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Environmental impact assessments must be addressed at a scale that reflects the

biological organization for the species affected. It can be challenging to identify the

relevant local wildlife population for impact assessment for those species that are

continuously distributed and highly mobile. Here, we document the existence of local

communities of Indo-Pacific bottlenose dolphins (Tursiops aduncus) inhabiting coastal

and estuarine waters of Perth, Western Australia, where major coastal developments

have been undertaken or are proposed. Using sighting histories from a 4-year

photo-identification study, we investigated fine-scale, social community structure of

dolphins based on measures of social affinity, and network (Half-Weight Index—HWI,

preferred dyadic association tests, and Lagged Association Rates—LAR), home

ranges, residency patterns (Lagged Identification Rates—LIR), and genetic relatedness.

Analyses revealed four socially and spatially distinct, mixed-sex communities. The

four communities had distinctive social patterns varying in strength, site fidelity, and

residency patterns. Overlap in home ranges and relatedness explained little to none

of the association patterns between individuals, suggesting complex local social

structures. The study demonstrated that environmental impact assessments for mobile,

continuously distributed species must evaluate impacts in light of local population

structure, especially where proposed developments may affect core habitats of resident

communities or sub-populations. Here, the risk of local extinction is particularly significant

for an estuarine community because of its small size, limited connectivity with adjacent

communities, and use of areas subject to intensive human use. In the absence of

information about fine-scale population structure, impact assessments may fail to

consider the appropriate biological context.

Keywords: environmental impact assessment (EIA), coastal development, fine-scale population structure,

association pattern, site fidelity, network, home range, Tursiops aduncus

INTRODUCTION

Applied wildlife research can improve the scientific basis for environmental impact assessment
(EIA) by developing methodologies to evaluate impacts of human activities on wildlife (Morrison
et al., 2006; Steidl and Powell, 2006; Bejder et al., 2009, 2012; Torres et al., 2016). However, for
such evaluations to be effective, they must also be directed at an appropriate scale of biological
organization for the species to be impacted by a proposed development or activity. Here, we
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describe a methodology to identify the relevant local population
for EIA which is suitable for species that are continuously
distributed and highly mobile.

While the procedural and formal requirements for EIA are
often closely prescribed by statutes, regulations, and associated
policy and guidance documents, there are often few specific
requirements as to the scientific information necessary for
EIA. While many jurisdictions have now developed policies or
protocols for biodiversity surveys to allow for the identification
of fauna and flora species that may be affected by a proposed
development or activity, prescriptive guidelines for the conduct
of field studies of human impacts on wildlife, as set by the
administrative bodies having statutory responsibility for EIA,
remain uncommon. As such, it is vital for wildlife researchers
to identify best-practice methodologies for field-based impact
assessment research, so as to encourage their use in studies
undertaken to support EIAs.

Broadly speaking, the aim of EIA is to conduct a detailed
assessment of the potential impacts of a proposed development
or activity on a particular environment (including the biota
occurring there) on which decision-makers can then rely in
determining whether the proposed development or activity
should be approved and, if so, with what conditions (Glasson
et al., 2012). Ideally, the EIA process for a proposed development
or activity should consider the range of possible impacts on
wildlife in a manner that is species-, site-, and (if applicable)
season-specific (Fox et al., 2006). If the assessment methods
employed are inappropriate or are inadequately implemented,
the EIA outcomes (typically an environmental impact statement
or report) may be incomplete and inaccurate. An obvious
example is an EIA based on sparse and opportunistic sighting
data for a species (Bejder et al., 2012).

To adequately characterize the impact of a proposed
development or activity on a particular species, it is necessary
to identify the relevant local population which may be impacted
(Brittingham et al., 2014; Bastos et al., 2016; Brown et al., 2016).
In highly fragmented landscapes, the relevant local population
may be straightforward to delineate because of the geographical
separation between the area affected by the development and the
nearest other sites where the species may be found. For example,
the presence of physical barriers (natural or anthropogenic)
or long distances between patches may limit dispersal and
thus enable isolation of local populations (e.g., natural and
anthropogenic barriers for cougars, Sweanor et al., 2000;
land-clearing for wombats, Walker et al., 2008; geographical
distance for sharks, Sandoval-Castillo and Beheregaray, 2015).
In contrast, identifying the relevant local population may be
more challenging if a species is highly mobile (and therefore
able to disperse between even geographically distant sites) or
displays migratory behavior (e.g., between breeding sites and
feeding areas), or if it is continuously distributed across the land
or seascape (DeYoung, 2007).

What constitutes a “local population” is an important
though often under-considered aspect of impact assessment
research. Some concept of a local population is often implicit
in considerations of spatial scale and population structure for
EIA. In one sense, the local population may simply comprise the

total number of individuals that may be affected by the proposed
development or activity. In the simplest scenario, an EIA could
proceed on the basis of an estimate of the number of individuals
present in the “patch” that the development or activity will affect
(Total Individuals Affected). However, it will often be desirable
(or necessary) to identify the relevant biological population
that may be impacted, in the sense of a group of animals
(or “sub-population”) that displays some meaningful degree of
genetic, demographic, or spatial discreteness (Population Unit
Affected). An effective EIA may therefore require information
about population structure, so that decision-makers can evaluate
the biological significance of potential impacts—e.g., will the
development affect the viability of a distinct population (or
population unit) or is the species continuously distributed
across the impact area and its surrounds such that little or no
population structure is present? A metapopulation framework is
often applied to examine interactions between spatially distinct
local populations (Levins, 1969; Hill et al., 1997; Moilanen and
Nieminen, 2002).

Weak population structure is often expected for marine
wildlife because of the lack of barriers to movement and
the broad distributions of many marine species (Waples,
1998). Nonetheless, geographic features do exist in the marine
environment that may act as natural boundaries and thus
contribute to population structuring, such as between estuarine,
coastal, and offshore habitats. Bottlenose dolphins (Tursiops
spp.), for example, are known to exhibit population (and
even species) structure across a gradient from protected
inshore environments to deeper, more exposed offshore habitats.
For example, estuarine bottlenose dolphins generally exhibit
greater site fidelity and year-round residency, have stronger
and more enduring associations with conspecifics than do
bottlenose dolphins in coastal habitats, and may form distinct
“communities” within particular estuaries or embayments
(Quintana-Rizzo and Wells, 2001). A “community” has been
defined as a set of individuals that is behaviorally discrete from
neighboring communities and within which most individuals
associate with other members of the community (Wells et al.,
1987). We suggest that a dolphin community might constitute
a relevant local population for the purposes of EIA, both in
terms of comprising the total number of animals that might be
affected by a proposed development (Total Individuals Affected)
and in terms of representing a population unit of some biological
significance (Population Unit Affected). However, the diversity
and flexibility of mammalian social behavior can make it difficult
to identify communities for dolphins and other social mammal
species (both terrestrial and marine) (Cantor and Whitehead,
2013).

As nearshore environments such as embayments and estuaries
are a focus point for coastal development, EIAs will often need
to consider how proposed developments and activities will affect
local dolphin populations. These environments contain shallow
and protected habitats that allow bottlenose dolphins to reside
year-round (Wells, 1986; Brusa et al., 2016). Prey availability
in these environments is also more continuous and dependable
(Elliott andWhitfield, 2011; McCluskey et al., 2016) than in open
and coastal regions, where prey is distributed patchily and prey
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availability is dictated largely by oceanic physical processes (Silva
et al., 2008). The key ecological and demographic characteristics
of dolphin communities in estuaries and embayments differ
from those in coastal areas—e.g., inshore communities tend to
be small and to exhibit weak to moderate levels of dispersal
and immigration (Titcomb et al., 2015). These characteristics
influence their vulnerability or resilience to human impacts
(Bejder et al., 2009; Pirotta et al., 2013).

Impact assessment research has been undertaken for a range
of developments and activities that may impact on dolphins,
including activities such as dredging and pile driving that may
exert short-term impacts on dolphin populations (Dungan et al.,
2012; Pirotta et al., 2013; Culloch et al., 2016) and those which
are more enduring, such as the construction of permanent
infrastructure (Jefferson et al., 2009; Cagnazzi et al., 2013). The
coastal and estuarine waters of Perth (Western Australia) have
experienced significant development for industrial and other
commercial uses. Notably, the Swan Canning Riverpark (SCR)
estuary bisects the city, threading through heavily developed
residential and agricultural areas (Holyoake et al., 2010),
and Cockburn Sound (CS), a sheltered embayment, contains
Perth’s main industrial area. Some developments in the region
have involved short-term activities (e.g., pile driving activities
conducted in the Inner Harbor of the Port of Fremantle,
Salgado Kent et al., 2012; Paiva et al., 2015), while others are
continuing impacts (e.g., year-round dredging for a shell-sand
mining operation, Environmental Protection Authority, 2001).
In addition, new developments may be undertaken in the near
future (e.g., a proposed outer harbor development on Kwinana
Shelf, (Western Australian Planning Commission, 2004); a
desalination plant proposed for the northern metropolitan
coast, Mercer, 2013). In many respects, these developments
are exemplars of the types of developments which may
impact on dolphins and other wildlife in coastal and estuarine
environments.

In this paper, we: (a) describe a methodology to identify local
populations of wildlife and then (b) examine its further
application in evaluating possible impacts of proposed
developments and activities. Firstly, we integrated social,
ecological, and genetic data collected during longitudinal field
study to identify relevant local populations of Indo-Pacific
bottlenose dolphins (T. aduncus) within estuarine and coastal
waters of Perth. We employed sampling methodologies that
are robust and consistent with best-practice for long-term
monitoring, abundance estimation and behavioral study of
coastal dolphins [e.g., systematic line-transect survey, photo-
identification over a 4-year period (2011–2015)] to: (1) assess
social networks of bottlenose dolphins through estimates of the
Half-Weight Index (HWI) and network analysis; (2) compare
the role of sex composition and temporal stability of association
in driving social organization within communities based on
Lagged Association Rates (LAR) and preferred associations; (3)
examine the spatial segregation of the social communities by
assessing home-range overlaps in conjunction with bathymetry
and habitat differences, to assess the residency patterns; and (4)
evaluate the genetic relatedness within and between communities
by estimating the relatedness between individuals within and

between communities. Secondly, we considered the fine-scale
population structure of bottlenose dolphins in the context of
past, current, and proposed developments for the region to
demonstrate how such information about local populations
can also assist in evaluating the possible impacts of proposed
developments and activities.

MATERIALS AND METHODS

Study Area
The study area was located in the metropolitan waters of Perth
(Western Australia), one of the fastest growing capital cities
in Australia (Australian Bureau of Statistics, 2015). The study
area encompassed 275 km2 and extended from Rockingham
to Scarborough along the coast and then inland to include
part of the Swan Canning Riverpark (SCR), an estuarine
reserve (Figure 1). Following a mark-recapture robust design
(Chabanne et al., 2017), the study area was subdivided into
four geographic regions with three that were defined by the
topography and bathymetry of the coastal waters (from South
to North, Figure 1): (1) Cockburn Sound (CS)—a semi-enclosed
embayment with varying depth (<2 to>20m) and with seagrass,
sand, silt, or limestone substrates; (2) Owen Anchorage (OA)—
an embayment with less than 10m depth, except in the channel
(max depth: 14.7m), and with a substrate mainly consisting of
shell-sand and seagrass; (3) Gage Roads (GR)—an open coastline
typified by deep waters (>10 m), with sandy beaches, rocky reefs,
and seagrass patches. The lower section of GR, also deeper (>20
m), is an anchoring area for ships before entering the Port of
Fremantle. The SCR is a micro-tidal estuary which encompasses
an area of about 55 km2 and includes two river systems (Swan
and Canning rivers) that join near the City of Perth before
reaching the Indian Ocean through the Inner Harbor of the
Port of Fremantle. While the estuary is mainly shallow (<10
m), the Inner Harbour section is maintained at 14m through
regular dredging activities (Figure 1B). With a Mediterranean
climate, the estuary experiences marked temperature and salinity
variations through the year, particularly when freshwater flow is
weak.

Data Collection
Boat-based surveys were conducted between June 2011 and May
2015 and within each season in the Australasian calendar (winter:
June to August; spring: September to November; summer:
December to February; autumn: March to May). Using boat-
based photo-identification sampling, we documented individual
bottlenose dolphins based on nicks and marks on the dorsal
fin (Würsig and Jefferson, 1990). Three zig-zag transect routes
(offset by 2 km) were designed using Distance 6.0 (Thomas et al.,
2009) for each coastal geographic region in order to optimize the
coverage (Figure 1A). Each route extended to ∼7 km offshore
in CS and OA and from 5 to 3 km offshore in GR. In the SCR,
we followed the same transect route used during the 2001–03
study (Chabanne et al., 2012) which extended from the mouth
of the estuary (Inner Harbour) through the lower reaches and
the main basin where the Swan and Canning rivers join. Full
details on the robust design sampling structure design and survey
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FIGURE 1 | Maps of the study area showing: (A) the transect routes per geographic regions (GR, Gage Roads; SCR, Swan Canning Riverpark; OA, Owen

Anchorage; CS, Cockburn Sound) with locations of past, current, and proposed developments (1- pile driving; 2- dredging; 3- desalination; 4- outer harbor); and (B)

the bathymetry (in meters) with the locations of the groups sighted during the systematic surveys conducted from 2011 to 2015, including mixed groups (i.e., mix of

individuals from different communities).

methodology (i.e., predefined transect routes, Figure 1A) are
provided in Chabanne et al. (2017).

A cycle was defined as a successful completion of a survey
within each geographic region of the study area. Our goal was
to complete a cycle in a minimum period, although a minimum
of 2 days was required because of daylight. During a survey, a
sighting was defined as a group of dolphins observed within c.
250m on either side of the boat along the transect route (Wells
et al., 1987, 1999; Quintana-Rizzo and Wells, 2001). A group
consisted of one to several dolphins. Dolphins were considered
to be in a group if they were within 10m of any individual
within the group (a 10m “chain” rule) and engaged in the
same behavior (Smolker et al., 1992). For each sighting, we
recorded the location (southing/easting using a hand-held GPS
unit), behavior, group size, and age-sex composition. Age classes
(adult, juvenile, and calf) were based on the body size or the
presence of a dependent calf. Individuals were sexed through: (i)
molecular analyses of tissue samples (Gilson et al., 1998; Brown
et al., 2014) collected via remote biopsy sampling (Krützen et al.,
2002); (ii) field observation of the genital regions; or (iii) the
presence of a dependent calf (for females). We performed photo-
identification using a Nikon D300 with Nikkor lens 70–300 mm
or a D7000 with Nikkor lens 80–400 mm. Full details for photo-
identification and grading processes are provided in Chabanne
et al. (2017).

Association Patterns
To analyze patterns of association, we used only high-
quality photographic identifications, from groups for which
all individuals were identified. We did not consider the
distinctiveness of the individuals to avoid small sample sizes. The
survey frequency also allowed for use of temporary marks, if
required. Individuals present in the same group were assumed to
be associated (“gambit of the group”, Whitehead, 2008a). Calves
were excluded from the analysis because they lack identifying
marks, are dependent on their mothers and have high natural
mortality (Mann et al., 2000). The sampling period was set to 1
day to minimize sampling time incoherency between successful
surveys of the entire study area (i.e., a cycle). Individuals seen
multiple times within the same cycle were restricted to the first
sighting only. The strength of associations among dyads (i.e.,
pairs of individuals, n = 8,256) was calculated using the half-
weight index (HWI, Cairns and Schwager, 1987). Values of HWI
range from 0 (never associated) to 1 (always associated). The
HWI is frequently used in social structure of cetaceans as it
reduces bias due to incomplete identification within encounters
(Cairns and Schwager, 1987). Only adults and juveniles sighted
more than five times over the entire study period were retained
for this analysis. The minimum number of sightings was decided
by comparing the social differentiation (S, measure of variability
of the associations) and Pearson’s correlation coefficient (r,
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measure of the quality of the representation of the association
pattern, Whitehead, 2008b) for different sets of data based on a
minimum number of sightings per individual, until appropriate
values were reached. Specifically, an S < 0.3 indicates that the
society is homogeneous, 0.5 < S < 2 indicates that the society
shows some strong associations between individuals, and S > 2
indicates that the society generally has weak associations between
individuals (Whitehead, 2008b). Additionally, an r value near
1 indicates that the representation is excellent, while r ∼ 0.8
suggests a good representation and r ∼ 0.4 indicates a moderate
representation (Whitehead, 2008b). All association patterns were
analyzed using the software SOCPROG 2.6 (Whitehead, 2009).

A Monte Carlo permutation test was conducted to examine
whether associations within the study area population were
different from random (Bejder et al., 1998;Whitehead et al., 2005;
Whitehead, 2008a). As such, a higher coefficient of variation
(CV) of real association indices compared to that of randomly
permuted data indicated the presence of preferred long-term
companions in the studied population (Whitehead, 1999). We
ran 1,000 permutations with 1,000 flips per permutation for the
complete dataset and significant variations from random were
tested using a two-tailed test (P-value = 0.05). The number of
permutations was determined to be sufficient when the p-value
stabilized (Bejder et al., 1998). The preferred associations are
those for which an association index value is at least twice higher
than the mean (Whitehead, 2008b). A Mantel test, using 1,000
permutations, was carried out to examine whether differences
in associations occurred between sex classes (two-tailed 0.05
P-value, Schnell et al., 1985).

Community Structure and Dynamic
To investigate the social structure based on the HWI, we
calculated the eigenvector modularity network algorithms to
identify cut-off limits to identify possible communities (Newman,
2004, 2006). Amodularity M> 0.3 indicated that the community
division is meaningful (Newman, 2004; Whitehead, 2009). We
used the software NetDraw 2.139 (Borgatti, 2002) to visualize the
network structure. For comparison, we carried out an average
linkage hierarchical cluster analysis that calculated a cophenetic
correlation coefficient (CCC). A CCC of > 0.8 indicates a good
match between the degree of association between individuals and
the association matrix (Bridge, 1993).

We examined the association levels, some network measures,
sex segregation and the temporal stability of associations to
highlight potential differences in association patterns between
the different communities identified. First, mean and maximum
levels of associations were compared. Second, we measured
the network strength, clustering coefficient and affinity within
communities. The strength is the sum of the association indices
of each individual, also defined as a measure of gregariousness
(Barrat et al., 2004); the clustering coefficient indicates how
well an individual’s associates are themselves associated, and
the affinity is a measure of the strength of an individual’s
associates (Whitehead, 2016). All the network measures were
calculated in SOCPROG 2.6 (Whitehead, 2009). Thirdly, a
Mantel test (as described above) was then carried out to examine
whether differences in associations occur between sex classes

within each community. Additionally, tests for preferred or
avoided associations were run for each community and per
sex classes as described above. And finally, we measured the
persistence of associations within each community by calculating
the lagged association rates (LAR, Whitehead, 1995). The LAR
estimates the probability that two individuals sighted together
at a given time will still be associated at some time lag later.
LARs from each community were compared to the null LAR of
the complete dataset (i.e., association value the animals would
have if associating randomly, Whitehead, 1995). We then tested
exponential decay models characterizing the patterns of dyadic
association over time. The quasi-Akaike information criterion
(QAIC) was used for model selection (Whitehead, 2007). We
used the jackknife method to obtain estimates of precision of
the LAR (Efron and Stein, 1981). LARs were also estimated and
modeled as above for each sex class within each community.

Spatial Distribution of Communities
We calculated the estimates of kernel density (KDE) in ArcGIS
10.3 and estimated the probability of contours of 50% (i.e., the
core of a community) and 95% (i.e., community’s home range
defined by the outermost boundaries) by pooling sightings of
individuals assigned to the same community. Individuals that
were equally observed in two or more geographic regions were
excluded from this analysis. We used the kernel interpolation
with barriers tool to take into account land barriers tomovements
(the output grid cell size was set to 200 × 200m and the
bandwidth was fixed to 6,000 for each individual, Sprogis et al.,
2015). All other steps followed the protocols by MacLeod (2014)
and were calculated in the Universal TransverseMercator (UTM)
Zone 50 South projection using the coordinate system World
Geodetic System (WGS) 1984 datum. Overlaps in home ranges
between each community were computed using the Intersect tool
in ArcGIS. In order to characterize some factors associated with
community structure, we also calculated an asymmetric matrix
of pairwise individual home range (95% kernel density) overlaps
following the same protocol as above and conducted a Mantel
test (1,000 permutations) to check the correlation between home
range overlaps and HWIs for each individual pairs between and
within communities.

Residence Time
Using the software SOCPROG 2.6 (Whitehead, 2009), we
assessed the demographic processes within each community
by estimating the lagged identification rates (LIR) for each
individual within their respective assigned community
(Whitehead, 2001). This analysis estimated the probability
that an individual would be resighted in the study area after
a certain time lag (td) in comparison to a randomly chosen
individual. We then fitted different models of no movement (i.e.,
closed population), emigration and mortality, emigration and
reimmigration, and emigration, reimmigration and mortality
to the observed LIR (Whitehead, 2001). We used the QAICc to
select the most parsimonious model (Burnham and Anderson,
2002). The LIR confidence intervals (CI) were obtained using
bootstrap replicates (Whitehead, 2008b).
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Genetic Relatedness
Skin samples were collected via remote biopsy sampling (Krützen
et al., 2002) over the 4-year period (2011–2015) mentioned
earlier. However, additional samples collected between 2007
and 2010 were also included for genetic testing. All biopsy
samples were stored in DMSO buffer for cryopreservation.
Genomic DNA was extracted from all skin samples using
the Gentra Puregene Tissue Kit (Qiagen) and following the
manufacturer’s protocol. Samples were genotyped at 13 different
microsatellite loci: DIrFCB4, DIrFCB5 (Buchanan et al., 1996),
LobsDi_7.1, LobsDi_9, LobsDi_19, LobsDi_21, LobsDi_24,
LobsDi_39 (Cassens et al., 2005), SCA9, SCA22, SCA27 (Chen
and Yang, 2008), TexVet5, TexVet7 (Rooney et al., 1999). We
followed the PCR conditions as described in Frère C. H. H.
et al. (2010). The single stranded PCR products were run on an
ABI 3730 DNA Sequencer (Applied Biosystems). Genotypes were
scored using Geneious v9.1.5 (http://www.geneious.com; Kearse
et al., 2012) with microsatellite plugin 1.4 (Biomatters Ltd). Each
microsatellite locus was checked for null alleles and scoring
errors using the softwareMicro-Checker v2.2.3 with a confidence
level of 95% (Van Oosterhout et al., 2004). Departures from
Hardy-Weinberg equilibrium (HWE) and linkage equilibrium
were tested using the Markov chain probability test and 10,000
iterations in Genepop v4.4.3 (Rousset, 2008). Significance values
for multiple comparisons were adjusted by sequential Bonferroni
corrections (Rice, 1989). We calculated individual pairwise
relatedness within and between social communities using Queller
and Goodnight (1989) Index (QG) in Coancestry v1.0.1.2 (Wang,
2011). Average relatedness coefficients within communities were
tested using a t-test. We also conducted an ANOVA test to
identify the correlation between pairwise relatedness and HWI
within each community.

Ethics Statement
This study was carried out with approval from the Murdoch
University Animal Ethics Committee (W2342/10, and R2649/14)
and under licenses from the Western Australia Department of
Parks and Wildlife (DPaW) (SF008067, SF008682, SF009286,
and SF009874). Biopsy sampling for molecular analyses were
carried out as a part of broader study, with data collected in
accordance to theMurdoch University Animal Ethics Committee
approval (W2076/07; W2307/10; W2342/10, and R2649/14), and
collected under DPaW licenses (SF005997; SF006538; SF007046;
SF007596; SF008480; SF009119: SF009734; SF010223).

RESULTS

Effort and Group Size
A total of 322 group sightings were successfully (i.e., all
individuals identified from good quality photos) obtained during
the 4-year (2011–2015) study period. In total, 315 individual
dolphins (excluding calves) were identified.

Average group size was 5 ± 0.27 (SE) individuals (range: 1–
31 individuals) (Table 1). Although group size was similar across
the three coastal geographic regions, it was smaller in SCR, with
an average of four individuals and a maximum group size of 14
individuals).

TABLE 1 | Number of groups and group size (mean ± SE, minimum and

maximum) by geographic region.

# Groups Group size

Mean ± SE Min–Max

Overall 323 5 ± 0.27 1–31

GR 44 7 ± 0.75 1–31

SCR 107 4 ± 0.48 1–14

OA 77 6 ± 0.56 1–24

CS 95 7 ± 0.51 1–27

GR, Gage Roads; SCR, Swan Canning Riverpark; OA, Owen Anchorage; CS,Cockburn

Sound.

Community Structure and Dynamic
After restricting the dataset to those individuals with at least
five sightings, 129 individuals were identified (n = 57 females,
44 males, and 28 unsexed). Both community division using the
eigenvector method of Newman (2006) and modularity from
gregariousness and hierarchical clustering using average linkage
methods indicated a meaningful community division with
maximummodularity of 0.514 and 0.526 for anHWI of 0.022 and
a cophenetic correlation coefficient (CCC) of 0.843, indicating
a good match between the degree of association between
individuals and the association matrix. Both methods assigned
individuals to four communities, although one community was
split into two sub-communities (D and D’). From here on,
we refer to these communities as ComA, ComB, ComC, and
ComD. Three individuals (designated as KWL, GIL, MUF, n =

2.3%) were assigned in different communities depending on the
method (Figure 2 and see Figure S1 in Supplementary Material).
Therefore, we used their respective sighting locations to assign
them to one community only (KWL in ComB; GIL and MUF
both in ComA).

Association Patterns
The overall mean HWI and maximum HWI were 0.05 ±

0.02 (SE) and 0.55 ± 0.19 (SE), respectively. The coefficient
of correlation (r) between the true and estimated association
indices for the entire study population indicated a moderate
representation of the data (r = 0.476 ± 0.024 SE) and a well-
differentiated society value (S = 1.020 ± 0.033 SE) suggesting
that some individuals form strong associations. We ran this
analysis within each community (identified by the network and
community analysis) and found values of r higher than 0.4
indicating that our analysis is representative of the true patterns
(Table 2).

Tests of preferred/avoided associations showed a significantly
higher CV of observed vs. expected association indices
(HWIobserved CV= 2.1405, HWIrandom CV= 1.8797, P < 0.001)
indicating that long-term preferred companions are present in
the overall population. The proportion of non-zero association
indices was significantly lower in the observed vs. the expected
association indices (observed = 0.2648, random = 0.3069, P
< 0.001) indicating avoidance between some individuals in
the population. More specifically, individuals were more likely
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FIGURE 2 | Network diagram for 129 bottlenose dolphins using the HWI. The shape of each node indicates its sex (circle: females; square: males; triangle;

unsexed), and the color of each node indicates its unit defined by the modularity of Newman (2006) (purple ComA; red ComB; green ComC; yellow and orange

sub-communities D and D’), although three individuals were assigned to two different units depending on the method (Newman vs. Hierarchical linkage). Only links

representing affiliations (HWI > 0.16) are shown, and link width is proportional to index weight. Node size is based on the betweenness centrality measure of each

individual.

to associate with same-sex individuals than among individuals
of different sex (Mantel test, HWIwithin = 0.07 ± 0.03 SE,
HWIbetween =0.05 ± 0.02 SE, P < 0.001), with preferred
associations occurring between females (HWIobserved CV =

1.9989, HWIrandom CV = 1.7675, P < 0.001), and between
males (HWIobserved CV = 2.1770, HWIrandom CV = 1.9222, P <

0.0001).
The mean HWI was lower in ComD (0.13 ± 0.05 SE) and

higher in ComA (0.21 ± 0.08 SE), although stronger dyads were
estimated in ComB (maximumHWI= 0.61± 0.24 SE) (Table 2).
Mantel test confirmed that associations were stronger within
than between communities [HWImean, within = 0.16 (0.07);
HWImean, between = 0.01 (0.01), P < 0.0001] and individuals were
more likely to associate with same-sex individuals than among
individuals of different sex in all communities to the exception of
ComA (Table 3).

Significant differences between communities were found in
the network measures with ComC and ComD communities
having higher strength and affinity (Table 4 and see Table S1
in Supplementary Material for Mann-Whitney test, P < 0.02),
although the strength was much higher for ComA community
when considering all individuals (i.e., including individuals seen

less than five times, see Table S2 in Supplementary Material).
ComA had the highest clustering coefficient; however, this may
be biased by the small number of individuals seen more than five
times (n = 15), which may result in individuals appearing more
connected than they actually are. ComC had the next highest
clustering coefficient, indicating a dense network of individuals
in that community.

Preferred associations occurred in all communities with all
CVs of association indices higher in the observed vs. the random
values (Table 5). Specifically, preferences occurred between
females within ComB, ComC, and ComD and between males
within ComB and ComD. Although avoidances occurred with
the proportions of non-zero indices being lower in the observed
vs. the random values, they were not sex-specific in ComC as
found in ComD or for males in ComB (Table 5).

Lagged association rates (LAR) for each community were
higher than the null LARs for the overall population indicating
that associations within communities were relatively stable
and non-random over the study period (Figure 3). The most
parsimonious LAR model (based on the QAICc, Table S3 in
Supplementary Material) showed constant companions for all
communities and brief associations described as rapid or casual
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TABLE 2 | The mean association indices for the population overall and per

community (ComA, ComB, ComC, and ComD); the measure of social

differentiation (S); and the correlation coefficient of the true and

estimated association matrices (r).

n restricted* Mean

HWI

Maximum

HWI

S r

Overall 129 0.05 (0.02) 0.55 (0.19) 1.020 (0.033) 0.476 (0.024)

ComA 15 0.21 (0.08) 0.59 (0.20) 0.662 (0.090) 0.653 (0.053)

ComB 25 0.17 (0.05) 0.61 (0.24) 0.753 (0.062) 0.742 (0.027)

ComC 36 0.19 (0.08) 0.56 (0.16) 0.683 (0.069) 0.712 (0.048)

ComD 53 0.13 (0.05) 0.51 (0.16) 0.567 (0.073) 0.577 (0.050)

Numbers between brackets ( ) are the standard errors of the respective parameters.

*Individuals seen at least five times. Some individuals could not be assigned to a

community.

TABLE 3 | Association indices within and among sex classes (Mantel test,

0.05 one-side).

HWI mean (SE) P-value

Within Between

Overall 0.07 (0.03) 0.05 (0.02) < 0.001

ComA 0.20 (0.15) 0.20 (0.05) 0.27

ComB 0.21 (0.07) 0.13 (0.05) < 0.001

ComC 0.23 (0.09) 0.16 (0.08) < 0.001

ComD 0.15 (0.06) 0.12 (0.06) 0.008

but lasting for less than a day. However, the casual acquaintances
in ComB lasted for only a few days.

Female and male LARs (except in ComA) were higher than
their respective null LARs, particularly in ComB, indicating that
associations between individuals of the same sex were relatively
stable over the study period within their respective communities
(Figure 4). LARs of males were generally higher than the LARs of
females indicating that associations between males were stronger
than associations between females, although more females were
identified in ComC and ComD (sex ratio 0.71:1 and 0.76:1,
respectively). Female and male LARs for ComB were higher than
LARs of other communities indicating that associations within
ComB were higher than in other communities (this related only
to sexed individuals, Figure 4).

The most parsimonious LAR models (based on the QAICc,
Tables S4, S5 in Supplementary Material) for each sex class
and per community suggested some long lasting associations
and others that were of brief duration because of constant
companions and rapid dissociations or casual acquaintances
lasting less than a day. However, if not constant, female and male
associations in community B still lasted for up to a month or a
few days, respectively, before dissociating (Table S4, S5).

Spatial Distribution of Communities
We estimated core areas (50% kernel density) and home ranges
(95% kernel density) of each of the four communities using
individuals assigned to each respective community. Core areas
estimates were similar when using individuals seen at least

TABLE 4 | Average strength, clustering coefficients, and affinity with

comparisons from random calculating using half-weight indices for

individuals sighted at least five times.

Strength Clustering Affinity

COEFFICIENT

ComA (n = 15)

Mean 3.73 (1.11)* 0.25 (0.11) 4.88 (0.90)

Random 3.51 (1.11) 0.18 (0.04) 5.14 (0.91)

ComB (n = 25)

Mean 5.01 (1.43)* 0.19 (0.05) 5.83 (0.97)

Random 5.08 (1.50) 0.17 (0.04) 6.04 (0.81)

ComC (n = 36)

Mean 7.91 (2.94) 0.22 (0.05)* 8.49 (0.78)

Random 7.90 (2.93) 0.20 (0.06) 8.59 (0.55)

ComD (n = 53)

Mean 7.31 (2.73)* 0.19 (0.04) 8.01 (0.86)

Random 7.26 (2.78) 0.16 (0.03) 8.02 (0.53)

* Significant differences from 1,000 random networks: P < 0.05.

five times and when including all individuals irrespective of
their sighting frequency. Similarly, home range estimates were
similar when using individuals seen at least five times and when
including all individuals irrespective of their sighting frequency
(see Table S6 in Supplementary Material). As such, we have
only presented the results using all clustered individuals. The
core areas (i.e., 50% kernel density estimated using all individual
sightings) of each community were discrete and located in each
geographic region (Figure 5A) with sizes varying from 6.83 km2

(ComB) to 31.05 km2 (ComC) (Table S6). The core area of ComB
mainly covered shallow waters (83% coverage at < 10 m) while
the core area of ComAwasmainly in deep water (71% coverage at
>10m) (see Table S7 in Supplementary Material). Home ranges
were mainly contained within the respective geographic region
(Figure 5B), with the home range of ComB mainly covering
the shallow waters of the SCR (61.4% coverage at < 10m).
Conversely, the home range of ComA covered much of the GR
region, which is mainly deeper waters (55.4% coverage > 15m).
We therefore referred each community to a geographic region,
namely ComA to GR; ComB to SCR; ComC to OA, and ComD to
CS. Seven individuals (seen less than five times) were not assigned
to a community because we could not define the geographic
region where they were mainly sighted.

Permutation tests indicated significant avoidance between
communities in GR, SCR, and CS, but occurrence of some
associations with ComC in OA. However, when tested with all
the individuals (including individuals seen less than five times),
avoidance tests were all non-significant. There were overlapping
home ranges between each of the communities (Figure 5B) with
17% (n= 54 groups) of the groups being composed of individuals
from different communities. Most of those multi-community
groups (78%) were observed in OA and the lower reach section
of SCR (Figure 1B). The smallest home range overlap occurred
between ComA and ComD (2.42–7.96 km2) and the largest
between ComC and ComD (43.97–45.62 km2) (Table S8 in
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TABLE 5 | Sex class (female, male, unknown sex) permutation tests for preferred (HWI CV) and avoided (proportion of non-zero indices) associations for

the population overall and per community.

HWI CV Proportion of nonzero indices

na Observed Random P-value Observed Random P-value

Overall All 129 2.14054 1.87585 ** 0.26478 0.30717 **

Females 57 1.99886 1.76774 ** 0.27318 0.32263 **

Males 44 2.17702 1.92031 ** 0.29704 0.33345 **

Unknown 28 1.88829 1.84766 ** 0.30423 0.31697 **

ComA All 15 0.95857 0.90723 * 0.70476 0.72067 NS

Females 5b – – – – – –

Males 2b – – – – – –

Unknown 8b – – – – – –

ComB All 25 0.99969 0.78870 ** 0.83333 0.85316 *

Females 13 0.74870 0.68623 ** 0.91026 0.89579 NS

Males 12 1.18034 0.98124 *** 0.74242 0.81982 ***

Unknown 0 – – – – – –

ComC All 36 0.93709 0.88541 *** 0.73333 0.75045 **

Females 14 0.80479 0.76055 ** 0.7923 0.77871 NS

Males 11 0.72803 0.72823 NS 0.81818 0.81818 NS

Unknown 11 0.83146 0.83155 NS 0.78182 0.77996 NS

ComD All 53 1.06854 0.99465 ** 0.60958 0.63421 ***

Females 25 0.96490 0.93202 ** 0.64000 0.66447 **

Males 19 1.20840 1.04314 *** 0.63158 0.68587 ***

Unknown 9b – – – – – –

NS, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001—a Individuals seen at least five times —bTest could not be run because of degenerate matrix.

Supplementary Material). Additionally, 30 and 32% of ComC
and ComD home ranges, respectively, overlapped with the core
area of ComB, covering the entire Inner Harbor of the Port of
Fremantle.

Inspection of the overlap in home ranges for individuals seen
at least five times and assigned to a community indicated that
there was a clear difference of percentage of overlap from dyads
within and between communities, with much higher proportion
of dyads sharing >80% of the home range within communities
(18, 62, 47, and 36% for ComA, ComB, ComC, and ComD
communities, respectively) than between (only 1.1% of the dyads
showed that >80% of the home range was shared, although this
was not necessarily the case for both individuals of the dyad).

Home range overlap significantly explained the HWI dyads at
the population-level (r = 0.10, p < 0.01) and more specifically
for dyads allocated to ComA and ComD communities (rComA =

0.07, rComD = 0.07, p < 0.01). Measures of HWI dyads for
individuals allocated to ComB and ComC were not explained by
their home range overlap (p > 0.05).

Residence Times
We examined the residency patterns of all individuals (including
individuals seen less than five times) per community. Models
consisting of parameters indicating the occurrence of emigration
and mortality best fitted the LIR of each of the four

communities (based on the QAIC, Table S9 in Supplementary
Material). Parameters showed differences in community sizes and
residency. In ComB, 78% of the individuals were described as
residing for nearly 18 years (95% IC: 10–87 years). Conversely,
58% of the individuals observed in ComA were described as
individuals staying for maximum of c. five years (95% IC: 3–
11 years). Another LIR model represented the demography
of ComA best (i.e., emigration, re-immigration, and mortality,
1QAICc ≤2) and showed that a minority of individuals that
were considered as a community (n= 20%) also spent more time
outside the area than in (Table S9). Most of the individuals in
ComC and ComD (n= 63 and 66%, respectively) were described
with a long residence, with individuals from ComC staying for
7.5 years (95% IC: 4–23 years) and ComD individuals for about
12 years (95% IC: 7–47 years).

Genetic Relatedness
A total of 107 tissue biopsy samples were collected for genetics
analyses. Samples were from individuals identified during the
current study and who had been assigned to a community, and
were checked for duplicates and removed when allele frequencies
were missing for more than four loci. In addition, three loci
were removed for further genetic analyses because of scoring
errors due to stuttering (SCA27) or because of departure of HWE
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FIGURE 3 | Lagged association rates (LAR) for all individuals (black

line) and within the communities (ComA purple; ComB red; ComC

green; and ComD yellow). The null association rate (dash lines) and

jack-knife error bars are shown.

associated with homozygosity excess (i.e., frequencies of null
alleles >0.05 for TexVet5 and SCA17).

We identified 35 pairs of high relatedness values (QG >

0.5), although we did not have prior information on their
relatives for most of these. While most pairs (n = 20) were
of individuals assigned to the same community, others were
identified from individuals assigned to different communities,
although no pairs involved individuals from ComA and ComD.
The bootstrap values of within-community pairwise genetic
relatedness coefficients averaged 0.012 ± 0.005 (95% IC: 0.007,
0.017) over the four communities, whereas the average pairwise
genetic relatedness coefficient of the population was −0.008 ±

0.002 (95% IC: −0.011, −0.006). All communities except ComD
had positive mean genetic relatedness coefficients (Table 6) and
individuals were more related to individuals from the same
community than from different communities. However, there
were no significant differences in relatedness within and between
ComA and ComC (t-test, P-value > 0.05, Table 6). Significant
correlation between pairwise relatedness coefficients and HWI
was found in ComB (ANOVA, P < 0.05, Table 7), although the
correlation was small (R= 0.01).

DISCUSSION

It is imperative to characterize the fine-scale population structure
of mobile, continuously distributed species so that an EIA is
conducted within an appropriate biological context. The first step
in that process is to identify the relevant local wildlife populations
that will be affected by a proposed development or activity.
Our study demonstrated that social, spatial, ecological, and
genetic information may be used to identify local communities
of bottlenose dolphins.

Analyses of association patterns of photo-identified bottlenose
dolphins revealed four distinct social mixed-sex communities

FIGURE 4 | Lagged association rates (LAR) for males and females

(bland color) bottlenose dolphins of each community [(A)-ComB,

(B)-ComC and (C)-ComD]. The null association rate (dash lines) and

jackknife error bars are shown. Note that the LAR for ComA couldn’t be

estimated because of small sample sizes.

in which patterns of social organization, social dynamics, home
ranges, and residency differed (see Table 8 for a summary).
Spatial analyses found these communities occupy discrete core
areas associated with different environmental and bathymetric
characteristics. As expected, high site fidelity and residency
patterns were documented for communities occupying shallow,
protected embayment and estuary habitats. Overlap in home
ranges (e.g., dyads within ComA-GR and ComD-CS) and genetic
relatedness (e.g., dyads within SCR community) explained
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FIGURE 5 | Study area showing the bathymetry and core areas (A) based on the 50% kernel density and home ranges (B) based on the 95% kernel density

estimated for each community using clustered individual sightings. Communities are: ComA-purple; ComB-red; ComC-green; and ComD-yellow.

associations between some dyads. However, overall, such
factors explained little of the associations between individuals,
suggesting that other explanatory factors drive community
structure at a local scale.

Community Segregation
Dolphins exhibited a complex structure of associations across
the coastal and estuarine seascape of the study area. Network
analysis identified four social mixed-sex communities which
have few interactions between them. While some constant
companionship relationships were identified in all communities,
each community is driven by casual acquaintance relationships
demonstrating rapid disassociation and frequent re-association
(Wells et al., 1987). However, even for constant companions, the
shortest associations between individuals within ComB (i.e., SCR
community) lasted for a few days to a month between females,
suggesting stronger maternal cooperation (Wells et al., 1987;
Lusseau et al., 2003) in the estuary. In fact, the entire ComB
(females and males) presented a much higher degree of stability
(LAR) than occurred in any of the other communities; this
may reflect the ecological constraints associated with estuarine
systems (Lusseau et al., 2003) and human pressures.

Social segregation of dolphin populations within nearshore
and inshore habitats has been documented in Indo-Pacific
bottlenose dolphins elsewhere. For example, discrete
communities occur in the Port Stephens embayment in
south-eastern Australia, with two communities occupying
spatially discrete core areas within the embayment (Wiszniewski
et al., 2009). Here, despite some home ranges overlapping

(95% KDE), each community was associated with a distinct
geographic region within the study area, namely: an estuary
(SCR – ComB), a semi-enclosed embayment (OA–ComC
and CS–ComD), and an open coastline (GR—ComA).
The core areas (50% KDE) of the communities did not
overlap, suggesting that ecological differences among
communities reflect environmental differences in bathymetry,
benthic substrate, and habitat types, as well as human
impacts.

Communities also differed in their sociality. Titcomb et al.
(2015) demonstrated that habitat shape could have an effect
on the structure and association patterns within communities,
by influencing movement patterns and encounters between
conspecifics. Here, the densest communities in the network, OA
(ComC) and CS (ComD) (i.e., indicated by higher strength and
affinity), were found in a semi-enclosed embayment. As the SCR
community (ComB) occupies an estuary with narrow channels,
encounters between conspecifics may occur on a daily basis.
However, the mean sociality for that community was not as high,
which may reflect the limited number of possible associates given
its small size (n = 25, excluding two individuals seen less than
five times). Conversely, the GR community (ComA) was the
least cohesive, with high redundancy in connection expressed by
lower strength, which is consistent with individuals occupying
larger ranges and, consequently, less frequent encounters with
conspecifics.

The LIR analysis identified clear differences in site fidelity
and residency pattern between communities. These differences
may be related to the difference in habitat structure and prey
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TABLE 6 | Bootstrap mean (and standard error) genetic relatedness (Queller and Goodnight, 1989) for within-community (bold) and with individuals from

other communities of bottlenose dolphins (between-community) genotyped with 10 microsatellite loci in Perth metropolitan waters, WA.

ComA ComB ComC ComD

ComA 0.048 (0.020) 0.014 (0.098) *** 0.025 (0.010) NS −0.027 (0.007) *

ComB 0.014 (0.098) NS 0.063 (0.012) 0.003 (0.008) * −0.026 (0.005) *

ComC 0.025 (0.010) NS 0.003 (0.008) *** 0.037 (0.036) −0.030 (0.006) *

ComD −0.027 (0.007) *** −0.026 (0.005) *** −0.030 (0.006) *** −0.012 (0.0002)

t-tests were performed per column to compare within-community mean to between-community means: *P-value < 0.05; ***P-value < 0.0001); NS – Non-significant.

TABLE 7 | Correlation coefficient R and ANOVA test between relatedness

coefficient and HWI pairwise within-community.

Correlation R P-value (ANOVA test)

ComA −0.005 0.43

ComB 0.0115 0.04*

ComC −0.0005 0.35

ComD 0.0009 0.17

*Significant P-value < 0.05.

distribution between open coastline (GR) and more protected
embayment and estuary (OA&CS and SCR) habitats. Individuals
in open coastlines often have diminished levels of site fidelity
and a more extensive home range (Defran and Weller, 1999;
Oudejans et al., 2015; Sprogis et al., 2015). Here, individuals
from the GR community (ComA) showed no residency pattern,
with most identified individuals seen less than five times and
LIR models indicating that individuals spent more time outside
the study area. In addition, the large but variable estimates of
abundance (Chabanne et al., 2017) suggested that individuals
identified in this geographic region (GR) may be members of a
larger population located further north. In constrast, residency
period was estimated to be more than 7 years in OA and CS
and 18 years in SCR, which is consistent with other studies
indicating that dolphins occupying shallow and protected areas
show a high degree of residency and long-term site fidelity
(Wells, 1986; Sprogis et al., 2015; Brusa et al., 2016) and
often belong to relatively small and stable communities (Wells
et al., 1987). That latter characteristic is consistent with the
small size of the resident communities estimated by the LIR
model (SCR ≈ 21 residents; OA ≈ 43; and CS ≈ 64) and the
abundances estimated via mark-recapture analyses [SCR ≈ 19
individuals and OA/CS (combined) ≈ 122, Chabanne et al.,
2017].

While habitat differences seemed to largely account for
association differences, range overlap only weakly predicted the
association strength of the two communities at the northern and
southern extremes (GR and CS). Likewise, genetic relatedness
only explained associations within the SCR community. Kin-
based and overlapping associations have been recorded in some
bottlenose dolphin populations (Parsons et al., 2003; Frère C.
H. et al., 2010), but not in others (Möller, 2001). It would
therefore appear that other intrinsic or extrinsic factors are likely
to drive the social patterns within each community. The KDE

method used to calculate the habitat used by each individual
is also limited by the sample size (i.e., number of observations
per individual). Sprogis et al. (2015), for example, calculated the
KDE for individuals seen at least 30 times (Seaman et al., 1999),
although other studies indicated that 100–300 observations per
individual were necessary to obtain highly precise representation
of space use (Girard et al., 2002).

Using Social, Ecological, and Genetic Data
to Evaluate the Impact of Developments
and Activities on the Relevant Local
Population: Four Case Studies
Once the relevant local wildlife populations have been identified,
social, spatial, ecological, and genetic information about those
local populations can then be used to evaluate potential
environmental impacts on those populations. The range of
impacts that may affect bottlenose dolphins in coastal and
estuarine habitats include: habitat degradation, indirect and
direct interactions with commercial and recreational fisheries,
vessel disturbance, and environmental contaminants (e.g.,
Dungan et al., 2012; Pirotta et al., 2013; Todd et al., 2015; Culloch
et al., 2016).

To demonstrate the utility of such information for evaluating
environmental impacts, we consider four case-study examples
of developments or activities that may affect dolphins in the
context of one of the local communities identified in this study:
pile driving (SCR), dredging of seagrass (OA), operation of a
desalination plant (GR), and construction of a large harbor (CS).

Pile Driving in Swan Canning Riverpark (SCR)
Pile driving involves the use of large hammer mounted on
a crane to drive piles into the seabed. The process may
affect marine mammals by masking underwater sounds, causing
behavioral changes (e.g., avoidance), or causing hearing damage
or physiological injury (David, 2006; Brandt et al., 2011; Erbe,
2013).

Paiva et al. (2015) observed a decrease in detection of
bottlenose dolphins during pile driving activities in the Inner
Harbor at Fremantle (located at the entrance to SCR), and
suggested that dolphins may have been using other areas during
periods of pile driving activity. If such avoidance or displacement
behavior occurs, then pile driving may affect dolphins in two
relevant ways: (a) a decline or cessation in foraging activity
within the harbor, which is a known foraging habitat (Chabanne
et al., 2012) and (b) a decline or cessation in the use of the
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TABLE 8 | Summary comparison of social, temporal, spatial, residency, and genetic patterns across the four communities (ComA, ComB, ComC, and

ComD).

Parameters ComA ComB ComC ComD

Group size Large Small Large Large

Population size Large Small Medium Medium

SOCIAL NETWORK MEASURES

Strength Weak Medium Strong Strong

Clustering coefficient Strong Medium Strong Medium

Affinity Weak Medium Strong Strong

TEMPORAL ASSOCIATIONS

LAR index High stable High stable Medium stable Medium stable

Maximum duration of shortest associations <day days-month <day <day

SPATIAL DISTRIBUTION

Core area—Home rangeb GR SCR OA CS

Water depth Deep Shallow Mixed Mixed

RESIDENCY

Site fidelity Weak Strong Strong Strong

Duration Short-term Very long-term Long-term Long-term

Status Transient Resident Resident Resident

GENETIC RELATEDNESSa

Kin-selection Weak Weak Weak No kin-selection

aSocial differentiation is described using measures of strength (i.e., measure of gregariousness); the clustering coefficient (i.e., degree of connection between associates); and affinity

(i.e., the strength of the associates).
bKin-selection measurement should be used with caution because of the limited number of individuals genetically sampled in ComA, ComC, and ComD.

GR, Gage Roads; SCR, Swan Canning Riverpark; OA, Owen Anchorage; CS, Cockburn Sound.

harbor to transit between the estuary and adjacent coastal waters.
The latter impact is particularly significant as the harbor is
the only access way between the SCR and the adjacent coastal
waters. Were movements of dolphins through the harbor to
cease or greatly diminish over an extended period of time,
then demographic isolation of the SCR community might
occur.

Several characteristics of the SCR community make
it relatively more vulnerable to long-term demographic
isolation and would make local extinction a plausible risk,
including: (1) small community size; (2) a recent disease-
related mass mortality event (Holyoake et al., 2010); (3)
injury and mortality from fishing line entanglement; and
(4) exposure to high levels of boat traffic and to occasional
harassment.

Dredging in Owen Anchorage (OA)
Dredging of marine habitats may occur to create or maintain
infrastructure (e.g., shipping channels) or to remove benthic
material such as shellsand for commercial purposes. Todd et al.
(2015) reviewed the effects of marine dredging activities on
marine mammals and concluded that (a) direct impacts (such as
vessel collisions and underwater noise emissions) were unlikely
because vessel speeds were slow and (b) the low-frequency levels
(below 1 kHz) emitted by dredgers should not cause damage to
marine mammal auditory systems. However, underwater noise
from dredging may mask prey sounds and dolphin vocalizations
and lead to displacement (Pirotta et al., 2013), particularly if

activities directly impact on marine mammal prey species (Todd
et al., 2015). Dolphins may also be attracted to dredging sites if
the disturbance facilitates the capture of fish (e.g., Chilvers and
Corkeron, 2001).

A long-term shellsand dredging operation operates in Owen
Anchorage which relies on dredging of suitable substrates
(Environmental Protection Authority, 2001; BMT Oceania,
2014). The extensive coverage of shallow (<10m) sand
areas and seagrass meadows (BMT Oceania, 2014) sheltered
from the oceanic swell in OA means the area is likely to
support a broad assemblage of prey species for dolphins
(Kendrick et al., 2000; Heithaus and Dill, 2002; Hyndes
et al., 2003; Finn, 2005; Sampey et al., 2011). The current
management plan for the dredging operation, developed to
meet the requirements of approval conditions imposed in
2002 after an EIA of the operation, focuses on the dredging
of areas devoid of seagrass to minimize environmental
impacts to benthic habitats and fisheries (BMT Oceania,
2014).

The focus on dredging of non-seagrass areas and the overall
scale of the dredging operation suggest that impacts on prey
availability for dolphins will be localized. Further, impacts from
interactions with dredging and transport vessels are unlikely to
present a significant risk, as vessel speeds are slow and dolphins
do not appear to be attracted to active dredging operations. The
OA community identified in this study would be the relevant
local population for any EIA of any future proposal to expand
the current shellsand dredging operation.
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Desalination in Gage Roads (GR)
Impact assessments for the operation of desalination plants
in southern Australia have reported low risks of impacts for
marine mammals (e.g., Wonthagii, Victoria, Minister for
Planning, 2009) (e.g., Cape Riche or Binningup, southern
Western Australia, Water Corporation, 2008; Bejder, 2011).
However, direct and indirect impacts from brine discharges
to the benthic environment (and subsequently to local
fauna populations) remain unknown in these areas (Bejder,
2011). In Binningup, for example, prey availability may
have been reduced indirectly because of osmoregulation
impacts to fish (e.g., cuttlefish, Sepia apama, Dupavillon and
Gillanders, 2009; Smith and Sprogis, 2016) or destruction
of fish habitats. Such impacts have been reported elsewhere.
In Alicante Bay in the northwestern Mediterranean Sea, for
example, a seagrass die-off resulted from physiological stress
caused by salinity fluctuations associated with brine discharge
from two desalination plants (Garrote-Moreno et al., 2014).
Physiologically, dolphins and other marine mammals are highly-
evolved osmoregulators, with a kidney structure developed
for habitats with a broad salinity range, indicating that higher
localized salinities should not cause significant physiological
stress if exposure to extreme conditions is not prolonged (Ortiz,
2001).

The ecological characteristics of the GR community,
principally low site fidelity and more transient behavior, suggest
the operation of a proposed desalinization plant in the northern
metropolitan waters of Perth (as has been discussed—see
Mercer, 2013) would be unlikely to have as adverse an impact as
might occur for a community showing strong site fidelity and
near continuous occupancy of the affected area. Nonetheless,
environmental change may induce displacement (Dungan et al.,
2012) or splitting (Nishita et al., 2015) of the community, which
may have adverse ecological impacts because some individuals
are essential for maintaining the cohesion of the network (i.e.,
metapopulation) and controlling the flow of information within
it (Lusseau and Newman, 2004).

Harbor Construction in Cockburn Sound (CS)
Two harbor developments have been proposed for the Kwinana
Shelf region in CS, a private port and a new Outer Harbor facility
for the Port of Fremantle. The construction of harbor facilities
presents a range of risks for dolphins, including reduction or
displacement of dolphins because of direct and indirect impacts
from construction-related activities (e.g., Pirotta et al., 2013;
Todd et al., 2015; Culloch et al., 2016). Potential impacts on
dolphins include but are not limited to: (1) disturbances or
changes in behavior from construction noise and vibration;
(2) displacement due to a change in prey availability resulting
from modification or removal of habitat because of dredging or
the construction of infrastructure; and (3) health issues arising
from changes in water quality (e.g., sedimentation and increased
incidence of algal blooms), circulation patterns (e.g., reduced
flushing), and increased chemical contaminants (Environmental
Protection Authority, 1998).

Here, the risks of a harbor development are significant because
the core area of the CS community is located in the Kwinana

Shelf, an area that has ecological significance for dolphins as
foraging habitat and as a nursery area (Finn, 2005; Finn and
Calver, 2008). In particular, the loss of nursing habitat for females
and calves may impose substantial fitness costs on individual
dolphins through reduced reproductive success. The strong,
long-term spatial association of dolphins with the area and the
absence of habitat with environmental characteristics similar to
the Kwinana Shelf suggest that dolphins would not be able to
compensate for the loss of habitat on the Kwinana Shelf by
shifting to other, nearby areas. The extent to which dolphins
use new harbor facilities for foraging may depend on the harbor
designs, the materials used, and the fish assemblages those areas
ultimately sustain.

CONCLUSIONS

This study emphasizes the need for EIAs to focus on the relevant
local wildlife populations that will be affected by proposed
developments and activities. Here, we applied a methodology
of broad utility to identify multiple communities of bottlenose
dolphins in a heterogeneous coastal environment and then used
information on their social and spatial structures, residency
patterns, and abundances used to assess the vulnerability of
each community to a particular environmental impact. Such
results could also be informative for Marine Spatial Planning
and Cumulative Impact Mapping. One local population, the
SCR community, appeared to be at some risk of local extinction
because of its small size and reliance on an estuary which is only
connected to adjacent coastal waters by a heavily-used harbor
area.

While mobile marine fauna such as bottlenose dolphins
may range over large areas of ocean or coastline, they may
also exhibit fine-scale population structure reflecting long-term
residency, strong site fidelity, limited ranging patterns and
strong, long-term associations with particular conspecifics. Other
species may exhibit short-term residency in defined coastal
areas, e.g., for breeding or feeding. The proper evaluation of
impacts of coastal and estuarine developments therefore requires
information about the distribution of species at an individual
level (i.e., spatial and temporal scales) and their connection at
community level (i.e., metapopulation dynamics).
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