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Abstract
Little is known about the population ecology of the recently described bottlenose dolphin species Tursiops australis. The
classification of this species is still under debate, but this putative species is thought to be comprised of small and genetically
distinct populations (including sub-populations under increasing anthropogenic threats) and is likely endemic to coastal
southern Australia. Mitochondrial DNA (mtDNA) control region sequences and microsatellite loci were used to assess genetic
variation and hierarchical population structure of coastal T. cf. australis across a range of spatial scales and environmental
discontinuities between southern Western Australia (WA) and central South Australia (SA). Overall, genetic diversity was
similar to that typically found for bottlenose dolphins, although very low mtDNA diversity was found in Gulf St. Vincent
(GSV) dolphins. We found historical genetic subdivision and likely differences in colonisation between GSV and Spencer
Gulf, outer- and inner-gulf locations, and SA/WA and previously identified Victorian/Tasmanian populations. A hierarchical metapopulation structure was revealed along southern Australia, with at least six genetic populations occurring between
Esperance, WA and southern Tasmania. In addition, fine-scale genetic subdivision was observed within each SA/WA population. In general, contemporary migration was limited throughout southern Australia, but an important gene flow pathway
was identified eastward along the Great Australian Bight. Management strategies that promote gene flow among populations
should be implemented to assist with the maintenance of the inferred metapopulation structure. Further research into the
population ecology of this species is needed to facilitate well-informed management decisions.
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Introduction
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10592-017-1043-6) contains
supplementary material, which is available to authorized users.
* Luciana M. Möller
luciana.moller@flinders.edu.au
1

Molecular Ecology Laboratory, College of Science
and Engineering, Flinders University, Bedford Park,
SA 5042, Australia

2

Cetacean Ecology, Behaviour and Evolution Laboratory,
College of Science and Engineering, Flinders University,
Bedford Park, SA 5042, Australia

3

Department of Biological Sciences, Faculty of Science
and Engineering, Macquarie University, Sydney, NSW 2109,
Australia

Worldwide, populations of large mammals are experiencing major declines, with an estimated 25% of mammal species threatened with extinction, and a further 836 species
classified as ‘data deficient’ (Schipper et al. 2008). Marine
mammals, particularly cetaceans, are amongst the most
endangered taxa due to anthropogenic threats and several
life-history characteristics that restrict their adaptation to
changing environments and human-induced impacts (Schipper et al. 2008; Magera et al. 2013). Informed management
decisions are crucial for the conservation of these animals.
Population genetics plays a central role in improving conservation efforts, allowing important population parameters to
be estimated, such as genetic diversity and rates of migration
between populations (Hedrick 2001). By gaining a better
understanding of threats affecting particular populations,
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management bodies can improve the efficacy of conservation strategies.
Cetaceans are highly mobile marine mammals with the
ability to disperse over vast distances in search of suitable
foraging and nursery grounds (Boyd 2004). Despite this,
many cetaceans exhibit considerably higher levels of population genetic structure than expected (e.g. Bilgmann et al.
2007a; Möller et al. 2011; Perez-Alvarez et al. 2015). Physical barriers to the dispersal of cetaceans in the oceans are
not common, but gene flow among dolphin populations can
be affected by other several factors, such as oceanographic
features (e.g. Natoli et al. 2005; Bilgmann et al. 2008; Mendez et al. 2010), complex social structures and dispersal
patterns (reviewed in Möller 2011), and discontinuous prey
distributions (e.g. Dowling and Brown 1993; Bilgmann et al.
2007a). These factors impact on dolphin species to varying
degrees, and often the level of genetic structuring among
populations within species can differ dramatically (e.g. D.
delphis, Bilgmann et al. 2008; Querouil et al. 2010; Moura
et al. 2013; Amaral et al. 2012; Stenella frontalis; Caballero
et al. 2013; Viricel and Rosel 2014).
Globally, bottlenose dolphins (Tursiops spp.) exhibit complex patterns of population genetic structure. Coastal bottlenose dolphins often exhibit fine-scale population genetic
structure (e.g. Möller et al. 2007; Fruet et al. 2014; CharltonRobb et al. 2015), while oceanic populations typically maintain higher gene flow levels (Querouil et al. 2007; Silva et al.
2008). In addition, adjacent coastal and oceanic populations
often differ both genetically and morphologically (Mead and
Potter 1995; Hoelzel et al. 1998; Lowther-Thieleking et al.
2015). Genetic breaks in Tursiops populations are typically
associated with differences in oceanographic and ecological
features (e.g. Hoelzel et al. 1998; Natoli et al. 2005; Bilgmann et al. 2007a). Differential dispersal patterns between
sexes are also thought to impact substantially on bottlenose
dolphin population structure, particularly in coastal populations where female philopatry is common (Möller and
Beheregaray 2004; Wiszniewski et al. 2010).
Clarifying dolphin metapopulation structure and dynamics helps to identify small and localised biological units
potentially at risk of extinction through demographic and
genetic stochasticity. It has been suggested that a pattern of
partly-isolated and distinct genetic populations is typical of
the recently described bottlenose dolphin species (Tursiops
australis), which appears to be endemic to coastal southern Australian waters (Möller et al. 2008; Charlton-Robb
et al. 2011, 2015). The recognition of T. australis as a separate species is still under debate among marine mammal
scientists. As such, the populations from coastal southern
Australia are referred herein as T. cf. australis. CharltonRobb et al. (2015) described two genetically distinct populations in the eastern region of the species range [i.e. Victoria
(VIC) and Tasmania (TAS)], while Bilgmann et al. (2007a)
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documented two additional populations in the central range
of the species [i.e. around Spencer Gulf (SG) in South Australia (SA)]. Those in SA are thought to be separated by
environmental differences between coastal habitats within
SG and adjacent waters outside the gulf (Bilgmann et al.
2007a). Southern Australian bottlenose dolphin populations
often reside in inshore and nearshore waters in close proximity to areas highly impacted by human activities, such as
shipping, commercial and recreational fishing, aquaculture,
tourism, and pollution (Bilgmann et al. 2007a; CharltonRobb et al. 2015; Zanardo et al. 2016), as well as potential
upcoming oil mining areas in the Great Australian Bight
(see Chevron Australia 2016). Ongoing threats increase
the vulnerability of these bottlenose dolphins to population
disturbances, declines and/or extinction, and highlight the
importance of well-informed conservation strategies.
In this study, we elucidate the metapopulation structure
of coastal bottlenose dolphins (T. cf. australis) in southern
Australia by carrying out complementary phylogeographic
and population genetic analyses using mitochondrial DNA
(mtDNA) and nuclear datasets. For the purposes of this
study, a genetic population can be defined in a similar manner to a ‘management unit (MU)’, being “demographically
independent populations” based on statistically significant genetic differentiation (and thus low gene flow) at the
nuclear level (see Palsbøll et al. 2007). We test for hierarchical population structure and investigate if population connectivity is influenced by spatial distance between demes, by
major environmental discontinuities, or by sex-biased dispersal. This was achieved by analysing samples from putative populations between southern Western Australia (WA)
and central SA, including nested sampling within two gulfs
and one embayment. Additionally, we compared the mtDNA
of dolphins from our study region to those of samples collected from the eastern range of the species in VIC and TAS
(Charlton-Robb et al. 2015), therefore covering most of the
species’ range. Our findings provide timely information
that is currently lacking on patterns of connectivity in a top
predator across the marine park networks along the southern
Australia coastline. We report on the metapopulation connectivity and on the number of population units for T. cf.
australis for over 2000 km of southern Australia’s coast,
providing novel information for conservation management
of this species.

Materials and methods
Study sites and sample collection
Biopsy samples from free-ranging bottlenose dolphins (T.
cf. australis) were collected from various vessels between
2004 and 2015 at 11 locations in southern Australian waters
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from inner-gulf (inside Gulf St. Vincent or Spencer Gulf)
and open-coast (outside of these gulfs) habitats (Fig. 1;
Table S1). Our study substantially extends the geographic
coverage of population genetics work done with this species
(Bilgmann et al. 2007a; Charlton-Robb et al. 2015). The
locations sampled include, for the first time, several sites
representing the two SA gulfs and samples from southwestern Australia. Skin and blubber samples were collected from
individuals using either a hand-held biopsy pole for bow-riding dolphins (Bilgmann et al. 2007b) or a remote biopsy gun
system (Krützen et al. 2002). Resampling of individuals was
minimised by visually checking for biopsy wound marks on
the animal’s body and through identification of recognisable
dorsal fin characteristics. No samples were obtained from
dependent calves. Biopsy samples were preserved in either
90% ethanol or a salt-saturated solution of 20% dimethyl
sulphoxide (DMSO), and later stored at − 80 °C.

Genetic methods
DNA extraction and molecular sexing
DNA was extracted from biopsy samples using the saltingout protocol (Sunnucks and Hales 1996) and quantified
using a ND-1000 spectrophotometer (NanoDrop). The sex
of individual dolphins was genetically determined by using
the polymerase chain reaction (PCR) to amplify fragments
of the ZFX and SRY genes on the X and Y chromosomes
respectively, following a protocol originally developed
by Gilson et al. (1998), and performed as per conditions
reported in Möller et al. (2001).
mtDNA sequencing and comparison with published data
from the eastern range of the species
A mtDNA control region fragment of approximately 450
base pairs (bp) in length was amplified for 134 samples (as
per supplementary material). Purified PCR products were
sequenced via capillary electrophoresis conducted on an
Applied Biosystems ABI 3730xl DNA analyser. Ninety-two
control region sequences of samples collected in 2004/05
were previously available from Bilgmann et al. (2007a).
We also compared our mtDNA results with 159 published
T. australis control region sequences (GenBank accession
numbers JN571464 to JN571469 and JN571481; trimmed to
418 bp) of samples collected from the eastern-most known
range of the species in Victoria (VIC) and Tasmania (TAS)
(Charlton-Robb et al. 2015).
Microsatellite genotyping
A total of 175 individuals were genotyped using 11 polymorphic cetacean nuclear microsatellite loci (as per

supplementary material). Although many of the individuals
genotyped were the same as those sequenced for the mtDNA
control region, sample size differences exist between the
two datasets due to a number of poor quality mtDNA control region sequences. We also had mtDNA control region
sequences for a number of individuals for which tissue was
no longer available, and consequently microsatellite analysis
could not be completed. Samples were mixed with an internal size standard and run on an ABI 3130 Genetic Analyser.
Allele fragment sizes were scored using GENEMAPPER
v.4.1 (Applied Biosystems), and checked individually.

Statistical analyses
mtDNA analysis
A total of 134 mtDNA control region sequences were
cleaned and 226 sequences [134 from this study and 92 from
Bilgmann et al. (2007a)] were aligned using SEQUENCHER
v5.2.4 (Gene Codes Corporation, Ann Arbor, MI, USA)
resulting in a 437 bp fragment. ARLEQUIN v3.5.2.2
(Excoffier and Lischer 2010) was used to estimate nucleotide and haplotypic diversity for each putative population
based on sampling location. Pairwise genetic differentiation
between putative populations, and the associated statistical
significance was calculated in ARLEQUIN based on 10,000
permutations. Genetic differentiation was estimated by F
 ST,
which takes only haplotype frequency into account, and ΦST,
which also incorporates a genetic distance [Tamura and Nei
(1993) with gamma correction, α = 0.5 as previously used
for T. cf. australis (Bilgmann et al. 2007a)]. To balance the
risks of Type 1 and 2 errors significance levels for all multiple tests (including microsatellite analyses) were corrected
using Benjamini and Yekutieli’s (2001) method (B–Y correction) (see Narum 2006). A median-joining network of
haplotypes was constructed in NETWORK v.4.6.1.3 with
default settings (Bandelt et al. 1999) to investigate genealogical relationships among mtDNA control region haplotypes.
Pairwise genetic differentiation and the median-joining haplotype network were then re-analysed with the addition of
159 T. cf. australis sequences (418 bp) from VIC and TAS
(Charlton-Robb et al. 2015) to gauge maternally-derived patterns of population structure on a larger geographic scale.
Microsatellite analysis
The microsatellite dataset was screened for potential scoring
errors, presence of null alleles, stuttering and large allelic
dropout using MICROCHECKER v2.2.3 (Van Oosterhout
et al. 2004). Samples of the same sex, and with identical
mtDNA haplotypes and microsatellite genotypes [identified
using GenAlEx v6.5 (Peakall and Smouse 2006, 2012)],
were considered to be the same individual and were included

13

Conservation Genetics

Haplotypes

Western
Australia

B
N

H2

H3

H4

H5

H6

H8

H9

H10

H11

H12

H13

South
Australia
!(

!(

H1

A

!( !(

!(
!(
!(
!( !( !(
!(

H7

A
Victoria

Tasmania

Port Augusta (PA)

St. Francis Island (FI)

Northern
Spencer Gulf
(NSG)

South Australia (SA)

Port Pirie (PP)

Eyre Peninsula (EP)

Spencer
Gulf (SG)

C

Port
Wakefield (PW)

Stansbury
(SB)
(SB)

Port Lincoln (PL)
Southeastern Spencer Gulf (SESG)

Gulf St.
Vincent (GSV)

Adelaide
(AD)

Cape
Jervis (CJ)

B

Western Australia (WA)

Coffin Bay (CB) Region

Esperance
(ESP)
Cape Le
Grand

13

C

Outer Area (CBOA)
Inner Area (CBIA)

Conservation Genetics
◂Fig. 1  Map of southern Australia, illustrating Tursiops cf. australis

biopsy sampling locations, and mitochondrial DNA (mtDNA) control
region haplotype distribution. Pie charts lie adjacent to the respective
sampling locations. Coloured sectors are proportional to the number
of individuals bearing a given haplotype in each location. (Color figure online)

only once in the dataset. Relatedness estimates were calculated in GenAlEx based on the Queller and Goodnight
(1989) estimator. Estimates of ≥ 0.5 indicate likely firstorder relatives, as a mean relatedness value of 0.5 is expected
for parent-offspring pairs and full siblings (DeWoody et al.
2010). Twelve likely first-order relative pairs were found,
none of which had individuals from different putative populations, and as such, one of each pair was removed from the
original dataset to avoid analytical biases.
Tests for linkage disequilibrium (B–Y corrected
α = 0.0108) and exact tests for departures from Hardy–Weinberg equilibrium (HWE) (B–Y corrected α = 0.0165) were
conducted for each putative population in GENEPOP v.4.2
(Raymond and Rousset 1995; Rousset 2008) based on the
Markov chain method and 1000 iterations. ARLEQUIN was
used to calculate the mean number of alleles per locus, and
mean observed and expected heterozygosity for each sampling location. Allelic richness for each sampling location
was calculated in FSTAT v.2.9.3.2 (Goudet 2001).
FST values were calculated in ARLEQUIN to determine
genetic differentiation levels and corresponding statistical
significance among pairs of sampling sites, based on 10,000
permutations. FST was chosen as it is a relatively conservative measure for estimation of population differentiation
when sample sizes and the number of loci are relatively
small (Gaggiotti et al. 1999). Confidence intervals were
calculated for FST estimates using the R package ‘diveRsity’ (Keenan et al. 2013). Coffin Bay (CB) area samples
were collected in both 2005 and in 2014/2015, providing a
temporal comparison of genetic differentiation in this area.
Based on microsatellite FST values, no significant genetic
differentiation was found between the two CB datasets
(Table S3). We thus removed the 2005 samples from the
dataset in order to retain a similar sample size among all
localities [CBIA n = 25/28 (mtDNA/microsatellites) compared to n = 10–26 for each other site). Samples from different embayments in the inner area of CB (known to belong to
different social communities of dolphins (Diaz-Aguirre et al.
unpublished data)] exhibited no significant genetic differentiation (Table S3) and were combined to putatively form
the inner CB population. Port Augusta (PA) and Port Pirie
(PP) samples, and northern and southern Adelaide social
communities (Zanardo et al. unpublished data) also demonstrated no significant differentiation between respective
location pairs and were subsequently merged to represent
northern Spencer Gulf (NSG) and the Adelaide metropolitan

coast, respectively (Table S3). While we acknowledge that
sample sizes in some cases, particularly northern SG, were
too low to return reliable FST estimates, using these estimates
to group individuals from different sampling locations that
were not significantly genetically differentiated from one
another was necessary to improve sample sizes for these
locations for further analyses. Further sampling in northern
SG is needed to better elucidate the population genetic structure in that region. Jost’s D (Jost 2008) was also calculated to
determine pairwise genetic differentiation among sampling
locations, based on 10,000 permutations in GenAlEx. Jost’s
D is independent of genetic variation, allowing it to be used
when there is high genetic variation within populations, a
situation where FST may underestimate differentiation (Jost
2008; Bird et al. 2011).
The Bayesian clustering method employed in STRU
CTURE v.2.3.4 (Hubisz et al. 2009) was used to test for
the presence of population structure and identify the most
likely number of genetic clusters (K) in the dataset. This
method was implemented with, and then again without,
prior sampling location information provided. The initial burn-in period of 200,000 iterations was followed
by 106 Markov chain Monte Carlo (MCMC) repetitions,
for K values one to 14 [Kmax = number of sampling locations + number of known social communities in CB and
Adelaide metropolitan coast based on photo-identification
studies (Diaz-Aguirre et al. unpublished data; Zanardo
et al. unpublished data)] using both the admixture and correlated allele frequency models (P(X/K)), and 20 iterations
for each K value. Based on the results, the dataset was then
separated into sites to the east and west of Eyre Peninsula
(EP) to investigate the potential presence of hierarchical
genetic structure. Values of K between one and ten, and
one and seven, were used for the eastern and western sites
respectively, along with the same initial parameter settings. The dataset was further split into four genetic populations, and STRUC TUR E re-run with the same initial
parameter settings and K values between one and four for
both the CBIA/CBOA and SG datasets, between one and
three for the ESP/FI dataset, and between one and five for
the GSV/CJ dataset. STRUCTURE HARVESTER (Earl
and vonHoldt 2012) was used to estimate the most likely
K from the STRUCTURE results using both the Evanno
and log-likelihood (L(K)) methods (described in Evanno
et al. 2005). CLUMPAK (Kompelman et al. 2015) was
implemented to combine the graphs created from the iterations of each K value. A discriminant analysis of principal components (DAPC) using the R package ‘adegenet’
(Jombart et al. 2010; Jombart and Ahmed 2011) was then
run to further test for the presence of hierarchical structure as inferred by STRUC TUR E, by assigning sites to
the east and west of EP to two separate clusters and testing for significant divergence between them. The ‘find.
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clusters’ function in adegenet was also used to determine
the most likely number of genetic clusters in the dataset.
One hundred principal components were retained, as was
the first discriminant function. Finally, ARLEQUIN was
used to perform a hierarchical analysis of molecular variance (AMOVA) grouping locations based on the STRU
CTURE results to better assess the distribution of genetic
variation in regard to hierarchical structure. Significance
was tested with 10,000 permutations.
Isolation by distance (IBD) was tested using IBDWS
v.3.23 (Jensen et al. 2005) to assess the relationship
between genetic [linearised F ST ( F ST/(1−F ST)] and seascape geographical distance. Tests were done both including and excluding Esperance (WA), as this was the most
geographically separated sampling location. A stratified
Mantel test using linearised F
 ST was run in GENODIVE
v2.0b27 (Meirmans and Van Tienderen 2004) due to the
potential presence of hierarchical structure (see STRU
CTURE results). This test has been shown to distinguish
between patterns resulting from clustering compared to
those from IBD (Meirmans 2012). Statistical significance
was evaluated using 10,000 permutations. The geographical distance matrix was calculated using Google Earth
(2012) following the shortest nearshore distance between
each sampling location. This is the most likely path of
travel for T. cf. australis moving between areas [confirmed
from aerial survey sightings throughout the sampling
region (Bilgmann et al. unpublished data)].
The magnitude and direction of contemporary gene
flow (over the last few generations) among the four identified genetic populations (see STRUCTURE results) was
estimated using the Bayesian multilocus approach implemented in BAYESASS v.3.0 (Wilson and Rannala 2003).
Four independent runs were performed using 106 burn-in
and 1 0 7 MCMC repetitions, and a sampling interval of
100. The mixing parameters (migration rates, allele frequencies and inbreeding coefficients) were adjusted to 0.20
in order to obtain acceptance rates of 20–60%, as suggested by Rannala (2007). Convergence was examined by
conducting four independent runs initialised with different
seeds, and then comparing the posterior mean parameter
estimates for concordance among runs.
The potential for sex-biased dispersal was investigated
using GenAlEx to calculate corrected assignment indices
(AIc) for both sexes in the four identified genetic populations (see STRUCTURE results). Under the method utilised by GenAlEx, assignment indices (AI) are corrected
for population effects by subtracting population means
after log-transformation. Significance was tested with a
two-tailed U-test. To test the reliability of these results,
FSTAT was also used to establish mean relatedness (R)
between same-sex pairs, using 100 randomisations.
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Results
Genetic variation
Mitochondrial DNA
A 437 bp fragment of the mtDNA control region was analysed for 178 T. cf. australis samples (excludes CB 2005
samples, likely first-order relatives and duplicate samples).
This revealed the presence of 13 haplotypes in the sampled
putative populations, including three novel haplotypes for
the species (H11, H12, H13; Fig. 2 and Fig. S1). Between
one and five haplotypes were identified at each sampling
location. Gulf St. Vincent (GSV) dolphins had considerably
lower haplotypic and nucleotide diversity compared to all
other locations, while SG communities showed diversity levels more consistent with open-coast dolphins (Table 1). VIC
and TAS populations (based on a 418 bp fragment) displayed
a similar pattern of variability in nucleotide and haplotypic
diversity among locations (Table S2).
Microsatellite data
Nuclear DNA diversity varied little among locations, but was
in general slightly lower for embayment and gulf populations
(Table 1). Levels of observed and expected heterozygosities
were similar across all putative populations (Table 1). There
was no evidence for linkage disequilibrium, or significant
deviations from HWE that were consistent across loci and
populations (Table 1).

Genetic differentiation
Mitochondrial DNA
In general, pairwise mtDNA control region genetic differentiation using FST and ΦST estimated similar levels of differentiation, revealing contrasting patterns in the two SA
gulfs. While all SG sample locations were found to be highly
differentiated from one another (FST = 0.206–0.463), GSV
locations were not significantly different from each other
(FST = 0.000–0.006; Table 2). Similarly, samples from the
outer (CBOA) and inner (CBIA) CB areas were not significantly differentiated (Table 2). There was little haplotype
sharing (Fig. 1) and a variable pattern of moderate differentiation (Table 2) between gulfs, and inner-gulf and opencoast communities.
The haplotype network proposed haplotype 1 (H1)
as the ancestral haplotype [in agreement with Bilgmann
et al. (2007a)]. The shape of the network suggests recent
matrilineal diversification in SA and WA (Fig. 2; Fig. S1)
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Fig. 2  Median-joining network of 178 Tursiops cf. australis mtDNA
control region haplotypes (437 bp) from southern Australia (haplotypes beginning with ‘H’), and 159 T. australis control region haplotypes (418 bp) from southeastern Australia (see Charlton-Robb et al.
2015 for geographic locations; locations marked with an asterisk (*),
haplotypes beginning with “BurruCR”). The size of the circles is proportional to the total number of individuals bearing that haplotype;
black connecting lines represent one mutational step between haplotypes; small white circles represent missing haplotypes; coloured sec-

tors in circles are proportional to the number of individuals bearing
a given haplotype at each sampled location. Location abbreviation
explanations are given in Fig. 1 and Table 1, or for locations marked
with an asterisk in Table S1. Haplotypes are named in line with those
published by Bilgmann et al. (2007a) (GenBank accession numbers
EF192140 to EF192149) and Charlton-Robb et al. (2015) (GenBank
accession numbers JN571464 to JN571469 and JN571481). (Color
figure online)

demonstrated by sampled haplotypes being a maximum of
three mutational steps from H1. This is consistent with the
low levels of nucleotide diversity found, particularly in GSV
(Table 2). GSV dolphins had an almost uniform distribution of H1, with only 3.5% of sampled individuals having
another haplotype (H11). Conversely, nine haplotypes were
found in SG dolphins, with four unique to this gulf (Fig. 1).
A 418 bp fragment of the mtDNA control region was then
used to compare samples from our study region to VIC and
TAS populations. There was only one haplotype (H3/BurruCR5) that was represented in both the VIC and TAS, and
SA and WA populations. This haplotype was reported in one
individual from Westernport Bay in VIC, and 27 individuals
throughout central and western southern Australia (Fig. 2).
All other sampled haplotypes from VIC and TAS were
three to six mutational steps from H1 (Fig. 2), suggesting
a relatively longer period of isolation between than within
dolphins from these two regions (central/western vs eastern
southern Australia). MtDNA differentiation estimates supported this, showing that samples from VIC and TAS were

generally highly differentiated from all populations in SA
and WA (Table 2).
Microsatellite data
While the two microsatellite fixation indices showed a similar pattern of differentiation among sampling sites, overall
Jost’s D estimated higher levels of divergence. This indicates
that FST may have underestimated population differentiation
due to high levels of genetic variation within populations
(Jost 2008; Bird et al. 2011). The highest levels of divergence were found between gulf and open-coast localities
(FST = 0.023–0.182; Table 3). GSV sample locations exhibited low levels of differentiation from one another ( FST =
0.014–0.026), while SG locations demonstrated considerably higher differentiation ( FST = 0.037–0.074; Table 3),
although there was some overlap in the confidence intervals
for FST estimates among sites from the two gulfs (Table S4).
Significant differentiation was revealed between CBOA and
CBIA populations (Table 3), which attests for the power
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quality mtDNA control region sequences, and the availability of mtDNA control region sequences for a number of individuals for which tissue was no longer available and consequently microsatellite analysis could not be completed

0.778 (0.091)
0.791 (0.059)
0.659 (0.072)
0.577 (0.066)
0.688 (0.055)
0.654 (0.106)
0.803 (0.078)
0.000 (0.000)
0.000 (0.000)
0.148 (0.089)
0.526 (0.153)

h

n

NH

n

M/F

Microsatellites

Mitochondrial DNA

Locations are ordered by geographic position from west to east

Esperance (ESP)
St. Francis Island (FI)
Coffin Bay—Outer Area (CBOA)
Coffin Bay—Inner Area (CBIA)
Port Lincoln (PL)
Northern Spencer Gulf (NSG)
Southeastern Spencer Gulf (SESG)
Stansbury (SB)
Port Wakefield (PW)
Adelaide (AD)
Cape Jervis (CJ)

Location (abbreviation)

Table 1  Summary of genetic variability for Tursiops cf. australis in southern Australia based on 178 mitochondrial DNA (mtDNA) control region sequences (437 bp) and 11 microsatellite loci
for 175 samples
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0.213
0.278
0.312
0.289
0.424
0.117
0.214
0.226
0.270
0.159
0.589
0.371
0.373
0.146
0.273

0.037
0.025
0.028
0.428
0.139
0.233
0.243
0.307
0.022
0.561
0.341
0.361
0.141
0.261

0.215

FI

0.038
− 0.037
0.484
0.192
0.343
0.354
0.424
0.074
0.610
0.380
0.410
0.236
0.338

0.280
0.038

CBOA

− 0.013
0.483
0.249
0.333
0.341
0.401
0.172
0.611
0.427
0.433
0.303
0.385

0.313
0.025
0.037

CBIA

0.463
0.206
0.309
0.317
0.380
0.119
0.574
0.350
0.395
0.222
0.320

0.290
0.028
− 0.037
− 0.013

PL

0.413
0.640
0.650
0.685
0.440
0.615
0.436
0.412
0.239
0.341

0.423
0.430
0.489
0.486
0.468

NSG

0.138
0.147
0.203
0.061
0.570
0.339
0.360
0.130
0.257

0.114
0.139
0.195
0.250
0.208
0.416

SESG

0.000
0.002
0.125
0.783
0.892
0.594
0.817
0.756

0.208
0.229
0.342
0.329
0.306
0.639
0.131

SB

0.006
0.134
0.785
0.898
0.597
0.828
0.767

0.220
0.239
0.353
0.337
0.314
0.650
0.141
0.000

PW

0.180
0.763
0.804
0.585
0.725
0.714

0.266
0.304
0.425
0.398
0.378
0.684
0.197
0.002
0.006

AD

0.654
0.510
0.454
0.338
0.417

0.158
0.020
0.075
0.170
0.118
0.442
0.062
0.123
0.132
0.179

CJ

− 0.016
0.572
0.594
0.625

0.748
0.772
0.774
0.745
0.740
0.841
0.812
0.864
0.865
0.872
0.805

PPB*

0.581
0.366
0.584

0.478
0.500
0.454
0.473
0.440
0.694
0.583
0.851
0.858
0.870
0.589
0.178

WPB*

− 0.025
0.209

0.766
0.757
0.776
0.725
0.741
0.828
0.809
0.837
0.839
0.850
0.803
0.554
0.481

GIPS*

0.036

0.663
0.643
0.652
0.589
0.601
0.796
0.729
0.939
0.943
0.940
0.763
0.586
0.379
− 0.056

VIC*

0.746
0.713
0.722
0.652
0.664
0.839
0.789
0.948
0.951
0.946
0.813
0.664
0.450
0.054
0.074

TAS*

Samples sizes are given in parentheses after sampling location. Location abbreviation explanations are given in Fig. 1 and Tables 1 and S1

Locations marked with an asterisk (*) were published in Charlton-Robb et al. (2015); 159 samples were compared to our samples using a 418 bp control region fragment. Locations are ordered
by geographic position from west to east. Mitochondrial FST values are given below the diagonal and ΦST values (Tamura and Nei distance measure) above the diagonal. Significant results are
indicated by bold text (B–Y corrected critical value α = 0.0108, and samples from *locations α = 0.0093)

ESP (10)
FI (15)
CBOA (14)
CBIA (25)
PL (23)
NSG (13)
SESG (12)
SB (13)
PW (14)
AD (26)
CJ (13)
PPB* (64)
WPB* (5)
GIPS* (73)
VIC* (3)
TAS* (7)

ESP

Table 2  Pairwise fixation indices between 11 sampling locations in southern Australia based on 178 Tursiops cf. australis mitochondrial DNA (mtDNA) control regions sequences (437 bp)
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Table 3  Pairwise fixation
indices between 11 sampling
locations in southern Australia
based on 11 microsatellite loci
across 175 Tursiops cf. australis
samples

ESP
ESP (10)
FI (13)
CBOA (15)
CBIA (28)
PL (17)
NSG (11)
SESG (10)
SB (16)
PW (15)
AD (26)
CJ (14)

0.060
0.072
0.053
0.096
0.182
0.083
0.125
0.121
0.086
0.058

FI

CBOA

CBIA

PL

NSG

SESG

SB

PW

AD

CJ

0.133

0.129
0.124

0.097
0.162
0.078

0.203
0.191
0.118
0.201

0.331
0.222
0.162
0.167
0.123

0.191
0.109
0.065
0.095
0.073
0.075

0.254
0.175
0.165
0.180
0.170
0.153
0.126

0.248
0.156
0.124
0.154
0.151
0.122
0.123
0.045

0.179
0.156
0.087
0.131
0.099
0.108
0.083
0.044
0.026

0.127
0.161
0.154
0.120
0.129
0.205
0.095
0.044
0.105
0.031

0.062
0.079
0.084
0.122
0.047
0.084
0.073
0.071
0.068

0.048
0.063
0.111
0.036
0.093
0.070
0.047
0.078

0.103
0.103
0.049
0.099
0.085
0.069
0.060

0.074
0.037
0.089
0.079
0.051
0.061

0.046
0.096
0.078
0.064
0.114

0.064
0.062
0.042
0.043

0.026
0.024
0.023

0.014
0.053

0.017

Locations are ordered by geographic position from west to east. Microsatellite FST values are given below
the diagonal, and Jost’s D above the diagonal. Significant results are indicated by bold text (B–Y corrected
critical value α = 0.0108)
Samples sizes are given in parentheses after sampling location. Location abbreviation explanations are
given in Fig. 1 and Tables 1 and S1

of microsatellite markers to disclose fine-scale patterns of
genetic structure.
As STRUCTURE results were similar for models with
and without location-prior, only results of the latter are
provided here. Hierarchical metapopulation structure was
revealed by STRUCTURE modelling, with a strong first
division between sites to the east and west of EP in SA
(Fig. 3a). Analysis of only the sites east of EP showed
clear separation between gulfs indicating that SG and
GSV/Cape Jervis (CJ) belong to two genetically distinct
populations (Fig. 3b). This interpretation was supported
by both the log-likelihood (L(K)) and Evanno methods
(DeltaK) estimating that two genetic populations with
potential further sub-division was the most well supported

number of populations for this sub-analysis (Fig. S2A
and B). Within the GSV/CJ genetic population statistical support was given for a further two sub-populations,
with dolphins from Port Wakefield (PW) (top of GSV)
and CJ (open-coast at the opening of GSV) being genetically differentiated, while Stansbury (SB) and Adelaide
(AD) dolphins (mid-Gulf positions on western and eastern
side, respectively) showed admixture with both (Fig. S3A,
Fig. S5A and B). Similarly, the SG genetic population was
found to be further differentiated, with NSG and southeast
SG (SESG) dolphins forming a separate sub-population
from individuals sampled around the more open location
of Port Lincoln (PL) at the opening of SG (Fig. S3B, Fig.
S5C and D).

A
ESPlhhFIhhhCBOAhhhhhCBIAgggkkllgPLhllffNSGllSESGhlhSBhhhlhPWhhlllllhhADhhhlllllllhCJ

B
PLhlhhNSGhSESGhhSBhhhflhPWhhlllllhhADhhhhhhhhCJ

C
ESPhhhhhFIhhhhhhCBOAhhhhkkhhhCBIA

Fig. 3  Tursiops cf. australis STRU
CTU
RE results with locational
prior for a all 11 sampling locations in southern Australia (175 individuals); and b localities east of Eyre Peninsula only (66 individuals),
c localities west of Eyre Peninsula only (109 individuals) to test for
hierarchical population structure. Each vertical column represents
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an individual dolphin, and separation of the columns into orange/
blue represents the probability of that individual belonging to a given
population. Locations are ordered by geographic position from west
to east for all analyses. Location abbreviation explanations are given
in Fig. 1 and Tables 1 and S1. (Color figure online)
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Both Evanno and log-likelihood methods also estimated
that the most likely number of populations to the west of EP
was two (Fig. S2C and D), suggesting that although Esperance (ESP) dolphins show some level of admixture with the
CBIA population, they belong to a separate genetic population alongside St. Francis Island (FI) individuals (Fig. 3c).
The CBIA and CBOA communities represent another
genetic population, with CBOA dolphins potentially facilitating contemporary gene flow with the ESP/FI population
and/or additional(s) unsampled “ghost population(s)” (see
Beerli 2004; Slatkin 2005) (Fig. 3c). While K = 2 was the
most statistically supported number of genetic populations
for the dolphins to the west of EP (Fig. S2B), further clarification emerges when considering K = 3 in this sub-analysis.
The CBOA dolphins emerge as a separate sub-population,
but FI and ESP individuals still cluster together (Fig. S4).
When considering the CBOA/CBIA population separately
further genetic structuring was revealed with the sub-population split into further sub-populations (Fig. S3C). This
may relate to the presence of kin-biased social communities
within CB (Diaz-Aguirre, et al. in prep.). However, additional analysis of the ESP/FI population displayed no further
genetic structuring between dolphins from the two locations
(Fig. S3D). Hierarchical structure was further supported by
the DAPC method, with significant divergence between dolphins sampled at sites east and west of EP (Fig. S6), and
further subdivision into four genetic clusters (Fig. S7). The
AMOVA also supported hierarchical structure, with significant differentiation between sites east and west of EP, and
among sampling locations (Table S5). Although a Mantel

Fig. 4  Recent migration rate
estimates among four genetic
populations of Tursiops cf.
australis in southern Australia
coastal waters. Percentages
within circles represent the
proportion of non-migrants in
the genetic population. Location
abbreviation explanations are
given in Fig. 1 and Tables 1 and
S1. (Color figure online)

Table 4  Sex-biased dispersal
analysis for the four estimated
genetic populations of Tursiops
cf. australis in coastal southern
Australia

ESP/FI
73%

ESP/FI
CB (IA and OA)
SG
GSV/CJ

test did reveal significant IBD (data not shown), due to the
likely presence of hierarchical genetic structure, a stratified
Mantel test was preferred and this revealed that IBD was not
significant (Mantel’s r = 0.0446, p = 0.856).

Contemporary migration and sex‑biased dispersal
Four independent runs performed in BAYESASS for initial migration analysis returned similar results, and therefore, results from only the first run are reported. Despite an
overall pattern of limited gene flow among populations, a
noteworthy pathway for migration of bottlenose dolphins in
southern Australia appears to be occurring eastward along
the Great Australian Bight, from the ESP/FI population to
CB (Fig. 4; Table S6). Additionally, a low level of migration was revealed from SG to the neighbouring CB and GSV
populations (Fig. 4; Table S6). This is consistent with the
population structure indicated by STRUCTURE. The proportion of non-migrants in each population was higher for
sub-populations associated with gulf or embayment habitats
(91–96%) than the open-coast (73%).
As no substantial differences between the mean relatedness method and corrected assignment index (AIc) were
found only results of the latter are shown. Dispersal in the
CB and GSV/CJ populations appears to be dominated by
males, while in the ESP/FI and SG populations it appears
to be female-biased. These differences were however, not
statistically significant overall (Table 4), and therefore sexbiased dispersal appears not to be a major factor influencing
population structure in southern Australia.

CB
95%

SG
91%

GSV/CJ
96%

Male mean AIc

Female mean AIc

Z

Probability

0.334
− 0.315
0.377
− 0.152

− 0.434
0.197
− 0.323
0.184

− 1.674
− 1.126
1.014
1.022

0.094
0.260
0.310
0.307

Locations are ordered by geographic position from west to east
Location abbreviation explanations are given in Fig. 1 and Tables 1 and S1
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Discussion
Our study elucidated the population genetic structure of T.
cf. australis along the southern Australia coastline. MtDNA
diversity was considerably lower in GSV than in SG and
open-coast populations, while nuclear DNA diversity was
similar across populations. It appears that this species has
a relatively shallow evolutionary history in southern Australia, with likely differences in colonisation between the
two SA gulfs, open-coast regions and southeastern Australia.
Hierarchical metapopulation structure in central and western
southern Australia was revealed, with four genetically distinct populations and a genetic break at EP. Contemporary
migration is limited across this region, and occurs mostly
eastward from around the Great Australian Bight. MtDNA
comparisons with the two T. australis populations previously identified in southeastern Australia (Charlton-Robb
et al. 2015) showed little historical connectivity with the
populations identified in our study region.

Genetic variation
While low mtDNA diversity appears to be typical of coastal
bottlenose dolphin populations (e.g. Rosel et al. 2009;
Wiszniewski et al. 2010; Louis et al. 2014; Charlton-Robb
et al. 2015), to the best of our knowledge populations in
GSV displayed considerably lower mtDNA diversity than
any other studied bottlenose dolphin population in Australia (Krützen et al. 2004; Bilgmann et al. 2007a; Möller
et al. 2007; Wiszniewski et al. 2010; Ansmann et al. 2012;
Charlton-Robb et al. 2015). Negligible mtDNA diversity has
however, been found in nearshore T. truncatus populations
off the eastern South American coast, and could be associated with founding events (Fruet et al. 2014). Nuclear DNA
diversity in our study was found to be, on average, lower
for populations in embayment areas than open-coast locations highlighting how different habitats (see Harvey 2006;
Möller et al. 2007; Kämpf et al. 2010) and historical processes, such as colonization, can potentially generate highly
distinct patterns of genealogical structure and differentiation
for bottlenose dolphins over relatively small geographical
scales (Möller et al. 2007). Although care should be taken
when directly comparing studies utilising different microsatellite markers, Charlton-Robb et al. (2015) found on average
lower nuclear DNA diversity for T. australis in southeastern
Australia.

Genetic differentiation
Analyses based on mtDNA and microsatellite datasets highlighted likely differences in historical and contemporary
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connectivity among populations. Present-day hierarchical metapopulation structure of bottlenose dolphins was
revealed in central and western regions of southern Australia. A hierarchical metapopulation is a large population
consisting of several smaller local populations that maintain
a low level of gene flow among them (adapted from Hanski
and Gilpin 1991). The formation of this pattern likely stems
from a larger source population that over time diverged into
a number of semi-isolated populations through local adaptation to heterogeneous environments (Hanski and Gilpin
1991). A genetic division between sites to the east and west
of EP represents the highest level of this hierarchy, and has
been previously documented for bottlenose dolphins in this
region using a small subset of the samples used in this study
(Bilgmann et al. 2007a). This division also mirrors a genetic
break previously found for common dolphins (D. delphis)
in SA (Bilgmann et al. 2014). This potential barrier to the
dispersal of small cetaceans is perhaps related to differences
in oceanography and/or prey assemblages (Bilgmann et al.
2014; also see; Middleton and Bye 2007), as has been previously suggested to impact upon gene flow in bottlenose
dolphins (e.g. Natoli et al. 2005; Bilgmann et al. 2007a;
Möller et al. 2007; Fruet et al. 2014). Genetic and geographical distances were not significantly correlated when cluster
structure was accounted for, demonstrating that geographical
distance are unlikely to have a major impact on the levels of
gene flow among the studied populations (Meirmans 2012).
Inner‑gulf locations
Bottlenose dolphins from the two SA gulfs appear to be
genetically distinct from each another, and from all opencoast locations. This may be related to differences in historical colonisation of the two gulfs, with ongoing genetic
division potentially maintained by differing physical characteristics of the two gulfs (see Harvey 2006; Kämpf et al.
2010; Scientific Working Group 2011). Populations within
GSV showed a lack of genetic subdivision for both markers, indicating both historic and contemporary gene flow
throughout the gulf, which is potentially facilitated by a
relatively homogenous environment within GSV (DEH
2006). Conversely, relatively recent separation appears to
exist between the southern and northern SG locations, with
mtDNA haplotypes found in northern SG only one to two
mutational steps from more ancestral haplotypes found in
the south. Stable isotope and stomach content analyses also
revealed differences in diet between dolphins in northern and
southern SG, likely reflecting variation in habitat and prey
assemblages between the two regions (Gibbs et al. 2011).
Giant cuttlefish (Sepia apama; Payne et al. 2013) and western king prawns (Penaeus latisulcatus; Roberts et al. 2012)
also exhibit north–south genetic subdivision in SG, thought

Conservation Genetics

to be related to physically divergent environments (Kämpf
et al. 2010).
Open‑coast locations
Historic connectivity among dolphins from open-coast locations potentially reflects the movement of these dolphins
across the seascape as they colonised new habitats. There
appears to be a degree of contemporary separation among
these populations, perhaps suggesting current adaptation to
local environments. As the open-coast populations sampled
in this study are separated by substantial geographical distance (~ 2600 km of coastline), genetic differentiation among
these populations is not unexpected. Coastal bottlenose dolphins worldwide have been shown to demonstrate genetic
population structure over relatively small distances, despite
their physical capacity to travel much further (Sellas et al.
2005; Wiszniewski et al. 2010; Fruet et al. 2014). However,
despite being over 1000 kilometres apart, ESP and FI dolphins appear to belong to the same genetic population, being
more similar to one another than to the dolphins from CBIA
and CBOA. While little is known about the distribution and
abundance of bottlenose dolphins across the Great Australian Bight, largely due to difficult sampling conditions in that
remote region, this study suggests that there is a moderate
level of contemporary migration occurring across the region,
potentially facilitated by southern Australia’s Coastal Current (Cirano and Middleton 2004; Middleton and Bye 2007).
The lower level of nuclear DNA differentiation between ESP
and FI indicated by FST estimates provides evidence for a
hierarchical metapopulation structure not immediately recognised by STRUCTURE, potentially due to relatively small
sample sizes for these locations and putative social structure
within populations.
The inner and outer regions of CB are likely to have differentiated relatively recently, a possibility supported and
potentially strongly influenced by social structuring (DiazAguirre et al. unpublished data). Low emigration rates have
been documented for this population (Passadore et al. 2017),
supporting our finding of limited gene flow and significant
genetic differentiation between CBIA and all other populations. CBOA bottlenose dolphins have a much more fluid
social (Diaz-Aguirre et al. unpublished data) and population
structure than in CBIA, and likely interbreed with the ESP/
FI and CBIA populations to some extent, as well as potentially additional “ghost populations” (see Beerli 2004; Slatkin 2005) inhabiting the coastline between FI and CBOA.
Although dolphins from CBIA and CBOA appear to be
biologically distinct entities we conservatively suggest that
these two genetic sub-populations be considered as a single population for conservation management purposes due
to their low level of contemporary genetic differentiation,
very close geographical proximity and connectivity through

a narrow ocean opening, and potential for social interactions
between the two. Splitting them into two separate management units without further clarification of the patterns of
gene flow would likely be more detrimental to the long-term
persistence of these sub-populations than managing them
together. Changes to the management of one sub-population
would likely impact on the other sub-population, and could
potentially have considerable effects if both regions are not
considered together in management decisions.. This could be
particularly harmful for CBIA dolphins due to the small size
and resident nature of this sub-population (Passadore et al.
2017), and its connectivity to CBOA through a narrow ocean
opening. While, dolphins from the inner and outer areas of
CB should be managed together, caution must be taken as
some threats to dolphins in the inner area likely differ to
those in the outer area. Further sampling is required along
the coastline between CBOA and FI to clarify the potential
for additional populations and further population structuring
existing in this region.
Inner‑gulf versus open‑coast locations
The haplotype network suggests a relatively recent pattern of
matrilineal diversification for T. cf. australis in central and
western regions of southern Australia. Marine transgression
began in both SA gulfs approximately 10,000 years ago, and
reached present-day sea levels 6000–7000 years ago (Cann
et al. 1988; Belperio et al. 2002; Harvey 2006). It is likely
that bottlenose dolphins moved into the region, particularly
SG and GSV, during this period of marine transgression,
and underwent differing levels of matrilineal diversification
within the gulfs and open-coast areas, potentially related
to differences in habitat features. Non-significant mtDNA
differentiation between PL and SESG dolphins and those
from sites to the west of EP may be reflective of high levels of historical gene flow between these populations as SG
flooded 6000–10,000 years ago (Belperio et al. 2002). At
the nuclear level on the other hand, these sites were significantly differentiated, suggesting contemporary separation between these populations. This pattern, as well as the
observed genetic divergence between ESP/FI dolphins and
all inner-gulf demes may be as a result of contemporary
local adaptation and/or the barrier to gene flow that appears
to exist in the waters around EP.
With a high percentage of individuals carrying H1 in the
CJ community, it may be suggested that individuals with
this haplotype dispersed from CJ and adjacencies into GSV,
perhaps with the postglacial marine transgression (Harvey
2006), while individuals that remained out of the gulf underwent matrilineal diversification and migrated in an eastward
direction. This suggestion is supported by the mtDNA haplotype network comparing VIC and TAS to SA and WA
dolphins. Populations from these two regions of southern
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Australia are significantly differentiated based on mtDNA,
with this genetic break corresponding to proposed marine
biogeographical provinces (see Waters and Roy 2003) that
have previously been suggested to be associated with genetic
breaks in bottlenose dolphins (Charlton et al. 2006; Charlton-Robb et al. 2015).
While sample sizes for many locations in this study may
appear limited to a small number, we believe this is likely to
be a good representation of the genetic variation in coastal
bottlenose dolphins of this region. Nearshore and inshore
bottlenose dolphins typically exist in small populations, and
as such relatively small sample sizes are generally sufficient
to achieve a representative sample of the larger population.
Bottlenose dolphin abundance estimates are not available
for all sampled locations, but the GSV putative population
is estimated to be between approximately 700 and 1,200
individuals (Bilgmann et al. unpublished data), and in Adelaide’s metropolitan waters to vary between approximately
90 and 240 individuals seasonally (Zanardo et al. 2016).
Spencer Gulf, on the other hand, is reported to have between
approximately 1900 and 2400 individuals (Bilgmann et al.
unpublished data), while an estimated 306 individuals occur
in Coffin Bay (Passadore et al. 2017). Abundance estimates
for the open-coast locations (ESP and FI) are also suggested
to be relatively small (Bilgmann, personal observations),
although this has not been scientifically tested. This study
is an important first step in elucidating the metapopulation
structure of coastal bottlenose dolphins in southern Australia, and further work should be done to increase sample
sizes for some areas, particularly in Spencer Gulf, to allow
for more robust conclusions to be drawn. The inclusion of
additional sampling sites to cover some geographical gaps
would also be beneficial to maximise reliability and resolution of the results.

Contemporary migration and sex‑biased dispersal
While migration estimates indicated generally limited
contemporary gene flow between southern Australia’s
coastal bottlenose dolphin populations, some key pathways for migration were revealed. In the western-most
region a high level of contemporary migration appears to
be occurring along the Great Australian Bight, from the
ESP/FI population eastward to CB. This could potentially
be influenced by the Coastal Current moving eastward
during winter (Middleton and Bye 2007), and highlights
an important area for gene flow among populations along
~ 1500 km of southern Australia’s coastline. Bottlenose
dolphins in southeastern Australia have also been shown
to disperse over relatively large expanses of water, with a
high level of gene flow across Bass Strait, although finescale population structure over relatively small distances
was also documented (Charlton-Robb et al. 2015). These
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patterns of both large- and fine-scale population structure
highlights the role that ecological conditions and potential
local adaptation may have on the species. While dolphins
from the two SA gulfs do appear to be largely separated
from one another and from open-coast locations, there is a
low level of contemporary migration maintaining a hierarchical metapopulation structure among these populations.
Specifically, there appears to be some gene flow from the
larger SG population to the smaller GSV and CB populations (Holmes 2011; Passadore et al. 2017), potentially
highlighting an important source-sink dynamic.
The overriding pattern of limited bottlenose dolphin
movement across parts of the southern Australian coastline despite relatively negligible geographical separation,
has been also observed in other inshore bottlenose dolphin
populations (T. truncatus, Sellas et al. 2005; Fruet et al.
2014; T. aduncus; Wiszniewski et al. 2010). One potential
factor reinforcing this is the complex social system exhibited by bottlenose dolphins (reviewed in Möller 2011), and
in particular the potential for natal philopatry (Möller and
Beheregaray 2004; Tsai and Mann 2012). This is particularly
common in inshore and protected coastal habitats due to
greater resource predictability and availability compared to
open oceans (reviewed in Möller 2011). This supports our
finding of populations most-closely associated with embayment habitats demonstrating higher rates of non-migrants
than open-coast habitats, suggesting stronger philopatry in
the former. While a number of bottlenose dolphin populations exhibit a female-bias in philopatry (male-dominated
dispersal) (Krützen et al. 2004; Möller and Beheregaray
2004; Wiszniewski et al. 2010), this does not appear to be
the general pattern in southern Australia with both sexes
showing an overall relatively equal probability of dispersal.
The presence of limited haplotype sharing between innergulf and open-coast regions and between gulfs does however, suggest that sex-biased dispersal may have historically,
or presently be having an effect on the population structure
of bottlenose dolphins in this region.
Overall movements of this species appears to be largely
associated with the Coastal Current that moves along the
southern Australian coast, and potentially the Zeehan Current which curves south-easterly around the southern edge
of TAS (Cirano and Middleton 2004; Middleton and Bye
2007). Australian east-coast Indo-Pacific bottlenose dolphins
(T. aduncus) on the other hand, have been suggested to be
associated with the East Australian Current (EAC) (Möller
et al. 2008), which moves southward and deflects away from
the mainland as it approaches the southern border of New
South Wales (Cirano and Middleton 2004). This corresponds
to the proposed southern-most limit to T. aduncus distribution on the east-coast, suggesting that the EAC may have
a role in the transition from T. aduncus to T. cf. australis
populations throughout this region (see Möller et al. 2008).
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Conservation implications
With ongoing anthropogenic impacts in southern Australian waters, including shipping, commercial and recreational
fishing, tourism, and pollution (Svane 2005; Seuront and
Cribb 2011; Filby et al. 2014; Monk et al. 2014), as well as
breakouts of infectious diseases such as morbillivirus (Kemper et al. 2016), T. cf. australis populations are at increasing
risk of decline and/or extinction. This is further exacerbated
by the presence of relatively small (e.g. Zanardo et al. 2016),
genetically distinct T. cf. australis populations as identified in this study. We found a minimum of four genetically
distinct T. cf. australis populations in central and western
regions of southern Australia: (1) ESP/FI; (2) CB (inner
and outer areas); (3) SG; (4) GSV/CJ, with an additional
two populations previously found in southeastern Australia:
(5) Port Phillip Bay; and (6) Gippsland Lakes (GIPS)/TAS.
These six genetic populations have been identified as per our
original definition of a genetic population, based on statistically significant genetic differentiation among populations.
Due to the hierarchical metapopulation structure found in
this system it is difficult to conclusively say whether these
populations are truly “demographically independent”, and
therefore further research must be done to establish the
degree to which these populations are demographically
separated. We suggest these six genetic populations be managed independently, but due to the presence of a number of
subpopulations that appear to be acting as important genetic
links between regions, it is important that for conservation
purposes connectivity among locations be promoted. While
typical metapopulations are more robust to potential species
extinction through the “rescue-effect” (Hanski and Gilpin
1991), the hierarchical nature of this metapopulation suggests that populations are not equally connected and may
be diverging through adaptation to local conditions. Marine
park networks are thus an important tool to protect these
populations and ensure that connectivity among them is
maintained. The current network of marine parks in southern Australia does not appear to be sufficient to encompass
the range of bottlenose dolphin genetic populations in WA,
SA, VIC or TAS (see Parks and Wildlife 2017; DEWNR
2014; ELWP 2016a, b for marine park network maps). In
GSV, for example, the Upper Gulf St. Vincent Marine Park
covers approximately 25% of the northern end of the gulf
(DEWNR 2012), while the bottlenose dolphin population
shows movement throughout the gulf (although further work
needs to be done on the home ranges of individual dolphins
to evaluate this further). Similarly, the network of marine
national parks and sanctuaries (no-take) in VIC and TAS
does not provide protection to those populations with relatively large-scale movements, as seen between GIPS and
TAS (Charlton-Robb et al. 2015; ELWP 2016a, b). This
implies that issues affecting bottlenose dolphin populations

in the area, such as overfishing of prey species, habitat degradation and destruction, and pollution will still have an
impact on these dolphins. A more comprehensive marine
park network taking into account the movement of this species throughout coastal southern Australia would facilitate
maintenance of the hierarchical metapopulation structure
and enhance gene flow among, and genetic variability within
populations, thus decreasing the potential risk of population
declines and extinctions (Frankham 1995).

Conclusions
This study clarified the population genetic structure of
coastal bottlenose dolphins (T. cf. australis) across much
of the species’ range in southern Australia. We revealed the
presence of a hierarchical metapopulation structure, with
a major genetic division between sites to the east and west
of EP, and at least four genetically distinct populations in
central and western southern Australia: (1) ESP/FI; (2) CB
(inner and outer areas); (3) SG; and (4) GSV/CJ. A further two previously identified genetic populations exist in
southeastern Australia: (5) PPB; and (6) GIPS/TAS (Charlton-Robb et al. 2015). Historical genetic divergence and
differences in colonisation of GSV, SG, and open-coast populations is likely, with GSV dolphins having considerably
lower mtDNA diversity than dolphins from other locations.
Historical genetic separation is also evident between dolphins from SA and WA and those in VIC and TAS. Overall,
there was limited migration among locations, although notable gene flow occurs along the Great Australian Bight, from
the ESP/FI population to CB, demonstrating an important
area for connectivity along a large stretch of the southern
Australian coast. Marine park networks in southern Australia
should be managed so as to maximise gene flow among the
six identified genetic populations in order to promote the
persistence of the species in these waters. Ongoing research
into T. cf. australis is required to gain a better understanding of the population ecology of this species, and to identify
the range and population sizes of these dolphins in order to
facilitate more informed conservation strategies.
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