total 3 93 14 69 125

N total 4 90 9 73 109

N total 5 77 7 64 93

N total 6 99 12 78 126

N total 7 96 12 74 124

N total 8 86 15 61 121

five (October/November 2013) nor the relatively large increase
between primary samples five (October/November 2013) and six
(March 2014) can be accounted for in terms of unusually high
variation in permanent or temporary emigration both of which
followed a constant seasonal pattern.

Multistate Closed Robust Design Model
The goodness of fit tests indicated significant lack of fit of the

data to the model (χ2 = 131.02, df = 67, p = 0.000) and ĉ was

estimated at 2.0. This was adjusted in program Mark and QAICc

used for model comparisons.

Many of a large number of models assessed were found

to account for a very small proportion of the QAICc weight

and were not further considered. Models with movements

between pairs of sites separately for each direction (e.g., BH

to DH and DH to BH) yielded estimates with very similar

probabilities in both directions, and models were then fitted with

symmetric (even flow) movement between pairs of sites. Models
with temporary emigration from all sites yielded estimates
of near zero temporary emigration from DH and SB, and
models were then fitted with temporary emigration only from
BH.

The six models with lowest QAICc accounted for 98.4% of
the QAICc weight and were selected for further consideration.
All of these models had apparent survival varying both by
site and season, constant symmetric movement between
pairs of sites, capture probability varying by site, primary
sample and secondary sample, and temporary emigration only
from BH. They differed however in whether temporary
emigration was even flow, random or Markovian and
whether temporary emigration was constant or varied by
season. Table S4 reports model comparison results for the
six lowest QAICc MSCRD models. The QAICc statistics
indicate strong support for apparent survival varying by both
site and season, constant, symmetric movement between
pairs of sites, and either constant or seasonal temporary
emigration only from BH. Temporary emigration did
not clearly follow an even flow, random or Markovian
pattern.
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TABLE 6 | Humpback dolphin: Model averaged parameter estimates from the six lowest AICc MSCRD models.

Parameter Site(s) Primary samples Estimate SE LCI UCI

S BH Dry to wet season 0.82 0.14 0.34 0.96

S BH Wet to dry season 0.70 0.13 0.39 0.88

S DH Dry to wet season 0.83 0.08 0.62 0.93

S DH Wet to dry season 0.98 0.04 0.56 1.00

S SB Dry to wet season 0.46 0.13 0.24 0.70

S SB Wet to dry season 1.00a 0.00 1.00 1.00

ψ (MS) BH–DH = DH–BH All intervals 0.09 0.02 0.06 0.14

ψ (MS) BH–SB = SB–BH All intervals 0.00 0.01 0.00 0.06

ψ (MS) DH–SB = SB–DH All intervals 0.01 0.01 0.00 0.04

ψ (TE) Emigrate from BH Dry to wet season 0.14 0.08 0.05 0.40

ψ (TE) Emigrate from BH Wet to dry season 0.20 0.09 0.08 0.44

ψ (TE) Return to BH Dry to wet season 0.60 0.11 0.36 0.77

ψ (TE) Return to BH Wet to dry season 0.57 0.14 0.33 0.76

N BH 1 32 6 20 43

N BH 2 28 4 20 36

N BH 3 18 6 7 30

N BH 4 28 6 17 39

N BH 5 18 6 7 29

N BH 6 40 6 29 52

N BH 7 37 8 21 53

N BH 8 36 8 21 52

N DH 1 42 6 31 54

N DH 2 43 5 32 53

N DH 3 49 7 36 62

N DH 4 48 3 42 55

N DH 5 42 3 37 47

N DH 6 34 5 25 44

N DH 7 29 4 20 37

N DH 8 30 7 17 44

N SB 1 13 0 13 13

N SB 2 15 0 15 15

N SB 3 28 8 13 43

N SB 4 18 9 1 36

N SB 5 20 6 9 31

N SB 6 20 3 14 25

N SB 7 34 6 21 46

N SB 8 20 6 9 32

aVery high estimate, standard error not exactly zero but very small. Result possibly due to confounding but no apparent reason. See text.

With the marked proportion estimated at 0.97 for this species
and a maximum estimated population size of 49, adjustment
to total population sizes made little difference and adjusted
estimates are not reported.

The seasonal patterns differed among the sites, with greater
apparent survival following wet than dry seasons in DH and SB
but the opposite pattern in BH with greater apparent survival
there following dry than wet seasons (Table 6). The wet to
dry season estimate in SB was very high with a very small
standard error which often indicates a confounded estimate.
There is no apparent reason however why this estimate should
be confounded. All humpback dolphins captured in SB in the

wet season primary samples two and four and all but one of 18
captured in wet season primary sample six were subsequently
recaptured there indicating that the estimate of close to 100%
apparent survival is reasonable. Overall, the apparent survival
estimates were on average greater in DH than the other two sites,
with the seasonal contrast being strongest in SB.

The apparent survival estimate for wet to dry seasons in DH
was 0.98, at the upper limit of what biological survival might
be expected to be and indicating no permanent emigration of
humpback dolphins from DH of dolphins present there in a wet
season. If an annual biological survival rate of 0.98 is assumed
to be constant, approximately 15% of humpback dolphins that
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were present in DH during a dry season were estimated to
permanently emigrate prior to the wet season. Applying this
estimate of biological survival to BH and SB, approximately
16% of humpback dolphins present in BH during a dry season
and 29% of those present during a wet season were estimated
to emigrate permanently, while approximately 53% of dolphins
present in SB in a dry season were estimated to emigrate
permanently.

While about 9% were estimated to have moved in both
directions between BH and DH in a typical interval between
primary samples, the estimated rates of movement to and from
SB were very small (at most 1% per interval).

These are relatively small populations and the confidence
intervals around the apparent survival (S) and transition
parameters (ψ) were quite wide, indicating caution against over-
interpretation.

The number of humpback dolphins present in DH steadily
declined between primary samples four (March/April 2013)
and seven (September/October 2014) when there were fewest,
and remained close to that number during primary sample
eight (March/April 2015). The number present in BH, although
variable, showed a marked increase between primary samples
five (October/November 2013) and six (March 2014) and has
remained relatively consistent since then. The number present in
SB has shown a general tendency to have increased over time with
two peaks in primary samples three (October 2012) and seven
(September/October 2014) (Table 6).

Although the confidence intervals were reasonably narrow
for such small populations, most on the same sites have some
degree of overlap. Exceptions in DH include between the
highest estimate in primary sample three (October 2012) and
the lowest in primary sample seven (September/October 2014),
and between the quite precise estimate in primary sample five
(October/November 2013) and the lowest estimate in primary
sample seven (September/October 2014) (Table 6).

The total numbers on all three sites over the eight primary
samples from the MSCRD estimates (Table 6).

Bottlenose Dolphin
The goodness of fit tests indicated non-significant lack of fit of
the data (χ2 = 22.48, df = 14, p= 0.069) to the model and ĉ was
left at the default value of 1.0.

Of the suite of models fitted, the even flow models with
reasonable fit all estimated apparent survival with either a zero
or a very large standard error (95% CI= 0–1) and were removed
from the comparison set. Models with apparent survival varying
by primary sample and models with capture probability varying
only by primary sample fitted very poorly (with relatively very
large AICc values) and were also removed. Models further
considered all had capture probability varying by both primary
and secondary sample, apparent survival constant or varying by
season (dry to wet and wet to dry), and temporary emigration
either Markovian or random and constant or varying by primary
sample or season. Among these models, the eight with the lowest
AICc values accounted for 97.5% of the AICc weight in the set.
Table S5 reports model comparison statistics for the eight lowest
AICc models.

The AICc weights indicate some evidence for seasonal
variation in apparent survival and a Markovian temporary
emigration pattern: i.e., the probability of staying away in
the present primary sample after an absence in the previous
primary sample differs from the probability of leaving after a
presence. The parameter estimates from the best eight models
were computed as averages weighted by their AICc weights. The
model averaged estimates from the best eight CRD models are
reported in Table 5.

If it is assumed that biological survival is constant, the
estimates of apparent survival indicate that bottlenose dolphins
present in a dry season may be more likely to permanently
emigrate than those present in a wet season. If the rate of
biological survival is assumed to be 0.95 for this species (Taylor
et al., 2007) about 7% of the bottlenose dolphins present in a
dry season and about 3% of dolphins present in a wet season
were estimated to permanently emigrate. Both the dry to wet
and wet to dry season estimates were similar and reasonably high
however, and may be close to the biological survival rate for this
species indicating low rates of permanent emigration.

The estimates for temporary emigration were very similar for
the dry and wet seasons although a slight seasonal structure is
present. Around 15% of bottlenose dolphins present during a
primary sample were outside the sample area for around 3 weeks
in the following primary sample. Around 45% of bottlenose
dolphins that were temporarily absent in the previous primary
sample did not return in the present primary sample; this is
substantially different to the percentage of new emigrants (15%)
revealing a Markovian pattern. That estimates with this pattern
(more likely to stay away having left than leave) are reasonably
constant over primary samples suggests that bottlenose dolphins
that were offsite for around 3 weeks (the period within a primary
sample) were reasonably likely to stay offsite for 6 months (the
period between primary samples) or more.

The number of bottlenose dolphins present in the sampling
area during the primary samples has remained reasonably stable
around a mean of 27 with a high of 38 in primary sample
three (October 2012) and a low of 20 in primary sample five
(October/November 2013).

Despite quite high capture probabilities for this species (mean
p̂ = 0.29, mean SE(p̂) = 0.08), their small number may have
precluded models from detecting more subtle temporal structure
in temporary emigration which might then have accounted for
more of the variation in abundance over time.

Snubfin Dolphin
The tests indicated non-significant lack of fit of the data (χ2 =

23.64, df = 20, p= 0.258) to themodel and ĉwas left at the default
value of 1.0.

The parameter estimates from the best four models were
computed as averages weighted by their AICc weights (Table S6).
The model averaged estimates from the four lowest AICc CRD
models are reported in Table 8.

The abundance estimates reported are estimates of the
number of distinctively marked snubfin dolphins present in the
sample area during each primary sample. Themarked proportion
was estimated to be 0.986 (with SE = 0.005) for this species.
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Adjustment to total abundance increases these estimates by 1.4%
or at most one dolphin and adjusted estimates are not reported.

If it is assumed that biological survival is constant, the
estimates of apparent survival indicate that snubfin dolphins
present in a dry season were more likely to permanently emigrate
than those present in a wet season. If we assume that annual
biological survival is 0.95 (Taylor et al., 2007), the estimates
indicate that while nearly all of the snubfin dolphins present in
a wet season returned to the sample area at some stage (while
they are alive), about 10% of dolphins present in a dry season
permanently emigrated.

The estimates for temporary emigration (be absent for about 3
weeks) were sometimes large (up to 63%), varied greatly between
primary samples, were especially large in the first three intervals
prior to primary sample four (March/April 2013) and lowest in
the last interval to primary sample eight (March/April 2015). The
estimates for staying away after an absence were of similar size
and varied similarly with the results being dominated by random
temporary emigration models.

In sum, the proportion of temporarily absent snubfin dolphins
was substantially greater up to primary sample four (March/April
2013) than subsequently and particularly small in primary sample
eight (March/April 2015).

The number of snubfin dolphins present in the sample area
during a primary sample increased greatly between primary
samples four (March/April 2013) and five (October/November
2013), and a further large increase occurred in primary sample
eight (March/April 2015). These results correspond well with the
pattern of temporary emigration, with far higher proportions of
previously present snubfin dolphins absent in primary samples
two to four than subsequently and the lowest in primary sample
eight.

Assuming a minimum of 32 snubfin dolphins present during
primary sample one (the number captured), the number of
snubfin dolphins present on the total sample area during the 3-
week primary samples varied widely around a mean of 41 (SD =

20) between 19 in primary sample four (March/April 2013) and
70 in primary sample eight (March/April 2015).

DISCUSSION

Monitoring Variation and Abundance
Estimates
We applied the robust design capture recapture models following
a sampling structure where primary samples are separated by
a 5–6 month time scale and this would allow for gains and
losses from the populations. Through our study, population
estimates for the three species derived across the three sites were
broadly comparable to local populations reported elsewhere in
Australia (Parra et al., 2006; Fury and Harrison, 2008; Cagnazzi
et al., 2011; Palmer et al., 2014b; Brown et al., 2016; Hanf et al.,
2016). The approximate area for the study site 1089 km2 and
sampling regime (four vessels and 60,000 km of transects) is
the most intense undertaken in Australia for coastal dolphins,
yet low recapture rates for bottlenose and snubfin dolphins still
precluded capture recapture models for each site. Interestingly,

regardless of the size of the study sites across Australia (Corkeron
et al., 1997; Parra et al., 2006; Cagnazzi et al., 2011, 2013; Palmer
et al., 2014b; Brown et al., 2016) low recapture rates prevail.

Currently, there is little basis for understanding coastal
dolphin movement and ranging patterns in monsoonal northern
Australia. Coastal dolphins may be responding to seasonal
influences (Smith, 2012; Palmer et al., 2017) and spatial and
temporal variation in the abundance of prey species (Silva et al.,
2009; Cagnazzi et al., 2013; Parra and Cagnazzi, 2016). However,
the results have highlighted that the study period (three and half
years) and study area (1086 km2) didn’t encompass the whole
ranging patterns for the three species, which appears to be much
larger than assumed (Silva et al., 2009; Nicholson et al., 2012;
Palmer et al., 2014b; Brown et al., 2016).

Humpback Dolphin
Humpback dolphins were distributed over the whole area and
found in most parts of the available habitats. Movement between
sites was observed, but it was relatively limited and largely
confined to movement between BH and DH (Table 4). Over
the entire year, around 35% of the humpback dolphins may
permanently emigrate from the total sample area (8% following
wet and 27% following dry seasons). The observed stability of
the total population over time and the low breeding rate of
coastal dolphins generally, indicates that a similar amount of
immigration takes place from areas outside the study sample
areas. Temporary emigration occurred only from BH and it
seems likely that both the observed permanent and temporary
migration involve connectivity with other areas, probably to the
west of BH. We suspect this because very few movements were
observed between BH or DH and SB, and temporary emigration
did not occur from either DH or SB.

The humpback dolphins showed a steady decline in DH
between primary samples four (March/April 2013) and seven
(September/October 2014). While this downward trend was
occurring in DH, the number of humpback dolphins present
across the whole sample area increased, suggesting movement of
some humpback dolphins out of DH and possibly into BH and SB
which showed increased numbers during this period (Figure 2).

Bottlenose Dolphin
Bottlenose dolphins were found in all sites but most often in DH
(Table 4). However, we could not model their movements due to
low local population size and recapture rates with the MSCRD.
They appear to move relatively freely among the three sites with
as many of the 40 individuals identified being sighted on different
sites at different times. The permanent emigration rate was low
and while the number estimated to have been present during the
primary samples was quite stable, there was one unusually large
estimate in primary sample three (38 up from 29), suggesting
the arrival of immigrants and a degree of connectivity between
the Darwin area local population and dolphins from outside the
sample area.

Snubfin Dolphin
Snubfin dolphins showed clear evidence of connectivity between
local population of snubfin dolphins in DH and areas outside
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it with an increasing population, sometimes very high rates of
temporary emigration, and a likely permanent emigration rate
of around 10% following presence in the sample area during
a dry season. The rate of immigration was particularly high
between primary samples four and five (19–67), and seven and
eight (46–70) (Table 4). There are a number of unexplained
features of the snubfin dolphin pattern of use of the area,
including the entry of apparently large numbers of new dolphins
from outside the sample area. Most snubfin dolphins were
seen in BH, the most westerly site, and only ever seen there
suggesting, as for humpback dolphins, connectivity to areas to
the west. The estimated rates of movement between sites might
have been informative of movement out of DH and into BH
and SB had the populations been larger and more between-
site movements observed again, highlighting the difficulties in
detecting movements when local populations are small (Table 4).

Snubfin Dolphin
The number of snubfin dolphins present in the entire sample
area during the primary samples varied widely between 19 in
March/April 2013 to 70 in March/April 2015 with a mean of 41
(SD= 20). A large part of the wide variation in the abundance of
snubfin dolphins was due to sometimes high rates of temporary
emigration and large increases in abundance between primary
samples.

There is clear evidence of connectivity between local
population of snubfin dolphins in Darwin Harbor and areas
outside it with an increasing population, sometimes very high
rates of temporary emigration, and a likely permanent emigration
rate of around 10% following presence in the sample area during
a dry season. The rate of immigration was particularly high
between primary samples four and five (19–67), and seven and
eight (46–70). There are a number of unexplained features of the
snubfin dolphin pattern of use of the area, including the entry
of apparently large numbers of new dolphins from outside the
sample area. Most snubfin dolphins were seen in Bynoe Harbor,
the most westerly site, and only ever seen there suggesting, as for
humpback dolphins, connectivity to areas to the west.

Survival Estimates, Temporary Emigration,
Seasonality, and Movements
Wet and dry season effects were often observed on apparent
survival and temporary emigration estimates. Estimates of
apparent survival and temporary emigration often had wide
confidence intervals for all species. The width of the confidence
intervals around apparent survival estimates and the paucity
of knowledge of biological survival rates for Australian coastal
dolphin species indicate that the estimates of rates of permanent
emigration presented should be interpreted with caution.
Estimates of apparent survival that fell well below the expected
biological survival rates for similar species reported elsewhere
(Currey et al., 2008; Silva et al., 2009; Cantor et al., 2011; Wang
et al., 2012) potentially point to sometimes quite high rates of
permanent emigration.

The seasonal apparent survival estimates for bottlenose and
snubfin dolphins were quite high relative to some of the
estimates for humpback dolphins. Both bottlenose and snubfin

dolphins were however more likely to permanently emigrate
from the whole sample area following their presence in a dry
than a wet season, suggesting that both bottlenose and snubfin
dolphins have more dry season than wet season occasional
visitors (Tables 7, 8). Humpback dolphins were more likely to
permanently emigrate from the whole sample area following
presence there in a dry rather than a wet season (Tables 5, 6).

The seasonal pattern of humpback dolphins permanent
emigration from each of the three sites was more complex
with the species more likely to permanently emigrate from
Bynoe Harbor following presence there in a wet season than
a dry season but more likely to emigrate from Darwin Harbor
and Shoal Bay following their presence there in a dry than a
wet (Tables 3, 4). The permanent emigration rate from Shoal
Bay following presence there in a dry season was particularly
high. If occasional visitation from other areas does underlie the
sometimes high rates of permanent emigration, it would appear
that Bynoe Harbor may have more occasional visitors from
elsewhere in wet than dry seasons, while Darwin Harbor, Shoal
Bay and the sample area as a whole may have more occasional
visitors from elsewhere in dry than wet seasons.

The estimated rates of movement between sites might have
been informative of movement out of Darwin Harbor and into
Bynoe Harbor and Shoal Bay had the populations been larger and
more between-site movements observed, again highlighting the
difficulties in detecting movements when local populations are
small.

Multistate Closed Robust Design Model
(MSCRD)
A monitoring study on only the immediate area around a site of
construction or other potentially disruptive activity would be at
risk of misattribution changes in local abundance to effects of the
activity unless alternative accounts were considered. Alternative
accounts may be made in terms of temporary movements off the
study area (temporary emigration), movements to and from the
focal area and alternative available habitat (transitions between
sites) or seasonal or other environmental influences. The robust
design models are the only way temporary emigration can be
modeled, and the Multistate Robust Design is the only way
movements between the focal area and other sites and temporary
emigration can be modeled. This study was designed to yield
seasonal sample data for analysis under the MSCRD model
for these reasons. The clustered sampling pattern of a robust
design study also allows for structured management of sampling
effort and for the timing of sampling in parallel with the timing
of planned construction activity or seasonal environmental
influences to facilitate interpretation of the estimates. A further
advantage of the robust design is that the first primary sample
represents a quite reasonable pilot study on which basis the
design might be modified for subsequent sampling.

The full potential of the MSCRD could not be exploited in
this study mainly because of the small sizes of the dolphin local
populations using the three sites. This meant that the MSCRD
model could be employed here only for data on humpback
dolphins but not the other two species. Reasonably precise
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TABLE 7 | Bottlenose dolphin: Model averaged parameter estimates from

the eight lowest AICc CRD models.

Parameter Primary samples Estimate SE LCI UCI

S Dry to wet season 0.88 0.06 0.70 0.96

S Wet to dry season 0.92 0.06 0.72 0.98

ϒ ′′ emigrate Dry to wet season 0.14 0.05 0.07 0.25

ϒ ′′ emigrate Wet to dry season 0.15 0.05 0.07 0.28

ϒ ′ stay away Wet to dry season 0.46 0.21 0.14 0.81

ϒ ′ stay away Dry to wet season 0.45 0.21 0.13 0.82

N 11 28 0a 28 28

N 2 29 2 25 33

N 3 38 5 28 47

N 4 25 1 22 28

N 5 20 1 17 23

N 6 25 3 19 30

N 7 24 1 22 26

N 8 24 3 18 30

aSmall SE (0.003) due to 73 captures of only 28 individuals.

estimates of abundance were obtained for a population of only
around 90 individual humpback dolphins and as few as around
20 individuals on one of the sites (Shoal Bay). The same cannot
be said for the precision of the estimates of apparent survival,
temporary emigration or movements between sites on which
the confidence intervals were considerably wider. Nonetheless,
despite quite wide confidence intervals on estimates of these
parameters, useful and informative estimates were obtained
indicating seasonal and typical (constant over primary samples)
effects.

Although the MSCRD was not a viable model for the data on
bottlenose or snubfin dolphins, combining the species data on the
three sites and treating them as one allowed the advantages of the
single state version of the model (CRD) to be exploited, including
estimation of temporary emigration. This was especially useful
in interpreting the sometimes large changes in the abundance of
snubfin dolphins.

Conservation Management
Limits on the results in this study followed largely from the
small sizes of the local populations but are typical of populations
sizes reported elsewhere for these species. Moreover, the effort
expended in this study i.e., four vessels, 60,000 km of transects,
96,588 images, 2,823 animals photographed and 279 individual
dolphin identified (for all three species) (over three and half
years) highlights that detecting population trends for species like
coastal dolphins is possible but resource and time intensive due
to small numbers, movement in and out of study sites and low
re-capture rates.

Anthropogenic activities in the marine environments are
increasing (Reeves et al., 2013; Ferguson et al., 2015) and there
a number of activities that are of concern for conservation
management of marine species e.g., energy development,
shipping, fishing and coastal construction (Ferguson et al., 2015).
One common component of these activities is underwater noise.

TABLE 8 | Snubfin dolphin: Model-averaged parameter estimates from the

four lowest AICc CRD models.

Parameter Primary samples Estimate SE LCI UCI

S Dry to wet season 0.85 0.09 0.60 0.95

S Wet to dry season 0.94 0.06 0.64 0.99

ϒ ′′ emigrate 1–2 0.56 0.12 0.34 0.76

ϒ ′′ emigrate 2–3 0.57 0.14 0.29 0.81

ϒ ′′ emigrate 3–4 0.63 0.10 0.43 0.79

ϒ ′′ emigrate 4–5 0.00 0.00 0.00 0.00

ϒ ′′ emigrate 5–6 0.28 0.20 0.05 0.73

ϒ ′′ emigrate 6–7 0.19 0.23 0.01 0.81

ϒ ′′ emigrate 7–8 0.01 0.06 −0.00 0.14

ϒ ′ stay away 2–3 0.60 0.13 0.34 0.81

ϒ ′ stay away 3–4 0.61 0.09 0.43 0.77

ϒ ′ stay away 4–5 0.03 0.14 0.00 0.99

ϒ ′ stay away 5–6 0.31 0.24 0.05 0.80

ϒ ′ stay away 6–7 0.23 0.25 0.02 0.83

ϒ ′ stay away 7–8 0.06 0.24 0.00 0.99

N 1a 172 111 −46 391

N 2 21 3 15 27

N 3 29 5 19 40

N 4 19 0.3 18 20

N 5 67 12 43 90

N 6 45 11 23 67

N 7 46 13 22 71

N 8 70 10 49 90

aAnomalous estimate with only two of 32 individuals recaptured. A minimum estimate of

32 may be assumed.

Sound is essential for cetaceans to be able to communicate,
detect predators and prey, traverse and sense environmental
cues (Ferguson et al., 2015; Paiva et al., 2015). Increasing
anthropogenic underwater sound could be influencing cetaceans
ability to detect key sounds (Ellison et al., 2012; Ferguson
et al., 2015) and hence have an effect on emigration rates and
movement patterns (Wang et al., 2007; Dungan et al., 2011). The
design of future population studies of coastal dolphins needs to
account for temporary and permanent migration and ranging
patterns.

Conservation assessment at the international and national
level relies heavily on population trend data that is statistically
robust and demonstrates a proof of a decline for small
populations of cetaceans (Taylor and Gerrodette, 1993;
Thompson et al., 2000; Taylor et al., 2007). Hence, this
study draws attention to the challenges in the application of the
conservation assessment criteria in relation to coastal dolphins
and requires reassessment if they are to be used as a trigger
for implementation of conservation management programs
(Parsons, 2016).
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